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THE STABILITY OF THE MAGNESIUM
BICARBONATE ION PAIR FROM 10° TO 90°C

R. M. SIEBERT* and P. B. HOSTETLER**

ABSTRACT. The dissociation constants of the aqueous MgHCO,* ion pair were deter-
mined experimentally from 10° to 90°C at 15° intervals. The experimental pH change
between alternating additions of MgCl, and KHCO,; to MgCl-KHCO, solutions in
equilibrium with CO, was used to calculate the dissociation constants by a new floating
point method which does not require absolute pH and P¢o, values. The approach re-

duces the sources of error to single-ion activity coefficients and reference electrode
liquid-junction potentials. The experimental I)I(Mgm.(,3+ (—log Kyissociation) at 25°C is

1.07 £ 0.03, and the pK’s increase smoothly to 1.34 % 0.03 at 90°C. The 25°C result is
in general agreement with several previous determinations; the pK variation as a func-
tion of temperature is in excellent agreement with that predicted by the Fuoss electro-
static ion pair theory. Derived values of AGr°, AHR®, and AS:° of dissociation at 25°C
are 6087.7 = 167 J mol—* (1455 =+ 40 cal mol™—"), —4987.3 J mol—* (—1192 cal mol—),
and —37.15 J deg—* mol—* (—8.88 cal deg—* mol—"), respectively.

INTRODUCTION

The stability of the MgHCO,* ion pair has been poorly known at
25°C and not known at other temperatures. This ion pair, present in
any solution containing magnesium and bicarbonate ions, is important to
the quantitative interpretations of the interaction of natural electrolyte
solutions with rock and mineral systems. It is an important species in
most groundwaters and in seawater, where it contributes significantly to
the control of the carbonate species distribution (Garrels and Thompson,
1962). Knowledge of the MgHCO,* stability is important in mineral solu-
bility studies. For instance, solubility work with dolomite (Siebert and
Hostetler, 1970) and magnesite (Christ and Hostetler, 1970) at higher
temperatures was handicapped by the lack of pertinent MgHCO,+ data.
Finally, accurate MgHCO,+ dissociation constants are required in the
experimental determination of the stability of the MgCO,° ion pair,
which is of paramount importance to the carbonate equilibria in seawater
(Garrels and Thompson, 1962).

Previously published values for pKyico,- (the —log K for the dissocia-
tion reaction (MgHCO,+ = Mg?+ 4+ HCO,~) at 25°C are:

Greenwald (1941) — ionic strength ~0.15 0.80

Greenwald (1941) — corrected to zero ionic strength

by Garrels and Thompson (1962) 1.26
Greenwald (1941) — corrected to zero

ionic strength by Nakayama (1971) 1.16
Hostetler (1963) ' 0.95
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Hostetler (1963) — corrected for first dissociation
constant of carbonic acid by Nakayama (1971) 1.21

Nakayama (1971) 1.23

Reardon, Jacobson, and Langmuir (1973) —
potentiometric determination 0.96

Reardon, Jacobson, and Langmuir (1973) —
conductiometric determination 0.86

Agreement among investigators is poor, the difference between high
and low value being approximately 0.4 pK units. All the previous deter-
minations were of the potentiometric (pH measurement) type except for
the one conductiometric determination, which may not be reliable be-
cause of large uncertainties involved in choosing a limiting equivalent
conductance value (A°) for the MgHCO;+ species. Examination of all
the potentiometric techniques indicates that experimental uncertainties
are on the order of = 0.1 pK units or more. In addition, the experimental
techniques used thus far have the same basic elements in their execution,
even though the techniques are superficially different. Because of the
poor agreement among previous investigators and because of the lack of
data at temperatures other than 25°C, the stability of the MgHCO,* ion
pair was determined in this study from 10° to 90°C, utilizing a new
approach, which eliminated or reduced the experimental uncertainties
and errors discussed below.

