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Electrochemical Cell Data for Formic Acid at Temperatures from (0
to 60) °C and for Some Other Aliphatic Carboxylic Acids at (18 or 25)

°C in Aqueous Potassium Chloride Solutions
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Equations were determined for the calculation of stoichiometric (molality-scale) dissociation constants,
K., of monoprotic aliphatic carboxylic acids in buffer solutions containing formic acid, acetic acid, or
some other weak acids of this kind and potassium chloride from the thermodynamic dissociation constants,
K,, of the acids and the molalities of the components in the solutions. These equations apply for formic
acid to temperatures from (0 to 60) °C and were based on the single-ion activity-coefficient equations of
the Hiickel type. The parameters of formic acid species for these equations and the thermodynamic
dissociation constants of this acid at various temperatures were determined from the Harned cell data
of Harned and Embree (1934). All calculations from these data were revised, and the final parameter
values obtained are independent of the temperature. The interaction parameters between hydrogen
and chloride ions were taken from the results of a previous HCI paper (2002). The parameters that resulted
from interactions between hydrogen and potassium ions and between potassium and chloride ions were
determined from the Harned cell data of Harned and Hamer (1933) in HCI and KCl solutions. The resulting
simple equations for formic acid were tested, in addition to the revised data used in the estimation, with
the existing literature data sets measured on galvanic cells with and without a liquid junction at various
temperatures. The new equations predict well the data used in the tests. The new equations were used
to predict pH and p(mpy) values of the formate buffers that contain equal molalities of (0.01 or 0.1) mol
kg1 of formic acid and potassium formate at temperatures from (0 to 60) °C. The p(my) values, calculated
by these equations, were also tabulated for buffer solutions containing KCl as the major component and
formate species as minor components for the calibration of a glass electrode cell in such a way that it
measures, directly after calibration, the molality of hydrogen ions. The Hiickel equations were also applied
to a re-evaluation of the activity parameters of acetate species from the literature data obtained from
Harned cells for aqueous mixtures of acetic acid and KCI. The resulting values agree quite well with
those obtained here for formate species. It is also shown that the resulting parameter values apply well
to species from acetic, formic, propionic (propanoic), butyric (butanoic), 2-methylpropanoic, pentanoic,
2,2-dimethylpropanoic, hexanoic, 4-methylpentanoic, and heptanoic acids from the quinhydrone electrode

data of Larsson and Adell (1931) measured in aqueous KCI solutions at 18 °C.

Introduction

Solutions of acetic acid and sodium, or potassium, acetate
have been used for a long time as standard solutions
for pH measurements (see, e.g., Hitchcock and Taylor,!
Maclnnes et al.,2 Bates and Gary,® Covington et al.,*
Covington and Rebelo,> Camoes et al.,® and Buck et al.?),
and therefore, solutions of acetic acid have been intensively
studied at various temperatures (especially in the presence
of NaCl, see ref 8 and references therein). Harned and co-
workers have also studied intensively, using Harned cells,
dilute solutions of formic acid, potassium formate, and
KCl,? of propionic acid, sodium propionate, and NaCL? and
of butyric acid, sodium butyrate, and NaCIl!! at tempera-
tures from (0 to 60) °C. The last two of these studies were
considered in detail in a recent study!2 where the thermo-
dynamics of several monoprotic aliphatic carboxylic acids
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in NaCl solutions were considered. In the present study,
KCl solutions are treated, and thus, the formic acid study
of Harned and Embree? is considered here. Prue and Read!®
investigated at 25 °C formic acid, sodium formate, and
NaCl solutions using Harned cells (see ref 12), and Harned
and Owen!* investigated formic acid and NaCl or KCl
solutions. Harned and Robinson!? at 25 °C and Harned and
Murphy!6 at (20 to 30) °C measured data using Harned
cells in acetic acid and NaCl or KC1 solutions. Also, Harned
and Hickey treated acetic acid and NaCl solutions!? in the
temperature range (0 to 40) °C (see ref 8) and acetic acid
and KCI solutions!® at 25 °C. Larsson and Adell’®20 used
quinhydrone electrode cells to study several aliphatic
carboxylic acids in NaCl or KCl solutions at 18 °C. The
NaCl data from these studies were considered in ref 12,
and the KCI data are considered here.

