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Physiology. — “A method jfor the determination of the ion con-
centration in wultra filtrates and other protein free solutions”.
By Dr. R. Bringkwan and Miss E. van Dan (Communicated
by Prof. HAnMBURGER).

(Communicated at the meeting of October 25, 1919).

A.  Determination of the concentration of free calcum ions.

With regard to the biological actions of salts the actions of ions
claim the first consideration. It is therefore desirable that we have
at our disposal a method by which the ion concentrations are
measured.

Up to this only the concentration of the free H'-ions have been
measured directly; the concentrations of other, also physiologically
important ions were not measured at all or determined only indirectly
by calculation,

The concentration chain method can be applied only with greaf difficulty to the
physiologically important metals owing to the disturbances brought about by the
liberation of gas. Drucker !) has offered a method 1n which Ba-amalgam was used
as an electrode. An analogous method can perhaps be worked out for the alkali
metals, Such determinations have, however, not been made as yet

As an example of a case where it is necessary to know the ion
concentration, we can point to the state in which the caleium occurs
in the blood. It occurs there namely in three forms: as Ca ion,
as undissociated calcium salt (Ca (HCO,),) and as colloidal calcium-

_ protein compound. More or less 25°/, of the total quantity of cal-
cium occurs in the latter state. According to Roxa and TagaHAsHI ?)
the ion concentration of the calcium in the serum is determined by
the equation

[Ca ].|HCO, b (h— 350
__[FJ____ e, (k= on an average).

For the serum which has the physiological [H'] and carbonic
acid tension, this means a [Ca~] of 20—25 mgr. per L. Of the
more or less 100 mgr. per L. of calcium which occursin the serum,

3 R I AR I R TL I
therefore, onlj' -/, “Bart 1" preséiit ii°the“ion form. We learn from

1) Zeitschr, fiir Elekirochemie 19, 804 (1913).
%) Biochem. Zeitschr. 49 p. 890.
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the equation that this concentration of Ca ions is not directly
dependent upon the total quantity of calcium; the concentration of
the physiologically most important part of the plasma calcium is
thus not governed by the amount of calcium salts present, but by
the concentration of the hydrogen and bicarbonate ions.

By means of the method offered by us it is now possible in a
simple way to measure directly the Ca ion concentration. In prin-
ciple the method can equally well be applied to other ions’

We started with the determination of the concentration of Ca-
ions, because the results of the determination can in this case very
easily be controlled by calculation.

1. General principle of the Method. A jfew technical remarks.

If in a binary electrolyte the concentration of the anion = Cy,

that of the cation = C} and that of the undissociated salt = C,,
then, according to the law of mass action, the following relation
exists .

¢4 . ck=kFk . cp, where k is a constant.

If the electrolyte is only slightly soluble the salt is praciically
completely dissocialed and the concentration of the undissociated
part may be neglected.

If now the solubility of the slightly soluble salt = A4, then
C4y = Cr = A, and the product C, . C; = A* has a constant value
(solubility product).

If this product and the concentration of one of the ions is known,
the concentration of the other can therefore be calculated.

Supposing that the solution has a concentration of Ca”ions = Ci,
then the concentration of the C,0, ions which can exist free beside’

these Ca” ions, maximally = if P represents the solution pro-.

P
CC'a,
duct of CaC,0,- If now still more C,0, be added, then the CaC,0,
will be precipitated or will remain in supersaturated solution.

If.the formation of a supersaturated solution can be avoided, then
it will be noticed, tbat, upon the gradual addition of C,0,” ions to
the solution containing Ca ions, at a certain moment a slight tur-
bidity due to CaC,0, results. At this stage the concentration of
C,0, ions has become so strong that the solubility product is just
exceeded. The C,0, ion concentration is then known, and also the
solution product and the Ca” ion concentrafion ‘%‘1" thus be calculated.
Vice versa, if we start with a known [Ca' ] we are able to deter-
mine the valne and constancy of the solubility product.

Where this method is used therefore it is necessary to observe
50*
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how great the [C,0,"] is while only the merest sign of turbidity
due to CaC,0, can be detected. In general it can be done in the
following way :

A series of small (ubes, each containing 1 c.c. of a known CaCl,
solution, was taken, and to the tubes in succession quantities of
oxalate solution inecreasing gradually with each new tube were added
with a capillary pipet divided into tenthousandths of c.c. The tubes
were then left to themselves for from '/, to 1 hour and consequently
it was observed in which tube the first sign of turbidity due to
CaC,0, appeared.

