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Aus elem Institut fi.ir Meereskunde cler Universitat Kiel 

Some investigations into the Sensitivity of the Membrane 

Salinometer for Various Ions 

By JORIS ]VI. T. M. Gms1msl ) 

Summary: The sensitivity of the membrane salinometer to the various ionic species that constitute 
the dissolved salts in sea water is investigated. :Mixtures of various salts with sodium chloride are 
investigated with regards lo changes in the electromotive (orce upon dilution with water, and also 
with regards to changes in the composition of the mixed electrolyte. The results are expressed in 
terms of changes in the activity of sodium chloride. Also sea water is investigated upon a similar basis. 

Einige Untersuchungen tiber die Empfindlichkeit des Membransalinometers fur verschiedene 
Ionensorten (Zusammenfassung): Die Empfindlichkeit des lVIembransalinometers fur die verschie­
denen Ionensorten, welche im lVIeersalz vorhanden sind, wire! untersucht. !V[ischlosungen von ver­
schieclenen Salzen mit Natriumchlorid wcrden im Zusammenhang mit Veriinderungen in der elcktro­
motorischcn Kraft sowohl bei Vercliinnung mit v\lasser, als auch bei Anderung cler Zusammensetzung, 
untersucht. l'vlit der Aktivitat von Natriumchlorid als Referenz werden die Resultate von modifizierten 
Nernst-Gleichungen beschrieben. 

Kos1m ( 1964), and 1\/L\Nc;mLSDORF ( 1965) discuss the use of ion exchange membranes 
in the determination of salinity in sea water. The cell arrangement, as discussed by 
these authors, has proven to be vary versatile as demonstrated by SANDERS, MANGELS­
DORF, and HAMPSON ( 1965). These authors used a membrane sensor, which could detect 
changes in salinity £11 situ in both open sea water and the interstitial water in the 
underlying sediments in an estuary. The method has also been used succesfully by 
KosKE (1965, 1968), and by Gms1ms (1967). 

KosI<E ( 1964) discusses the principle upon which this salinometer is based. This 
author discusses the electrochemical cell 

(I) Ag/AgCI Reference sea(ivI+/sea water/lVI-/Reference sea AgCI/Ag
water S

1 
S

2 
water S

1 

where S
1 

= salinity of reference sea water, S
2 

= salinity of unknown value, iVI+ and 
lVI- are the anion and cation membranes respectively. The electromotive force (EMF) 
of this cell will be dependent on the various ionic species which are present in sea water. 
lVIANGELSDORF ( 1966) makes use of this property of cell (I) in his detector for his method 
of differential chromatography of sea water. 

The present investigation was made to study the effect of the various major ions in 
sea water on the electromotive force of cell (I). For this reason mixtures of sodium 
chloride wilh the chloride salts of potassium, magnesium and calcium, and the sodium 
salts of sulfate and bicarbonate were made. Dilutions were made of these mixtures with 
bolh distilled water and sodium chloride solutions. The latter investigations were made 
in order to gain an understanding of the changes in ElVIF which are related to a change 
in composition of the salt solution. 

1) The author wishes to thank the Deutsche Forschungsgemeinschaft for financial aid in this 
research. Also the patient and diligent work by the technical assistant l\tlrs. Ingrid Szekielda is 
gratefully acknowledged. 
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Theoret ica l  Cons iderat ions  
HELFFERICH ( 1962) discusses the membrane potential which will develop across a cell 

of the multi-ionic type 

(2) AY, BY,--- I membrane/ LY, MY, ---

where the membrane is not permeable for ions of the type Y. In such a cell the counter 
ion fluxes can be considerable, and are even able to change the composition on either 
side of the membrane. When, however, the composition on both sides of the membrane 
is equal, a quasi-stationary state will be attained and no significant changes in compo­
sition will occur. 