PRELIMINARY CONSIDERATIONS

The manner in which the dissociation constant is calculated from ex-
perimental data has a very strong effect on the reliability and accuracy
of the results, since the method of calculation dictates the type of ex-
periment performed and the parameters that must be measured. This
relation can be understood by considering the following MgHCO,+
stability experiment. The experimental technique is the potentiometric
titration of a MgCl, solution with KHCO, solution (or vice versa). This
technique is chosen, because it closely resembles the one used in the
present work, but it also includes the same basic elements utilized in
the previous investigations. The experimentally determined parameters
are:

pH, = pH of the solution after the addition of MgCl, or
KHCO, for run point n;
Mgz = molality of total Mg2+ added to run point n;
mK,+ molality of potassium which is equal to the total mol-
ality of HCO;~ contributed by the KHCO, additions
for run point n;
mCl,~ = molality of Cl~ for run point n; it is equal to 2Mgy ()-

I
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Two methods can be used to calculate the MgHCO,+ dissociation
constant from the experimental data. These methods are described below
and are designated as the pH-Pgo, method and the floating point method.
In these methods, it is assumed that there is no ion pairing between K+
or Mg?+ and Cl— nor between K+ and HCO,—.

pH-Pgo, method—In order to calculate the pKygucog the activity
of HCO,;— in the solution must be determined. This is conventionally
done with the experimentally determined P, and pH and the following
equation, where small m and brackets denote molality and activity, re-
spectively.

KFII{IPCO‘) [HZO]I

[HCO,—] = T (1)

The constants K, and K, describe the solubility of CO, and the first
dissociation of carbonic acid, respectively. This result is combined with
the two mass balance equations (eqs 3 and 4) and appropriate activity
coefficients to calculate the experimental mMgHCO,+ and, hence, the
PKyrancog The equations are iterated to a constant ionic strength. For
the case where mH+ is negligible, we have:

mHCO,~ = [HCO,~]/yuco,- (@)
mMgHCO;+ = mK+ — mHCO;~ (3)
mMg2+ = Mgy — mMgHCO,+ 4)
[Mg2+] = mMg*+ « yye (5)
[MgHCO,+] = mMgHCO,+ * yuco, (6)

The dissociation reaction is:
MgHCO;*(aq) = Mg**(aq) + HCO,~(aq)
and the corresponding equation for the dissociation constant is therefore:
_ [Mg+] [HCO,~] :
KMgHCO3+ - [I\/IgHCO3+] (7)

The experimentally determined parameters (Pco, and pH) and the
equilibrium constants K, and K; in eq 1 must be known accurately in
order to calculate an accurate value of [HCO,~]. Small errors in
mHCO;~ of eq 3 lead to large errors in the value for mMgHCO;+ and
hence to large errors in pKygmcos~ Unfortunately, the experimental
measurements, while adequate for most work, have intrinsic uncertain-
ties that can lead to gross errors in the determination of weak dissocia-
tion constants. The practice of equating the experimentally measured
pressure of CO, (in atm) with the quantity Pgo, in eq 1 and the measured
pH with —log[H+*] is questionable (Christ, Hostetler, and Siebert, 1974).
These authors discuss the reasons for this in some detail. In the case of

* The activity of water was taken to be unity throughout this work.
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CO,, it is thought that the pressure, measured in the conventional man-
ner, may not represent an equilibrium value. pH measurements suffer
in translation to activities chiefly because of liquid-junction potential
effects (Ives and Janz, 1961; Bates, 1973). Also, there are the everpresent
experimental uncertainties in the values for K, and K.

These problems apply directly to all the previous investigations, since
the mMgHCO,+ were determined in essentially this manner. Such diffi-
culties are the probable cause for the poor agreement and quality of the
MgHCO,* stability data.

Floating point method.—In this method, the molality of HCO,— for
any given experimental point within a run is assumed to be an unknown
variable. However, the change in the activity of HCO,~ between run
points, within the same run, may be accurately calculated, if the Peo, is
assumed to be constant during the entire experiment. This relationship
is derived as follows. The subscripting numbers designate the respective
experimental run points within the same run. The equations:

KoK, P CO2(n)

|[HCO;— 1, = —[HT]H——’ (8)
Peoyiyy = Peoyiay =+« + = Pooygy )
[HCO,~], [H+], + [HCO,~ ], [H¥], =....= [HCO,~ ], [H*]u
(10
lead to
_ . _ [HCO;—], 10—, _ HCO,—1, 10—rE,
[HCO,~], = 130_];1[2 , [HCO,— ], = [ li)_]plﬂn
(1)
or finally
[HCO,~ ], = [HCO,~], * 1011, —pH,) (12)