Tt is clear that the formation of supersaturated CaC,0, solutions
has to be avoided.

In cases where the solutions held other salts besides (e.g. RiNGER
solution, ultra filtrate) we have never noticed supersaturation. As a
matter of fact supersaturation occurred in the case of pure solutions
of CaC,0,. This can be avoided by setting to work in the follow-
ing way:

With a capillary pipet the desired quantities of a, say 0.05, N.
strong oxalate solution is brought into the dry tubes. In a waterbath
the tubes are evaporated down to dryness. After this the liquid con-
taining the Ca” is introduced into the tubes. In this way is prevented
the formation of already supersaturated solutions.

For the determination of the calcium ion concentration it is
moreover necessary to use tubes that are well closed with ground
glass stoppers. This is necessary to keep the water free of carbonic
acid or to keep -a fixed carbonic acid tension constant.

It is necessary for the judging of the appearance or non-appear-
ance of the CaC,0, precipitate that the tubes shonld be cleaned as
thoroughly as possible; this can be done in the usual way (chromic
-acid, ABEGe’s steaming process etc.).

The best way for viewing the iubes is in a box with a slit in
the bottom from which the light falls through the solution. Care
should be taken that the light does not fall on the eye of the observer.
The Tyndall phenomenon makes it possible to appreciate the slight-
est turbidity. Should the solution before the experiment already
evince a slight opalescence (not due to CaC,0,) as is sometimes the
case with serum and ultra filtrate, it is advisable to view the solu-
tions by red light. The wavelength of this light being too great to
cause refraction the opalescence is not apparent. The temperature
during the experiment must of course remain constant. It is therefore
best to work in a waterbath of constant temperature.

~ The results obtained by the above method can be controlled in
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another way still, viz. by measuring the elecirical conductivity of
the solutions.

If to a solution containing C and CI' ions, C, 0," and Na' ions
be added, then the produet Ca- X C,0, cannot exceed the square
of the solubility of CaC,O,. If too many C, O, ions have been
added, (hen undissociated Ca C, O, must be formed. How much
CaC, 0, will be formed, if the product is exceeded by a fixed
quantity of C, O,?

To a binary electrolyte with a solubility A4, a salt which has an anion in
common with the first is added in a concentration x. Through this the solubility
of the first salt is changed to A’. The total concentration of the anion then
amounts to 4’4z, that of the kation to 4’. The solubility product is therefore;
AN A’ + ), and becaunse this is constant we have:

A (44 ») = 4°
or
— VLA a7
5 .
The quantity of undissociated salt which results when x Mol salt
that has 1 ion in common with the first is added, therefore is:
—a = VEA L a®
A ~— 5 e 08
if A represents the solubility of the first salt.

We have now e.g. 5c.c. of an aqueous solution of CaCl, . 6 aq, free of CO, con-
taining per litre 0.56 millimol Ca~ and (2 Cl). To this there is added several times
successively 0.0050 cec. of a 0.05 N solution of NayC,0,. After every addition the
conduetivity is measured. The Na,Cy0, may here be added in solution, for here
the solution may be supersalurated.

By means of the first method the value now found for the solubility produet is
0.055. From this it follows that a C,0, conceniration of a magnitude 1 millimol
corresponds to the 0.56 millimol Ca. Upon every addition of 0.0050 c.c. 0.05 N.
Na,C,0, to 5 cc. of a solution of CaCly 6 aq. the C,0, concentration increases
by 0.25 mm. After 4 additions therefore the solubility product is reached. What is
the relation between the total concentralions of ions during these additions?

for the first addition the total ion concentralion is

0,56 millimol Ca™* + 0,56 m.m. (2 CI) = 1,12 m.m.

After the first addition of 0025 mm. NagG,0,

0,56 Ca™ + 0,56 (2 CI”) + 0,025 G40, + 0,025 (2 Na”) = ,17 m.m.