In the case of a multi-ionic cell as represented by 

(3) A Y / membrane / A Y, BY, CY, - --

where the membrane is not permeable to ions of the type Y, and is ideally permselective 
to the ionic species A only, the membrane potential will be described by the expression 

(4) 
RT 

Em = - -F­
zA 

a'A In - ­
a"A 

where aA is the single ion activity of ion A, and zA is the charge of the ion A. Expres­
sion (4) has also as a prerequisite that the membrane potential is dependent on the 
diffusion potential through the membrane only. Thus, on both sides the absence of 
films at the surface of the membrane is assumed. In the case where the ion exchange 
membrane is not ideally permselective to ions A, but also shows selectivity to other ions 
of like charge, the potential can be described by 

(5) E = 
m 

RT 
In

a\ 

,, + Dn fA ,, a A -- ·�a n+---
DA fn 

where Di is the diffusion coefficient in the membrane and f; is the activity coefficient 
in the membrane. For equation (5) to be valid the charges of ionic species should be 
equal and of the same sign. In the case where the ions have different valencies, the 
expression (5) will be far more complicated. 

The membrane potential cannot be measured as such, but reference electrodes which 
are reversible to one of the ionic species, which is present on both sides of the membrane, 
should be used. 

In the case of sea water and similar solutions silver-silver chloride electrodes will be 
most suitable. 

\,Ve shall now consider the following electrochemical cell 

(6) Ag/ AgCl NaCl/ membrane/ NaCl AgCI / Ag
a' a" 

where the membrane is ideally permselective to the ions Na+ . The electromotive force 
will be then 

(7) 
RT a'Na RT a'c1 2RT a'+ 

E = Em + EEi = - - In -- + -- In -- = - In ----,--;=-
F a"N:i F a"c1 F a ±

where Em = membrane potential, EEL = potential across the reference electrodes, and 
a± = the mean ionic activity of sodium chloride. From equation (7) it follows that 
(assuming YNa = Y ci = Y±, where y is the activity coefficient) the EMF of the cell will 
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be twice the membrane potential. In the case where the ion exchange membrane of
the cell (6) would be ideally permselective to chloride ions the potential of the cell
would be equal to zero. 

In the membrane salinometer both cation and anion exchange membranes are used.
Also, silver-silver chloride electrodes are used as reference electrodes. In this case, only
sodium chloride is in the compartments. We can describe the cell as follows 

(8) Ag/ AgCI NaCl/ 1vr+ /NaCl/ M-/ NaCl AgCI/Ag
a' a" a' 

where a is the activity of the sodium chloride. In terms of single electrode potentials
we then can write for the electromotive force of this cell under ideal conditions 

(9) E = EEL + E
111 

= ( 
RT 

ln�'c1 )+ ( RT 
In 

a'Na _ RT 
In 

a"�)F a'c1 F a"Na 
F a'c1 

=O+ RT
F

a'Na
a'c1 2RT a'+In ,, ,, = In -

a Na a Ci F a"±

where a± is the mean ionic activity of sodium chloride in solution.
From equation (9) it follows that the EMF of this system is dependent on both the

activity of the cations and of the anions in solution. Usually the solution of the reference
compartment is kept constant, and the solution in the central compartment is changed
in concentration. In that case the changes in the El\lIF are clue to the changes in the
activities in the central compartment. The change in EMF can be described by the
equation 

(10)
2RT 

t.;. E = t. In a+ (NaCl)
F

-

In general, however, neither cation exchange membranes nor anion exchange mem­
branes are completely permselective. Small amounts of co-ions will also be transported
across the membranes. Equation ( 10), therefore, will show the maximum change in
EJ\IIF upon dilution. HILLS ( 1961) discusses the case of potentials of this type, where
only one electrolyte and one membrane are involved. In the case of mixed electrolyte
solutions the treatment becomes very complicated if not impossible. 

HELFFERICH ( 1962) discusses the cell of type (8) with regards to its use in electro­
dialysis. The current efficiency can then be conveniently described in terms of trans­
ference numbers through both the cation and the anion exchange membranes. 

In our problem, however, we are faced with complicated multi-ionic mixtures, and
therefore it is proposed to introduce the following equation to describe changes in the
El\lIF of cell (8) upon dilution of the solution in the central compartment 

(11)
2 RT 

t.;. E = A--t.;. In a+ (NaCl)
F -

The delta symbol indicates that our interest !S mainly the change in Ei\lIF upon
dilution of the central solution. 