This result, in combination with the mass balance equations and
activity-molality relations in eqs 2 to 7, allows the calculation of
mMgHCO,+ and, hence, pKygucoy+ for all points in the run if [HCO;~],
is known. Since [HCO;~]; is not known, another independent relation
must be introduced in order to reach a unique solution. This relation is
provided by the constraint that the dissociation constant for all run points
must be the same (at constant temperature), that is

K=K, =K;=..... =K, (18)

For practical calculation of experimental results, the value of
[HCO;—], is arbitrarily selected and used, in conjunction with the ex-
perimental pH values, to calculate the values of [HCO;—], for all run
points (eq 12). These values of [HCO,~], are then used in eqs 2 to 7
to calculate the dissociation constants for each run point. Eqs 2 through
7 are solved by choosing a provisional value of the ionic strength and
iterating to constant ionic strength. If the resulting K’s are not nearly
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equal, the value of [HCO,;~], is incremented or decremented (‘“floated”),
and the calculations are repeated. This procedure is interated, until the
K’s are as nearly equal as is possible.

The significance of this method lies in the greatly reduced number
of assumptions and experimental quantities required to calculate the dis-
sociation constant as compared to the Pco,~pH method. Only the follow-
ing assumptions and quantities are required to calculate the results, aside
from the analytical concentrations of reagents utilized in the experiments.

1. The Pco, must be assumed constant during the entire run.

2. The change in the experimental pH between run points must
be accurately measurable.

3. The single ion activity coeflicients used in the calculations
must describe adequately the change in ion activities with
changes in the ionic strength between run points.

The floating point method is a considerable improvement over the
Peo,~pH method in that no absolute value of either the Pgo, or experi-
mental pH need be determined and that no use is made of other equi-
librium constants (K, and K,).

A final consideration is whether it is preferable to titrate a MgCl,
solution with KHCO, or vice versa. The floating point method was
found to give the best results in experiments where both Mg+ and
HCO,— increase in concentration during the course of the run. There-
fore, the experimental approach adopted here was the potentiometric
titration of a MgCl,-KHCO; solution with alternating additions of
MgCl, and KHCO; solution. Runs were performed at 10°, 25°, 40°,
55°,70°, and 90°C.

EXPERIMENTAL PROCEDURE

The experimental approach to this investigation was the potentio-
metric titration of a KHCOj solution, in equilibrium with pure CO, gas,
with alternating additions of MgCl, and KHCO; solutions. Runs were
performed in a 2-1 polypropylene reaction vessel, which was sealed gas
tight and thermostated in a 40-gallon constant temperature water bath.
The lid was fitted with a 300-watt aluminum immersion heater, a heat
exchanger coil of stainless steel tubing and holes for reagent additions,
stainless steel thermistor probe, and pH electrodes. Approx 1600 g of
distilled-deionized water, along with appropriate quantities of KHCO,
and MgCl, solutions, were weighed into the reaction vessel. The vessel
was then sealed, thermostated, and equilibrated with pure CO, gas at
the temperature of interest. Titration of the solution proceeded by in-
jecting alternating weighed increments of KHCO,; and MgCl, solutions
into the vessel through a soft rubber surgical tubing nipple with two
50-ml syringes and 10-cm hypodermic needles. The pH was monitored
after each addition and was recorded along with the weight of solution
added. Five additions of MgCl, alternating with five additions of KHCO,
solution constituted a run.
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Fig. 1. Schematic diagram of the reaction vessel and gas systems.

Equilibration of the run solutions with CO, gas was effected by a
unique 2-stage gas system. This system is constructed totally of polyolefin
plastic and is presented schematically in figure 1. In the first stage, CO,
is drawn from a storage tank and bubbled through a water-filled “pre-
saturator” vessel in order to equilibrate the gas with respect to water
vapor at the temperature of the run. The gas is then bubbled into the
reaction vessel through a submerged gas dispersing frit. Excess gas from
the space above the run solution is vented to the atmosphere via a con-
densate catch tube and water valve. Gas flow in this stage is relatively low,
being on the order of 100 ml per min. The independent second stage
withdraws the gas phase from the top of the run solution with a poly-
ethylene bellows pump and pumps it through 15 m of heat exchange
coil to the conically shaped bottom of the reaction vessel. The gas passes
into the vessel, through a gas dispersing frit, and bubbles up through
the solution. Gas flow is on the order of 2 1 per min, and the fountain-
ing of the gas through the solution provides excellent stirring and very
intimate contact between the gaseous and aqueous phases. With this two-
stage gas system, experimental solutions were found to equilibrate very
rapidly (less than 5 min) and demonstrated very stable pH’s. For instance,
KHCO; solutions equilibrated with pure CO, at 25°C held a constant pH
for 6 hrs, indicating that the Pgo, in the apparatus remains accurately
constant over long periods of time.

