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Are sodium bicarbonate and potassium
bicarbonate fully dissociated under physiological
conditions?

PETER D. WIMBERLEY, OLE SIGGAARD-ANDERSEN,
NIELS FOGH-ANDERSEN & ALPHONS B. T. J. BOINK*

Department of Clinical Chemistry, Herlev Hospital, University of Copenhagen, Herlev, Denmark;
and *Department of Cardiac Surgery and Cardiology, State University Hospital, Utrecht, The
Netherlands

Wimberley P D, Siggaard-Andersen O, Fogh-Andersen N, Boink A B T J.
Are sodium bicarbonate and potassium bicarbonate fully dissociated under
physiological conditions? Scand J Clin Lab Invest 1985; 45: 7-10.

In solutions containing 160 mmol/l Na* and K", respectively, measurements
with an ion-selective electrode system (KNA1, Radiometer), showed apparent
falls in the respective Na* and K™ concentrations when C1~ was replaced by
HCOs;. After correction for the change in liquid junction potential, the fall was
9.2 mmol/l for Na* and 7.3 mmol/l for K*. On the basis of these findings we
conclude that sodium bicarbonate and potassium bicarbonate are not fully
dissociated in solution, and that NaHCO$ and KHCOS$ do exist as chemical
components with association constants of 0.72 and 0.55, respectively. Using
these association constants, normal plasma will contain 1.2 mmol/l NaHCOY and
0.03 mmol/l KHCOY. Thus NaHCOY accounts for virtually the same amount of
CO; as the physically dissolved fraction. A review of all the currently known
COs species in plasma suggests that there may be a residue of about 2 mmol/l of
unknown CO, species in normal plasma.
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Measurements with ion-selective elecurodes
(ISE) show an apparently lower concentration
of sodium ion in the presence of bicarbonate
ion. This finding has led to a discussion in the
literature concerning the interpretation of data
from ISE. Some authors [7] have ascribed the
changes to liquid junction potential effects
alone; some to ion-pair formation [5, 6]; and

others to a combination of both effects [1, 8].
The presence of undissociated NaHCO$ in
plasma is contrary to the classical dissociation
theory of Bjerrum [2], which states that both
sodium and potassium salts are completely
dissociated in solution.

The purpose of this study is to repeat these
measurements under controlled conditions and
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over a wider range of HCOj3 concentrations,
while maintaining pH constant. The results are
used to evaluate which of the above explana-
tions is correct in the interpretation of data
from ISE.

METHODS

Five solutions were prepared with a total
sodium concentration of 160 mmol/l, but with
chloride concentrations falling from 160 to 0
mmol/l, chloride being replaced by bicarbon-
ate. Five further solutions were prepared in the
same way but with potassium 160 mmol/l
instead of sodium. The solutions were equili-
brated to varying pco, levels ranging from 0 to
35 kPa in order to maintain pH at 7.4 in all
solutions. Furthermore, the two solutions of
pure NaHCO; and KHCO; were measured
without CO, equilibration (pH 8.4).

The activity of sodium and potassium was
measured with [SE (KNA1, Radiometer
Copenhagen, Denmark) at 37 °C. The liquid
junction is established as an open static junction
between the sample and sodium formate 4.6
mol/’kg. We have previously investigated this
salt bridge solution to eliminate the effect of
erythrocytes on the liquid junction potential
[15]. The set point of the instrument was
calibrated with either pure NaCl or KCl 160
mmol/l. The electrode sensitivities were auto-
matically adjusted with the standard calibration
solutions from the manufacturer (ionic strength
0.161 mol/kg). and were found to be 95% of the
theoretical for Na* and 99% for K*.

RESULTS

The results are presented in Fig. 1. The
measured data were corrected for the different
liquid junction potentials for sodium chloride
and sodium bicarbonate, calculated from the
Henderson equation, using the same limiting
ionic equivalent conductances of 66 S-cm?.
mol™! for both sodium and formate [10]. The
apparent fall in sodium ion concentration at pH
7.4 (Fig. 1) was from 160 to 145.7 mmol/l. Even
after correction for the change in liquid junc-
tion potential, the Na* concentration still fell
from 160 to 150.8 mmol/l with a slightly larger
fall to 149.5 at pH 8.4. However, part of this
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FiG. 1. The apparent fall in Na® and K™ concentra-
tions measured with ISE in 5 solutions containing 160
mmol/l of Na™ and K". respectively. when C1 is
replaced by HCO3. pH is maintained at 7.4 by
varying pco,. Each point is the mean value of 4
determinations, the range also being indicated. The
upper lines show the fall after correction for the
change in liquid junction potential. In one case
(ct1co;=80 mmol/l) the values of all ckx- were identi-
cal, and hence the range is apparently lacking.

extra fall (0.3 mmol/l) is due to minor H*
interference. The corresponding falls in K*
concentrations were 7.3 mmol/l at pH 7.4 and
8.9 mmol/l at pH 8.4 after correction for the
liquid junction potentials (H* does not inter-
fere with the K* measurements in this pH
range).

CALCULATION OF THE
ASSOCIATION CONSTANTS

Our results at two different pH values allow the
calculation of the thermodynamic association
constants from the following equations (exemp-
lified for Na™):

KNaco;  =anaco!/(ana--aco?)

=(fi-f2)/(g2-81)

Knanco, =ananco./(an,--ayco;)
=(f1-8:1>-81)/(8g1)
where
f: (tha/mNa‘ _1)
'(mNa’_mCl’)vl'(YNa‘)d]
12-Ko/(ay--ycor) + Vyncod-m®

8= (Ma=2-mny-+mcy- )
(Mg —mcy)™!
-Ky/(ay-Ynacor)



The equations were derived by simple substitu-
tion on the basis of the law of conservation of
substance and the law of electro-neutrality:

MNa= MNa- T MNaHCOT MINaCO;,
MNa- =Mpco;t2-Meo; +mnacoHMer

The active molality (mp) is defined as
mg=my-yy and the relative molal activity is
ag=rag/m®, where m%=1 mol-kg™' [14].