The factor A describes the non-ideal behaviour of the cell assembly, clue to the
transport of co-ions and also clue to the absence of absolute membrane difli.1sion control
on the side of the membranes where contact is made with the reference electrolyte. The
solution, which is under investigation, however, is well stirred, so that here no film
develops on the membrane. 
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Ex p e r i m e n t a l  
All measurements were carried out a t  temperatures of 2 1  ° C ± 0.5. The solution in 

the central compartment was well stirred with a mechanical stirrer. All dilutions were 
made by weight, so that all results are based on the molality scale. The temperature 
fluctuation can at most cause an error of 0.2% (or at 80 m V, an error of 0.16 millivolts). 
This error is estimated to be within the overall experimental error of the measurements. 
All activity coefficients were obtained from ROBINSON and STOKES ( 1959) at 25° C. The 
change of activity coefficients between temperatures of 25° and 20° C is very small, and 
we therefore have applied the well defined coefficients at 25° C. 

All measurements were made with the American Machine and Foundry Company 
A-104 Band C-103 C membranes.

Resul t s  a n d  Di s c us s i o n  
So dium c h l o r i d e  solut ions  

KosKE (1964) reported 0:1 dilutions o f  this system. Determinations were repeated 
with the cell of type (8), with solutions of 0.1 m and 0. 7 m sodium chloride used as 
references. From the experimental determinations the following equation was found to 
be representative of the change in EMF at dilution 

(12)
2RT 

t,,, E = 0,94 
F

- 6. ln a± (NaCl )

The inaccuracy in the factor is about ± 0.0 05. This factor can be considered as the 
factor clue to the non-ideal behavior of the electrode system. 

i\tlagnesium chlor ide  so lut ions  
In  order to  investigate the sensitivity o f  the electrode system to magnesium ions the 

following cell was studied 

(13) Ag/AgC:l MgCl2 / M+ / MgCl2 / rvr- / Mgc12 AgCl/Ag
I a± II a _,_ I a �. 

In this case the ideal behavior of the membrane electrocle3 would lead to a change 
in EMF upon dilution of 

(14)
3 RT

t,,, 
E = 2 F 

t,,, In a± (MgCl2) 

In this study 1.02 m and 0.115 m MgC12 solutions were used. In the first series of 
investigations the reference cells were filled with 1.02 m i\tlgCl2, as well as the central 
compartment. The average results of the two dilutions runs are presented in Figure I 
(Plate 1). The results are accurate to ± 0.2 millivolts. It can be seen that no linear 
relation exists between ti E and log a± (rvlgC12). This is due to the non-ideal behavior 
of the electrode system. At lower concentrations the dependence becomes linear with a 
slope of 69 millivolts. Also, dilutions were made of the 0.115 m MgCl2 in the reference 
compartments. In Figure 2 (Plate I) the results are plotted as a li.mction of the mean 
molality, because activities could not be calculated clue to the lack of data. In this case 
the slope is 71 millivolts, so that it is reasonable to estimate that the change in EIVIF 
upon dilution can be described by the equation 

( 15) 
3 RT 

6. E = 0.80 
2 

-
F

- ti In a± (l'vlgCl2) 

where the factor has an uncertainty of ± 0.0 I. 
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Sod i u m  chlor ide  and m a g n e s i u m  c h l o r i d e  s o l u t i o n  

I n  sea water of a chlorinity of 19°/00 the concentration of sodium ions i s  about 
0.470 Molar and of Magnesium ions the concentration is about 0.0536 Molar, with a 
Mg/Na ratio of 0.114. \,Ve therefore made up two solutions of the following composition: 

(a) 0.467 m NaCl and 0.259 m MgC12 

(b) 0.510 m NaCl and 0.064 m MgCl2 

where the concentrations are expressed in terms of molality. The second solution has a 
]\Ilg/Na ratio of 0.125, which is close to that of sea warer. 