Temperature regulation within the reaction vessel was effected by
the immersion heater and an electronic temperature controller utilizing
a thermistor temperature sensor. At 10° and 25°C, the immersion heater
was balanced against the heat exchange coil, through which coolant
flowed from a refrigeration-circulator unit, to produce regulation of =+
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0.05°C. At higher temperatures, only the immersion heater was used and
gave regulation to = 0.04°C. The main water bath was regulated by a
separate temperature controller and heater-stirrer unit to = 0.01°C.

Solutions of KHCO; were prepared by adding weighed quantities of
desiccator dried (over CaCl,), reagent grade KHCO, to a weighed quan-
tity of distilled-deionized water. Concentrated MgCl, solutions were pre-
pared by dissolving reagent grade MgCl, « 6H,O in distilled-deionized
water and analyzing titrimetrically for Mg+ and Cl— with EDTA and
AgNO; respectively. The results for cation and anion agreed within 1
part per 500, but the anion analytical value was chosen as being most
accurate. All water was weighed to = 0.1 g accuracy. Additions of MgCl,
and KHCO; solutions were weighed by difference. A cup containing the
solution was weighed, the solution withdrawn with the syringe and im-
mediately injected into the run, and the cup was reweighed. Although
the cup weighings were within =+ 0.001 g, the precision of any one
addition was approx = 0.05 g because of erratic deliveries by the
syringes. CGumulative precision over the course of the run was also = 0.05
g because no solution was lost from the syringes after injections.

The experimental pH was monitored with an Orion 801 digital pH
meter and a Beckman 39000 glass electrode that was paired with an Orion
90-00-03 double junction reference electrode with 10 percent KNO, outer
filling solution. The pH measuring assembly was calibrated with com-
mercial phthalate (pH = 4.008 at 25°C) and phosphate (pH = 7.000 at
25°C buffers. Both buffers and electrodes were thermostated at the tem-
perature of the run in separate vessels of the water bath. The pH assem-
bly was calibrated to agree within = 0.005 pH units in both buffers, and
then the electrodes were sealed into the reaction vessel along with initial
solutions of MgCl, and KHCO;. The solution was then equilibrated with
pure CO, gas in the system, and the pH was monitored over the next
hour or two. The titration was not begun until the pH had remained
constant for half an hour. Approx 5 min equilibration time was allowed
after each addition, before the pH was recorded. At the end of each run,
the electrodes were checked in both buffers, and agreement with the initial
values was usually within = 0.03 pH units. The slope of the pH measur-
ing assembly (that is, the reading in the 7 buffer minus the reading in the
4 buffer) seldom changed more than 1 part in 300 from the original
calibration.

Error contributed to the measured pH by changes in the liquid
junction potential of the reference electrode was measured experimen-
tally at 25°C. Distilled-deionized water was titrated with concentrated
MgCl, solution, and the activity of C1— was monitored using an Ag-AgCl
wire electrode in combination with the Orion double junction electrode.
The experimental molalities of C1— were converted to activities using ap-
propriate activity coefficients, and these were then converted to relative
voltage values using the Nernst equation. Using one experimental point
as a reference point, the change in the potential from the reference point
was calculated for subsequent points and was compared with the poten-
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tial change observed by direct measurement. The difference between tl}e
two sets of values represents the contribution from changes in the liquid
junction potential of the reference electrode. This difference totaled only
0.5 mv over the concentration range which corresponds with the concen-
tration ranges of the MgHCO,* experiments. Therefore, errors due to
liquid junction potential changes (with changes in concentration of re-
actants) are considered to be minimal.