Thus the total ion concentration after the 2nd addition is 1.22 m.m., after tlie
3rd 1.27 mm. and after the 4th 1.32 m.m. Upon the 5th addition the solubility
product is exceeded. According to the deduced formula (1) the amount of undis-
socialed CaCy0, formed =

— 0,025 = V4 X 0,055 + 0.025
2

¢

The total ion concentration becomes thus after the 5th addition

A=

V0,055 — =0,0115 mm. )

sraeo =z

o

.
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1.32 ma. + 0.025,C,0,” + 0.025 (2 Na”)—0.0115 Ca—0.0115 (,0,” = 1.347 m.m.

The total concentration of ions therefore does not increase by 0.05 mm but
only by 0.027 mm.

With the 6th addilion we get a value for the undissociated CaCy0, of:

0,050 + V4 X 0,55 4 0,05¢
2

The total conceniration of ions after the 6th addition is 1.372 m.m., the increase
is 0,025 mm

After the 7th addition it is found, caleulated in the same way, that the total
eoncentration of the ions is 1.402, the increase 0.03 m m,

It appears thus that the ion concentration with the first 4 additions
increases regularly by 0.05 m.m. From the 5" addition onward,
however, it increases only by 0.025 to 0.030 m.m. If now the
electrical conductivity be examined after every addition it must
appear to increase also 1n analogy with the increase of the total
concentration of ions. Should it be found now that after the first 4
additions the conductivity increases omly by half of the original
value, then it is a proof that the true value bhas been found for the
solubility product.

/0,055 — = 0,024 mm.

II. Determination of the concentration of Caleium tons in a solution
of pure CaCl, 6 aq.

In 8 tubes with ground stoppers are brought respectively 0.0010,
0.0015, 0.0020, 0.0025, 0.0030, 0.0035, 0.0040, 0.0045 c.c. of a
0.05 N solution of Na,C,0,. Consequently the tubes are placed in
a waterbath for some time till the oxalate solutions are evaporated
down to dryness. Hereupon into each tube there is introdueed 1 c.c.
of a CaCl, 6 aq. solution which contains 125 mgr. per L. After an
hour the result is observed.

The solution of CaCly .6 aq. was made from a chemically pure substance (The
British Drug Houses); the strength of the solution was controlled by chlorine
delermination. The salt was dissolved in carefully boiled distilled water. All obser-
vations were made in small tubes of 2 cc. contents with ground stoppers.

The Na,Cy0, solution was made from pure Na,Cy0, alter Sorensen (KAHLBAUM).
It contains no water of crystallisation, is not hygroscopic and is not affected by
temperatures below 200°.

It appears that the first 6 tubes have remained perfectly clear but
that the tubes with 0.040 and 0.045 c.c. oxalate solution show a
faint turbidity. .

The solubility product was reached thus, if, on an average, 0.0375 c.c.
N

36 Na,C,0, solution was added to 1 c.c. of a solution of CaCl, 6 aq. ;
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the CaCl, 6 aq. solution contained 125 mgr. CaCl, 6 aq. or 0.57
millimol Ca'* per L. '

The concentration of oxalate, thervefore, was 0.095 m.m., the
solubilify product is found to be 0.095 X 0.57 = 0.054 mm. per L.
The temperature during all the experiments was 20°. Table I gives
the results of a, series of such experiments.

TABLE L
Stre"%ﬁgt?;tgi:' con- St{k?:tg gg}doiot hge%%‘gdc?g “ Solubility product.
show just a precipitate.
0.57 millimol 0.095 m.m. 0.054
0.5 0.095 0.052
0.38 0.145 0.055
0.37 " 0.15 » 0.054
0.28 : 0.20 0.056
028 0.20 0.056
o.10 0.5¢ 0.054
t.o0 0.056 0.056

From this table it appears thus thal, with solutions of pure CaCl,
6 aq. of different strengths, a constant solubility product of CaC,0,
is found, namely 0.055 mm. per L.

Let this value now be controlled by the measurement of the
electrical conductivity as it is described above.

The conductivity was determined in a “resistance vessel” according to HamBureEr.
The method is found described in Osmot. Druck u. lonenlehre Bd. 1, pag. 98. The
temperature was constant at 25°

To & c.c. of a solution of CaCl, 6 aq. which contained 125 mgr. per L., repeated
additions of a 0.05 N solation of Na;C,0, were made Subsequent lo every
addition the conductivity was measured after it had become constant.

The resistance of the pure CaCl, 6 aq. solution was

8.709 X 2000 C Ohm (C = capacity of the resistance vessel).

Table II gives the decrease in the resistance after every addition
of oxalate solution. (See Table following page).