In the first series of dilutions the solution (a) was diluted with distilled water. Solution 
(a) was also present in the reference compartments. Naturally, both sodium and mag­
nesium ions will participate in the formation of the membrane potential of the cation
exchange menbrane. Due to the non-ideal behavior of the membrane system, it will
become virtually impossible to express the change in EMF in terms of the activities of both
ionic species. \1\/e, therefore, made calculations on the basis that only sodium chloride is
responsible for the change in ElVlF. The mean ionic activity of NaCl was calculated
from the individual molalities of the sodium and chloride ions, in connection with the
mean ionic activity coefficient of sodium chloride at the ionic strength of the solution.
The resulting curve is represented by Curve A in Figure 3 (Plate !). Similarly, a curve
can be calculated for the case that only l'vlg++ and CI- ions are responsible for the
change in EMF. The result is Curve B in Figure 3. It should be noted that in both
calculations the factors used in equation ( 12) and ( 15) are incorporated in the results.
Curve C in Figure 3 represents the results obtained from our measurements. This curve
can be described by the equation

(16) 
2RT 

6 E = 0.725 6 In a+ (NaCl). 
F 

-

In the latter equation is assumed that the factor will take care of the deviation from 
ideal behavior with respect to NaCl, due to the non-ideality of the membrane and to 
the presence of Nlg+ + ions in solution. This procedure is, of course, not thermodynamically 
sound, but clue to the complexity of the cell, the presence of a mixed electrolyte solution, 
and the non-ideal behavior, a description by means of an adequate theoretically based 
equation becomes impossible. In this study the main interest is the magnitude of changes 
in the slope with respect to ideal behavior of the cell assembly to sodium chloride. This 
compound is the major constituent of sea water. v\le contend that in such a case the 
factor in equation ( 16) does serve as a useful indication of non-ideal behavior. 

In the second series of measurements the dilutions were made initially with solution (b) 
in all compartments. Again calculations were carried out based on the sensitivity to 
Na+ and CI- ions, and to Ivlg++ and CI- ions. Curve A in Figure 4 (Plate I) represents 
the first case and Curve B the case for l'vlgCl2 • Curve C again is the experimental curve. 
The results can be described by the equation 

Legencle zu d en neben stehend en Abbilcl u n g en (Tafel 1) 

Abb. 1: Change in EMF upon dilution of 1.02 111 MgC1
2 

with H
2
0 

Abb. 2: Change in EMF upon dilution of 0.115 111 MgC1
2 

with H
2
0 

Abb. 3: Change in EMF upon dilution of 0.467 111 NaCl, 0.259 111 :tvigC1
2 

with H
2
0 

Abb. 4: Change in El'vIF upon dilution of 0.510 111 NaCl, 0.064 111 MgCl
2 

with H
2
0 

Abb. 5: Changes in Factor of the Nernst equation for :tvig-Na 
Abb. 6b: Changes in El'vIF upon dilution of 0.467 111 NaCl. 0.259 111 l'vigC1

2 
with 0.467 111 NaCl 
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(17) 
2RT 

� E = 0.8 23 � In a+ (NaCl) 
F -

In Figure 5 (Plate I )  the factor of equations ( 16) and ( 17) is plotted as a function of 
the Mg/Na ratio. At a ratio of 0.114, i. e., the ratio of sea water, the factor would be 
equal to 0.83 4. 

In two other sets of experiments dilutions were made of solution (a) with a 0.467 molal 
solution of sodium chloride. In the first series the reference cells were filled with solut­
ion (a), and in the second series they were filled with solution (b). In these experiments 
the sodium chloride concentration remained constant, and only rhe magnesium chloride 
concentration changed. Of course, the mean ionic activity of sodium chloride, i. e., 
Y± (mNa + X mc1-) '/, did change in these experiments, clue both to changes in the chloride 
concentration, and to changes in the ionic strength. In Figure 6 (Plate I) the experi­
mental results are represented by Curve I. Curve 2 was calculated on the basis of sensiti­
vity to Na + and CJ- ions only, using equation ( 12). Curve 3 then represents the difference 
between the data which constitute the curves I and 2. This curve might be regarded as 
the change in EivIF which is clue to changes in the Mg/Na ratio. The slope of Curve 3 
at a concentration of :tvigC12 so that log mMgC1

2 
= - 1.273, is equal to � E/ � logm =

6.4 millivolts. At this concentration the ratio of l'vig/Na = 0.114. This slope implies that 
a 10% change in composition would cause a change in EMF of 0.64 millivolts. 