RESULTS

The thermodynamic dissociation constants were calculated from the
experimental data presented in table 1 by the floating point method.
The only important aqueous species assumed present in these solutions
are Mg+, MgHCO,+, K+, HCO,~, and Cl—. The ratio of the activity
of CO,2— to the activity of HCO;~ was usually much less than 10—* at
the pH values (usually less than 6) generated in the experimental solu-
tions, and, thus, the MgCO,° ion pair and CO42~ can be safely neglected.

Single ion activity coeflicients, y;, were calculated from the Debye-
Huckel eq (Garrels and Christ, 1965, p. 61):

log yi = —(Az2I/%)/(1 + & BI'/?) (14)

Values of 4 and B were taken from Helgeson (1967); I is the ionic
strength in molal units:

I =0.54mMg?*+ 4+ mMgHCO,+ + mK+ + mHCO,~ 4 mCl-)
(15)

The value used for the HCO;~ ion size parameter (&) was 5.5 X
10—% cm (Christ and Hostetler, 1970) for 25°C. Values of yyre were de-
rived from an extended form of eq 14 obtained by adding a bI%/* term
to the right side. The resulting equation was fitted to yyge+ values cal-
culated by the mean salt method (Garrels and Christ, 1965) {rom data
for y. MgCl, (Harned and Owen, 1958) and y. KCI (Hostetler, Trues-
dell and Christ, 1967). The resulting a2+ was 6.5 X 10—% ¢cm, and b
was 0.12 at 25°C. This equation fits the data well even for ionic strengths
far in excess of those reached in this work. It was assumed that the
y-values for MgHCO,+ are the same as those for HCO,—. In all cases,
the temperature dependence of the Debye-Huckel equation was assumed
to predict adequately y; values at temperatures other than 25°C.

An example of the results from the calculation process and the con-
vergence to the final result is given in table 2. The value of p[HCO,;~]
(—log of the HCO,— activity) was arbitrarily selected or “floated” and
the values of the PKaiercogt,, Were calculated. The resulting pK’s were
examined for equivalence, that is, convergence. If this requirement was
not met, the p[HCO;~] was incremented or decremented repeatedly (as
in the first column of table 2), and the value of the pK calculated until
convergence was attained. The non-convergence was readily recognized
with large “errors” in p[HCO;~] (as with the first and last pairs of
p[HCO,~] in table 2), but with small “errors,” the choice of the final
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result was difficult. Therefore, the average of the pK values and the
average internal deviation, the mean of the deviation from the mean of
the pK values for each run point, were calculated as an aid in deter-
mining the result where the computed pK values have the greatest statis-
tical consistency. The final result taken to be correct was the one that
had minimum internal deviation. Finally, the example in table 2 also
illustrates the extreme sensitivity of the calculated pKygncoy to errors in
the activity of HCO,~. For instance, a 0.014 error in the p[HCO;—],
(p[HCO;—], = 2.650 as compared to the final value of p|HCO,~], =
2.644) yields a difference in the calculated pKyguco,+ values of 0.13 for
the first run point and 0.05 for the last run point.

Thirty-five experimental runs (totaling 350 run points) were per-
formed from 10° to 90°C. The results are summarized in table 3. The
raw experimental data used in the calculations and the resulting dissocia-
tion constants are tabulated in table 1. A more complete result for one
representative run at 25°C is presented in table 4.

DISCUSSION

Two major sources of error in this work are the errors in the single
ion activity coefficients and errors in the measured pH change between
run points. As an aid to the visualization of the possible magnitude of

TABLE 2
Example of convergence with the “floating point” for run 6-6A (25°C)

p[HICO, ] values of pK for the ten run points calculated
from the value of p[HCO,—] in the first column.

1 2 3 4 5 9 10
2.640 0.8010 0.7979 0.8848 0.8825 0.9242 . ...0.9560 0.9583
2.650 0.9207 0.9203 0.9608 0.9600 0.9818....0.9961 0.9988
2.661 1.0254 1.0270 1.0332 1.0338 1.0388....1.0373 1.0403
2.663 1.0423 1.0441 1.0453 1.0461 1.0486 . ...1.0445 1.0475
2.664* 1.0505 1.0525 1.0513 1.0522 1.0534....1.0481 1.0512
2.665 1.0586 1.0607 1.0572 1.0582 1.0582....1.0516 1.0547
2.667 1.0744 1.0768 1.0688 1.0700 1.0676 . ...1.0587 1.0618
2.680 1.1668 1.1706 1.1388 1.1412 1.1254....1.1026 1.1061
2.690 1.2281 1.2328 1.1873 1.1903 1.1662 . ...1.1345 1.1381

*Taken as final result based on a minimum average internal deviation.