It is observed that after the 4t addition of oxalate the decrease
in resistance is diminished to less than the half. With the 4t addition,
therefore, the solubilityproduct was reached. The C,0, concentration
then was 0.1 millimol the Ca” concentration 0.56 wmillimol and the
product thus 0.056 millimol.

P —
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TABLE 11
Composition of solution. Resistance. Decrease in resistance.
5cc. CaCl, 6aq. 8,709 3< 2000 ¢. Ohm - -

5cc. CaCl,6aq.40.005 cc.NayC,0,| 8.452 < 2000c.Ohm | 0.257 X 2000 c¢. Ohm
5cc, CaCl; 6ag.-0.010 cc.Na,C,04) 8.200><2000c. Ohm | 0.252 X 2000 c¢. Ohm
5cc, CaCl; 6aq.4-0.015 cc. NagCoOyj 7.920 <2000 ¢. Ohm | 0.271 < 2000 c. Ohm
5 cc. CaCly 6 aq.—-0.020 cc.NayCy0O4 7.696 >< 2000 c.Ohm | 0 233 X< 2000 ¢. Ohm
5 cc. CaCly 6 aq.~}-0.025 cc. Na,C,04f 7.600 <2000 c. Ohm | 0.096 < 2000 c¢. Ohm
5 cc. CaCly 6 aq.+-0.030 cc. NapC,0, 7.500<2000c. Ohm | 0.100 X 2000 c. Ohm
5 cc. CaCly 6 aq.0.035 cc, NapC040 7.410 <2000 c. Ohm | 0.090 X< 2000 ¢. Ohm

Subsequently more determinations of a similar kind were made
by wus, which always gave a result of 0.053—0.58, — a mean of
0.055 — for the solubility product.

Here it mus{ be remarked still that it cannot be expected that
the solubility product will just have been reached at the end of an
addition”; the mean value, therefore, has to be taken.

There is still the possibility that the decrease in resistance came
about because the oxalate added in suoch large quantities did
practically not dissociate completely; the way in which the decrease
would take place then wonld not be such a sudden one. To control
this the same quantities of oxalate were added to 5 c.c. of distilled
water; the conductivity kept increasing proportionally to the quan-
tities added.

We have now found by two methods which are independent of
each other the constant value of 0.065 m.m. for the solubility
product, when Ca” and C,0," ions are added together.

The solubility of CaC,0, has been found by Konnrsusca to be
4.35.10-5 Mol per L. (18°%; the solubility product calculated from
this is 0.0019 m.m. per L. and this is much below rhe value found
by us.

Konrravscr measared the conductivity of a saturated solution of
CaC,0,; he therefore did not start out from the individual ions.

Hirz u. Mvms') found by adding together the ions a value of
0.034 gram per L. for the solubility of CaC,0, from which follows

1) Ber. 36. 4, p. 3717.
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a solubility product of 0.054. This product thus agrees perfectly
with ours.

The determination of Herz v. Mums and our own determinations,
by two methods, show thus conclusively that we have to reckon with a
solubility product of 0.055.

. Determination of the concentration of Ca” ions in solutions
which hold other salts besides.

1. The concentration of Ca~ ivns of 0.02°/, CaCl, 6aq. in 0.5°/, Na (.

For the system CaCl, < Ca” + 2 CI’ the following also holds: CaCl, = K Ca™ Cl'2.
K can be found if the degree of ionisation =« of a given CaCl, solution is known.
For Ca(NOy), 0,19/, (=6 m.M. per L.) « is 0,67 1).

We have therefore . -

[Ca(NO,);] — o [Ca(NOy)e] = K o Ca™ 2 (NO3)? a
or because
|CaNQg] = [Ca" ] = [NO3] = 6 m.M. per L.
1 — 0,67 = K 0,673 (NOy)?
1—10,67 = K X 0,67% XX 0,036
K = 30.
This is therefore the dissociation constant for Ca(NOj;);; that for CaCl will

differ very slightly from it.
For 0,029/, CaCly 6 aq. or 0,91 millimol per L., in 0,59/, NaCl also holds:

[CGaCly] = K Ca " Gl
The conc. of Cl' is given by the dissociation of 0,59/, NaCl. Here o = 0,82
(Osmot. Druck u. lonenlehre, p. 63); [Cl] thus becomes 7 m.M. In addition to
this there is still [CI'] of 0,91 m.M. CaCl,, 4+ half of which we may consider to
be dissociated without commilting a large error. The total [Cl'] then becomes
+ 8 m.M.