Sodium chlor ide  and calc ium chloride  s o lu t i o ns 

In sea water the ratio of Ca/Na is equal to 0.0218. For this reason two solutions were 
made of the following composition 

(a) 0.492 m NaCl and 0.101 m CaC12 

(b) 0.4 87 m NaCl and 0.0 IO m CaCl
2 

The latter solution has again a Ca/Na ratio similar to that of sea water. 
Dilution of solution (a) gave rather inconclusive results, but a factor of 0. 73 ± 0.0 I 

in an expression of the type of equation ( 17) seems to describe the results quite satisfactory. 
The dilution of solution (b) yielded a factor of 0.93, only slightly lower than the factor. 
for pme sodium chloride solutions. Again, dilutions were made of solution (a) with a 
0.492 m NaCl solution. The results are summarized in Figure 7 (Plate 2). The relative 
errors of the measurements with this mixture were rather large. The results as given in 
Curve 3 of Figure 7 should, therefore, be regarded as showing the tendency of the change 
in ElVIF clue to Ca+ + ions upon a change in composition. 

Sodi u m  chlor ide and potass ium chloride  s o l u t i o ns 

The ratio of potassium to sodium in sea water is about 0.0212. This suggested the 
following composition of the mixed electrolyte solutions. 

(a) 0.50 5 m NaCl and 0.06 m KCI

(b) 0.505 m NaCl and 0.01 m K.Cl

The latter solutions has a K/Na ratio of 0.0198, which is similar to that in sea water. 

Le g encle zu den ne benstehenden A b bi ldungen (Tafel 2) 

Abb. 27: Changes in E1'IF upon dilution of 0.492 m NaCl, 0.101 m CaCl
2 

with 0.492 m NaCl 
Abb. 8: Changes in EMF upon dilution of 0.505 m NaCl, 0.060 m KC! with O 500 m NaCl 
Abb. 9: Changes in EIVIF upon dilution of 0.500 m NaCl, 0.104 m Na

2
S0

2 
with 0.500 m NaCl 

Abb. 10: Changes in E:rvIF upon dilution of 0.498 m NaCl, 0.140 m NaHC0
3 

with 0.498 m NaCl 
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In this type of mixed electrolyte we have two monovalent cacions. In general, however, 
the membrane will show specificity for one of these species. Solution (a) was diluted 
with water, and the results can be described by the equation 

(18) 
2 RT 

n E = 0.945 
F 

n In a± (NaCl) . 

Calculations were carried out using the molalities of sodium and chloride ions only. 
The factor is the same as for pure sodium chloride, indicating that no great inAuence on 
the El\lIF results clue to the presence of small amounts of potassium. 

Also dilutions were carried out on solution (b) using 0.500 m sodium chloride. Either 
pure 0.5 m NaCl or solution (b) was in the reference compartment. The results were 
very reproducible and are shown in Figure 8 (Plate 2). The "theoretical" curve was 
again calculated on the basis of changes in the activity of NaCl only. Curve 3 of Figure 8 
represents the difference, and can again be attributed to the change in composition. 

At this point it is interesting to note that MANGELSDORF (1966) found a change of 
22 microvolts for a 10% change in the ratio of potassium and sodium. If this could be 
directly transferred to the case of pure NaCl and KC! mixtures, we estimate that Curve 3 
of Figure 8 would show a slope of n E/ n log m = 0.22 millivolts at a concentration of 
log m1m = - 1.97. The latter concentration corresponds to the K/Na ratio which is 
equal to that of sea water. It is not possible to confirm this estimate from our data. v\/e 
can, however, state that the slope at this concentration will be less than 0.50 millivolts, 
so that the slope seems to be of the same order of magnitude as that of l\liangelsclorf. 

So d i u m  c h l o r i d e  a n d  s o dium sulphate so lut ions  

Because the membrane salinometer also makes use of an  anion exchange membrane, 
and this membrane is not ideally permselective to chloride ions, the inAuence of sulphate 
ions might be of interest. Use was made of the following solutions. 

(a) 0.500 m NaCl and 0.104 m Na
2
S0

4 

(b) 0.492 m NaCl and 0.028 m Na
2
S0

4 

The latter was again similar to sea water in composition, 1. e., as far as the S0
4
/Cl 

ratio is concerned. 
Dilutions of solution (a) were made with distilled water. 
The results can be represented by the equation 

(19) 
2RT 

n E = 0.806 
F 

n In a± (NaCl) 

Of course, at lower ratios that factor would increase. Therefore, sulphate ions have 
only minor effects on the slope. 