TABLE 3
Experimental results for Kyaico,+ determinations

Average

internal # of Standard
T°C —log K deviation runs deviation
10 1.051 0.003095 3 0.01840
25 1.066 0.003945 10 0.01231
40 1.108 0.003329 6 0.00586
55 1.160 0.003417 6 0.01054
70 1.230 0.003546 6 0.01726
90 1.337 0.004140 4 0.00730
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these errors, an “error analysis” table was calculated. The calculation was
made by giving a plus and a minus error to the parameter of interest,
while holding all others at the “correct” value, and calculating the
PKagrcog The results are presented in table 5.

The error analysis indicates that the value of pKygrco,+ is relatively
sensitive to errors in the activity coefficients for Mg*+ and HCO,~. Un-
fortunately, the accuracy of a single ion activity coefficient value at a
given ionic strength is impossible to evaluate satisfactorily. The activity
coefficients used in this study are calculated by the Debye-Huckel equa-
tion, based on experimentally determined mean salt values (y.) for
MgCl,, KCl, and KHCO; solutions. In order to maintain high concen-
trations of MgCl, (to insure substantial MgHCO,* formation) but avoid
the high ionic strengths where the yy,2+ values become less certain, the
experiments were performed over a relatively narrow range of ionic
strengths (approx 0.07-0.53).

The second potential source of error is a nearly linear drift (a con-
stant rate of error operating during the run) in the measured pH change
between run points. This type of pH drift is particularly serious in that
it cannot be detected in the results for a given run, whereas a non-linear
drift or a drift that started in the middle of a run is readily detected,
because some or all of the calculated pK’s will fail to reach consistency.
The magnitude of the error in the resulting pKyuco,+ can be seen in
table 5. For instance, a = 0.01 drift in pH over the run resulted in a

TABLE 4
Complete results of calculations for run 6-6A (25°C)

pH Mgy mKHCO, mMg* mMgHCO,* mHCO;—
1 5.182 0.0302 0.00311 0.0298 0.00039 0.00273
2 5.280 0.0298 0.00437 0.0293 0.00054 0.00384
3 5.283 0.0495 0.00431 0.0488 0.00074 0.00358
4 5.357 0.0489 0.00571 0.0479 0.00097 0.00476
5 5.315 0.0699 0.00562 0.0688 0.00119 0.00444
6 5.408 0.0691 0.00695 0.0676 0.00147 0.00549
7 5.369 0.0926 0.00683 0.0909 0.00170 0.00514
8 5.444 0.0914 0.00812 0.0894 0.00202 0.00610
9 5.405 0.1176 0.00796 0.1154 0.00227 0.00569
10 5.470 0.1162 0.00921 0.1135 0.00262 0.00661
mMgHCO;* mMgHCO,* [HCO,;—] « [H*]
Mg, o " mKHCO, /0 X 109 yMg®* yHCO,— I —log Kygrco,*
1 1.2 12,5 1.5996 0.424 0.794 0.093 1.050
2 1.8 12.3 1.5992 0.424 0.794 0.093 1.052
3 15 17.1 1.5999 0.375 0.765 0.152 1.051
4 1.9 16.9 1.5988 0.375 0.765 0.150 1.052
5 1.7 21.2 1.5992 0.345 0.744 0.213 1.053
6 2.1 21.1 1.5999 0.346 0.745 0211 1.058
7 1.8 24.9 1.5992 0.324 0.728 0.281 1.049
8 22 24.9 1.5988 0.325 0.728 0278 1.057
9 1.9 28.5 1.5996 0.309 0.714 0.356 1.048
10 2.3 28.4 1.5981 0.310 0.714 0.352 1.051
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+ 0.05 pK unit error in the result. This error calculation is performed
by assuming that the first experimental pH has a 0.001 error, the second
pH has a 0.002 error, and so forth, until the tenth pH has the full 0.01
error.