Thus
CaCly = K (0,91 — GaCl,) 0,064. K =230. CaCl,=0,60 m.m.

0Of 0,91 m.m, CaCly thus 0,06 m.m. is not dissociated while 0,31 m.m. is disso-
ciated. The solution therefore contains 12,4 mgr. free Ca™ per L.

Experimentally it appears that an oxalate concentration of 0.18
m.in. is necessary before turbidity results in a solution of NaCl
0.5 °/, + CaCl, 6 aq. 0.02 °/,. From this follows a [Ca’] of
—0.055:0.18 =0.30 m.m., or 12 mgr. per L. This determination
thus is perfectly in correspondence with the calculation.

2. Determanation of the concentration of Calcium ions in physio-
logical salt solutions.

In & solation of the composition: NaCl 0.7¢/,, NaHCO, = 0.18°/,,
KCl 0.02¢/, and CaCl, 6 aq. 0.040°/,, with a certain carbonic acid

1) Osmot. Druck u. Ionenlehre. I, p. 58.
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tension which was not exactly known, the concentration of hydrogen
ions was 0.3.10-7 (determined with neutral red after SéruNsen) and
the concentration of bicarbonate ions 0.02 N (determined by titration
with 0.01 N . HCl and methyl-orange).

From this follows for the concentration of Calcium

0,3 .10-7
'] =350 ———— — . .
[Ca] 0.02 20 mg. per L
Experimentally a CaC,C, turbidity resulted with a concentration
0.1 millimol oxalate. From this follows a

g [Ca ] of 0,065:0,1 = 0,55 m.M. =22 mgr. per L.

In a similar solution in which the [H] however was 0.45.10~7
and the [HCO,7=0,02N., the CaC, O, milkiness was seen with
[C,0,°] = 0,07 m.m. Thus: i

[Ca’ ] =0.055:0.07 = 0,8 m.m. — 32 mgr. per L.
' 0,45 .10—7

From the caleulation [Ca’* | = 350 —50 - nm = 30 mgr.

. per L.

3. Determination of the conceniration of calcium in wlira filtrate.

Human serum was centrifuged for 2 hours in ultra filters after
pE Waarp '). CO, was passed through the ultra fltrate until
[H]=0.3.10-7. (This was ensured by comparing the colour of
neutral red in the ultra filtrate with neutral red in a phosphate
mixture, according to SoreNseN, which had an [H] = 0.3.10—7).

A precipitate of CaC,0, occurred with a [C,0,"] of 0.1 m.m.
per L. From this follows a [Ca”] of 0.55 m.m. or 22 mgr. [Ca’ |
ions per L., as has also been made probable by Takaaasnrand RoNa.

An attempt to apply these measurements directly in serum often
fails because the turbidity due to CaC,0, is very much less evident,
and the opalescence which normally occurs so often in serum is a
drawback.

In the limited number of instances where we could notice a:
definite turning point the same concentrations of Ca’ ions as in
ultra filtrate were found.

As a rule, however, it is necessary where serum determinations
have to be made to make ultra filtrate, which, after pu WAaARD, is
very simple. ’

_ 1) Arch. Néérl. de phys, 2 530 (1918).

-10 -
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Summary.

A simple method is described by which it is possible to measure
the concentration of Ca ions in a solution of a mixture of salts
e.g. ultra filtrate.

The method is based upon the following principle:

To a solution containing Ca’ there are added so many C,0," ions
till the solubility product of Ca,C,0, is just reached. The juncture
at which so many C,0, ions are added that this product is just
exceeded, is ascerfained by the appearance of a slight milkiness due
to CaC,0,. It does not matter whether in the mixture of salls therg
are present other ions still that can give a precipitate with oxalate.
It is only necessary that CaC,0, should be the most insoluble sub-
stance which can result in the solution.

The method is correct to 2—3 mgr Ca” per L. The value of
the solubility prodnct was fested by the measurement of the
electrical conductivity of the solution.

The principle -of the method can likewise be applied for the
determination of other ions. The only condition is the disposal of
a reagent that gives a salt which is very slightly soluble with the
ion whose concentration has to be measured.

Physiological laboratory of the

University of Groningen.
September 1919.
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