Again dilutions were made of solution (a) with a 0.500 m NaCl solution. The results 
are presented in Figure 9 (Plate 2). Curve I represents the experimental results, Curve 2, 
the results based on the change of (NaCl) calculated from equation (12), and again 
Curve 3 tends to show the influence of the sulphate ions on the Ei\lIF of the cell if small 
changes in the S0

4
/Cl ratio occur. The changes are again only small in magnitude. 

So d i u m  chlor ide  a n d  sodium bicarbonate  so lut ions  

Even though bicarbonate only occurs in  concentrations of about 0.0025 equivalents 
per liter, it was decided to include sodium bicarbonate in this study. The following 
solutions were studied 
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(a) 0.498 m NaCl and 0.140 m NaHCO:i

(b) 0.500 m NaCl and 0.055 m NaHC0
3 

Dilutions were made of solution (a) with distilled water. The results can be represented 
by the equation 

(20) 
2RT 

1::i. E = 0.894 
F 

1::i. In a± (NaCl) 

Consequently, at sea water concentrations of bicarbonate one cannot expect much 
influence on the EMF. 

Also dilutions were made of solution (a) with a 0.498 m sodium chloride solution, with 
both solution (b) and sea water in the reference compartments. The results are presented 
in Figure I 0. The "theoretical" changes, based on equation ( 12), are identical to the 
measured values. 

Sea water  di lu t ions  

Finally sea water o f  a chlorinity o f  19°/00 was used in  all compartments and dilutions 
were carried out with distilled water. These results corroborated the results as obtained 
by KosKE ( 1964). The slope of the curve of the change in E:tvIF as a function of the loga­
rithm of the salinity is l::i. E/ l::i. log S = 85.4 millivolts. From the data as reported by 
SVERDRUP ET AL ( 1942) the sodium concentration was calculated for water of a chlorinity 
of 19.373°/00 and of 8.000 °/00 • Then, the activities of NaCl, taken into account the 
molalities of sodium and chloride ions, were calculated. The mean ionic activity coef­
ficient was used which corresponds to that of a NaCl solution of the same ionic strength. 
Using these data, it is found that the results can be very well represented by the equation 

2 ) 
2 RT 

( . ( I 1::i. E = 0.780-� 1::i. ln a± NaCl)

The factor of this equation is smaller than any of the factors of the simple mixed 
electrolyte solutions. This seems quite reasonable for the following reasons. As can be 
seen from the studies on the cations the calculated curves for the dilutions with sodium 
chloride, i. e., Curve I in Figure 6, 7 and 8, show lower values than the measured Ei\lIF's. 
From the Figures 9 and 10 it follows that for the anions the reverse is true. In the first 
case, the main influence was on the cation membrane potential, whereas in the second 
the anion exchange membrane potential was influenced by the "strange" ions. In a sea 
water like mixture, both anion and cation exchange membranes are affected by the 
presence of cations and anions different from sodium and chloride ions. These effects 
will presumably superimpose onto each other so that the factor for sea water ought to 
be lower than the lowest factor obtained in this study, i. e., 0.834 for ivig-i-+ ions. The 
nature of the factor does not allow a prediction of its value from the measurements 
on the individual systems. 

In general it can be concluded that the deviations from the changes in EMF upon 
dilution of sea water as represented by equation (21) are negligible within the normal 
variations in composition of sea water, and are well within the accuracy of the method, 
which under normal operating conditions is estimated to be ± 0.01 °/00 at best. In inter­
stitial water, however, variations in the composition could conceivably be much higher, 
A study of recent sediments by SmvER ET AL ( 1965) suggests that in recent sediments. 
i. e., the first few meters of sediment, no large variations in composition occur.

Nevertheless, we think that an accuracy of ± 0.03°/00 in salinity is possible for these
types of sediment. In actual salinity measurements use is made of standardizing solutions. 
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If for interstitial water a titration is made for the determination of chlorinity, and the 
salinity is calculated from Cox's ( 1967) equation 

S °loo = 1.80655 Cl °loo 

the difference between the two salinities will be a measure of both the accuracy of the 
method, and of possible changes in the composition. If the latter changes are apparent, 
MANGELSDORF's ( 1965), method of differential chromatography will be the ideal method 
for further analysis of the changes in composition. 
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