Possible sources for this pH error are variations in pressure of CO,
during the run, thermal or electronic drift of the electrodes and pH
meter, inaccurate pH slope calibration, and changing liquid junction
potential in the reference electrode. As stated previously, the experi-
mental apparatus and pH monitoring equipment were capable of main-
taining accurately constant pH values in test solutions for many hours.
Great care was taken to insure initial Pgo, and electrode equilibration
in the experimental solutions, and the titration was not begun until the
pH was constant to = 0.001 for approximately 30 min. An example of the
combined stability of the pH measuring assembly and the constancy of
the experimental Pgo, for the ten points constituting an experiment is
given in table 3 by the tabulation of the ion activity product, [HCO,~]
[H+], which is proportional to Pgo, by eq 1. Consequently, errors from
the first two sources above are considered negligible in this study.

The electrode pair, which was found to exhibit a theoretical response
to H+ activity changes, was accurately calibrated with pH = 4 and pH
= 7 buffer solutions. If an error of =+ 0.03 pH units was assumed in the
slope calibration, that is, AEMF/ApH, then the drift error in the ex-
perimental pH’s would amount to 1 part in 100. Since the pH range
covered in an experiment was only 0.3 to 0.4 pH units, the total error
in the experimental pH over the course of the run would be 0.003 to
0.004 pH units. Since the slope calibration is believed to be more accurate
than = 0.03 pH units, errors in the results due to inaccurate pH slopes
are considered minimal.

The last source of pH error is change in the liquid junction poten-
tial during a run. Unfortunately, liquid junction potentials in reference
electrodes cannot be avoided, and their changing contributions to the
experimental pH cannot be dealt with adequately. The Orion double
junction electrode with 10 percent KNO, filling solution was found to

TABLE b
Error analysis for run 5-28A (25°C)
Source El:ror
of _In Change

error Error PKaiguco,” % in 'y’sg
Linear -+0.01 —0.062 —
drift —0.01 +0.052 —
in pH +0.02 —0.127 —

—0.02 -+0.100 .
ﬁncos_ -+0.5 +0.023 0.9 to 1.7%

—0.5 —0.022 0.9 to 1.6,
Ang™" =+0.5 —0.033 3.4 to 549,

—05 +0.038 35 to 5.69%
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be the best of all the reference electrodes tested with regard to changes
in the junction potential with changes in MgCl, concentrations. Still,
the double junction electrode exhibited 0.5 mv junction potential (approx
0.01 pH units) change with MgCl, concentration changes comparable to
those of the MgHCO;+ runs. This error in the pH would generate an
error of 0.05 pK units in the dissociation constant. However, the cal-
culated magnitude of this effect appears to be much larger than that
actually present. The MgCl, in the experimental solutions is the domi-
nant factor controlling the liquid junction potential because of its greater
concentration, the charge of the cation, and the concentration of the
anion and its large mobility. (A detailed discussion of liquid junction
potential may be found in Bates, 1973, chap. 3.) Consequently, the error
in the pH change will be reflected almost exclusively in the calculated
PKatercog® of the MgCl, addition step. Examination of the raw results for
25°C indicates that the pK of the MgCl, addition steps (the odd num-
bered run points) averaged approx 0.005 units lower (for 29 out of a
possible 37 cases) than the pK for the preceding KHCO; additions (even
numbered points). If this difference is representative of the junction
potential error per MgCl, addition, then the cumulative error over four
MgCl, additions (the first addition is the reference pH in the calcula-
tions) would yield an average error in the final pKyrgco,+ of 0.02 units.
Since this error is systematic, the results reported are probably all approx
0.02 pK units too low. Overall experimental uncertainty at all tempera-
tures for PKargueo,+ 18 believed to be = 0.03 pK units, because this value
is believed to encompass all reasonable errors.

ELECTROSTATIC ION PAIR THEORY

The experimental 25°C value (pKyguco,+ = 1.067) is in general agree-
ment with the value obtained by Reardon, Jacobson, and Langmuir
(1973) and by Nakayama’s (1971) correction of Greenwald’s (1941) data
but is significantly lower than the value of Nakayama (1971) and his cor-
rected value from Hostetler’s (1963) data. There are no data at tempera-
tures other than at 25°C, except for those herein reported, which extend
from 10° to 90°C at 15° intervals. The present experimental data provide
an excellent opportunity to check the usefulness of the temperature varia-
tion of pKygncoy- predicted by the ion pair theory of Fuoss (1958).