Subscript 1 and 2 to f and g indicate two
different solutions, e.g.:

solution 1: my,-=160 mmol-kg™'; me =0;
Mna-=150-8 mmol-kg 't ay. =107

solution 2: myn,-=160 mmol-kg'; mc-=0;
M= 149-8 mmol-kg™"; ay. = 10784,

The activity coefficients are taken to be identi-
cal in the two solutions and are estimated by the
Debye-Hiickel equation:

YNa- = 0.75
Yuco, = 0.74
YHCOZ; = 0.74
vco; = 0.30
K, = ay- acolapco=10""* at 37 °C.

We find the following thermodynamic associa-
tion constants for 37 °C:

Undissociated NaHCO; and KHCO, 9

Knaco, = 8.3

KKC(); = 10.6
KNaHC()l; = 0.72
Kknuco, = 0.55
DISCUSSION

Previous studies of the NaHCO$ thermodyna-
mic association constant have given quite vari-
able results ranging from 0.56 to 0.78 [3, 4, 11].
Our finding of a lower association for KHCOY
than for NaHCOY is to be expected since Na*
and K* belong to a lyotropic series. Thus
lithium bicarbonate may be expected to have an
even higher K, and rubidium bicarbonate a
lower K, than sodium or potassium bicarbon-
ate. Our new value of 8.3 for the thermodyna-
mic association constant for Na* and CO73 is
considerably lower than our previous value of
40 [12], which was derived more indirectly from
studies of the variation of the carbonic acid pK
with pH. Garrels et al. [11] found a value of
18.6 and Butler & Huston [4] a value of 5.6 at
25 °C. Our finding of a slightly higher value for
the association constant for K* and CO% than
that for Na* and CO3™ (i.e the opposite of what
should be expected) indicates that our values
for the carbonate association constants are less
accurate than those for the bicarbonate associa-

TasLE [. The CO, species in normal human plasma at pH 7.4 and pco, 5.33 kPa, listed in order of quantitative
importance. The values were calculated from the relevant association or dissociation constants. For other

relevant data, see footnotes.

Concentration

Species (mmol-I"") Relevant constants
HCO; 20.41 ay+-aycos o, o) =10% [13]
CO, 1.23 cco, Ipco,=a =0.23 mmol-I"""kPa™'  [13]
NaHCO 1.22 aNa{{CO‘l Han, - aricos) =0.72 (Present study)
CaHCO? 0.19 acancollac, " anco) =245 9]
PrNHCOO" 0.16 (Ref. 13, p. 20)
Cco3 0.08 ap--acolanco; =101 [13]
MgHCO; 0.05 amgnco/(amg” arcor) =14.5 [11]
NaCOs 0.03 anaco; ana -acoy) =8.3 (Present study)
KHCO$ 0.03 agnco) (ax+-apcoy =0.55 (Present study)
CaCO} 0.01 acacosac acoy) =1585 [11]
MgCO!) 0.01 argeo Namg " acs) =2512 (1]
23.42

Total CO, 25.69 10°9-(c,coaPco)apco, =101 [13]

1. pay-=7.412 after correction for liquid junction potential difference (AE;=+0.7 mV).

2. 413,0=0.9947, a0, =0.247-10pco,kPa !

3. The activity coefficients (y) are taken to be 0.75 for sodium and 0.74 for the other monovalent ions. and
0.30 for divalent ions. The water concentration is taken to be 0.933 kg-I"". B

4. The molalities for Na*. K*, Ca>* and Mg>* are taken to be 150, 5.0, 1.25 and 0.6 mmol-kg ™. respectively.
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tion constants. More accurate measurements of
the former should be made with carbonate
solutions instead of bicarbonate solutions.

For many years a discrepancy has been
known to exist between the concentration of
HCO3 calculated from the thermodynamic
equilibrium constant, pH and pco, and that
calculated by subtracting the physically dis-
solved CO, from total CO,. Our data suggest
that undissociated NaHCOY and KHCO§ do
exist as chemical components in solution. Using
the calculated association constants in this study
of 0.72 for NaHCOY and 0.55 for KHCOY, a
plasma molality for Na* of 0.150 mol/kg, a
molal activity coefficient for Na* of 0.75, and a
relative molal activity for HCO3 of 0.0162,
normal plasma will contain 1.22 mmol/l
NaHCO§ and 0.03 mmol/l KHCOY. 1t is in-
teresting to note (Table I) that the ion-pair
NaHCOY appears to be quantitatively equal to
the physically dissolved CO, and that CaHCO73
is the fourth most important CO, species in
plasma. Generally these species are not men-
tioned in current textbooks of acid-base physi-
ology. However, even allowing for all the
known CO, species listed in Table I, there is
still a residue of about 2 mmol/l of CO, which
cannot be accounted for in normal plasma. The
explanation for this discrepancy may be the
presence of other species, e.g. protein-bound
compounds, or due to inaccuracy of some of the
equilibrium constants, especially the thermo-
dynamic dissociation constant for carbonic acid
(10732, or because of a higher residual liquid
junction potential for the pH measurement
than we have taken into account (0.7 mV).

The presence of NaHCO could be important
in facilitating sodium transport through the cell
membrane, as has been suggested for NaCOs3,
which, however, exists in much lower concen-
trations [16].
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