The Fuoss theory of ion pair formation presents the ion pair dissocia-
tion constant in terms of the energy of electrostatic interaction and is
calculated using properties of both the ions involved and of the solvent
by the following equations (Robinson and Stokes, 1970, p. 552).

InRKp = A — B/(¢T) (16)
. 3000 . 212232
A =In 47Na3 B = ka
Where:
¢ = dielectric constant of the bulk solvent

T = temperature (K)
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Comparison between the experimental MgHCO;+ results and those
predicted by the Fuoss equation was obtained in the following way. Since
there is no way of knowing the MgHCO;+ ion size parameter (aygncoy:)
a priori, the Fuoss equation was solved, by trial and error, for that para-
meter using the experimental value of InKyuco,- at 25°C. The result,
2.53 X 10—% cm, was then used along with appropriate dielectric constants
and temperatures to calculate the constants at other temperatures. The
values of the dielectric constant were those of Malmberg and Maryott
(1956) as tabulated by Robinson and Stokes (1970, p. 457). Thus the
theoretical variation of the constant with temperature is generated but
is “hinged” on an experimental value at one temperature. The results
are plotted in figure 2. Agreement between the theoretical and experi-
mental temperature dependence is excellent. The uncomplexed Mg?+ ion,
with crystal radius of 0.65 &, in aqueous solution is coordinated to water
molecules with diameters of 2.8 A. In the Fuoss theory, the size parameter

1.3

1.2
a
1
o
K
1
1.1
1.of 1 1 1 ' 1 1 1 1 1 .
(o] 20 40 60 80 100
Temp.(°C)

Fig. 2. Graph of the experimental results. The circles and bounding bars repre-
sent the experimental values and the experimental standard deviation. The solid line is
calculated from the Fuoss equation.
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a is the radius of the cation; a value for it of 2.534, as found here, means
that there is penetration of the water sheath surrounding the Mg?+ ion
by the HCO,~ to form the MgHCO,* ion pair. Thus, the ion pair can
be represented by the formula Mg?+(H,0).,(HCO;~).

Since the Fuoss equation fits the experimental data so well, it may
also be used to calculate the thermodynamic quantities, AH°y and AS®g,
for the reaction.

MgHCO;*(aq) = Mg?+*(aq) + HCO,;—(aq)

The thermodynamic quantities were calculated by the following equa-
tions.

AG°, = RTInK (17)
InK = A — B/ (e (18)
(lg
RB —
d(AG®R) dT
-_— . = - ° = — —_— _— 1
dT $x RA e (19)
dinK _ AH®;
dT =~ RT: (20)
_ds
dT
AH®°, = RB i + = 1)

The quantity de/dT was calculated from the temperature depen-
dence of the dielectric constant data and was found to be —0.356 per
degree at 25°C. Using aygncoyw = 2.53 X 1078 cm, the results gave AG°g
= 6087.7 = 167 J mol—* (1455 = 40 cal mol—1); AH®, = —4987.3 ]
mol—1 (—1192 cal mol—?); and AS°y = — 37.15 — deg—* mol—* (—8.88 cal
deg—* mol—?) at 25°C. For comparison, these quantities were calculated
directly from the experimental results. A InK versus 1/T(K) plot of the
experimental data was made. A straight line, drawn between the 25°
and 40°C points, was considered to be representative of the slope at 25°C.
Such an approach is preferable to the differentiation of at least squares
fit of the data because of distortion from such a fit that would result
from the error in the 10° point (fig. 2). This is representative of the
errors that can arise in such an approach to the calculation of thermo-
dynamic quantities. Using the slope given by the eq, dInK/d(1/T) =
—AH°/R = 607.14 deg, AH°y and AS°yp were calculated and were found
to be —5045.9 J mol—* (—1206 cal mol—?*) and —87.36 J deg—! mol—*
(—8.93 cal deg—* mol—?) respectively. The agreement between the two is
reasonably good, but the results derived from the Fuoss equation are con-
sidered more accurate and therefore preferred.
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