For formic acid,?! acetic acid,?? propionic acid,?® and
butyric acid,?* equations have been given for the calculation
of the molality-scale stoichiometric dissociation constant,
K., in aqueous NaCl and KCI solutions at 25 °C from the
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ionic strength of the solutions. The values calculated with
these equations apply to less dilute solutions only when
the salt effectively determines the ionic strength of the
solution. The NaCl results of these equations were consid-
ered in refs 8 (acetic acid) and 12 (the other acids), and
the KCl results for formic acid are considered here. The
parameters for these equations were partially determined
from the potentiometric titration data.

In the present study, a new and more versatile method
than those presented earlier is given for the calculation of
the K,, and pH values for aqueous mixtures of formic acid,
potassium formate, and KCI from the composition variables
of the solutions, and this method applies to temperatures
from (0 to 60) °C and probably up to ionic strengths of ~2.0
mol kg~1. The method is based on the single-ion activity-
coefficient equations of the Hiickel type. In the parameter
estimations of these equations, the previous results?> from
activity coefficients of HCI in pure hydrochloric acid solu-
tions and new results calculated from the data of Harned
and Hamer,?6 measured for aqueous mixtures of HCI and
KCl, were used. The parameters for the formate species
were estimated at various temperatures from (0 to 60) °C
from the Harned cell data measured by Harned and
Embree.? In this parameter estimation, revised data were
used, in addition to the original data. The original data
were revised so that a probable systematic error in the
concentrations of the points was corrected. The resulting
equations were tested with all reliable cell potential data
existing in the literature for KCI solutions for this tem-
perature range. Also, several monoprotic carboxylic acids
other than formic acid were used in the tests, and the
resulting parameter values of the formate species apply
well to dilute solutions of formic acid, as well as to the other
acids used in the tests.

By using the K, values predicted by the new model, the
speciation of, for example, a formic acid solution can be
determined and the molality of hydrogen ions can be
calculated. The m(H") values obtained in this way were
used here, with a reasonable extra assumption, to predict
pH values of the formate buffers where the molalities of
formic acid and potassium formate are both (0.01 or 0.1)
mol kg™! at temperatures from (0 to 60) °C. It has
been suggested?’~2° that m(H') values (or plm(H")] =
—log[m(H")/(mol kg~1)] values) calculated by an equation
for K,,, of acetic acid (or other weak acid) in buffer solutions
containing NaCl or KCl as a major component and weak
acid species as minor components can also be used in the
calibration of a glass electrode cell used in acidity deter-
mination. The p[m(H")] values, calculated in this way by
using the new Hiickel model for formic acid in KCl
solutions, were tabulated below for the calibration solutions
of this kind. The glass electrode cell calibrated with these
solutions measures directly the molality of hydrogen ions.

Theory

In the present study, the following equations were used
for activity coefficients, y, on the molality scale of species
in solutions of a monoprotic weak acid (HA), its potassium
salt (KA), and potassium chloride

o,
1+ BT,

\/I_
1+ BCI\/_

+ by ci(mo/m®) + Oy g(myg/m®)

(D

Inyy=-

+ by (my/m®) + by o)(my/m®)
(2)

Inyg=

KV
1+ By,

= Aga x(mg/m®) 4)

Iny, = + bg Amy/m®) 3

In yyu

where m° = 1 mol kg~! and where the following symbols
are used: H=HT, Cl = Cl~, K= K*, HA = RCOOH, and
A = RCOO~, where R refers to an alkyl group. I, is the
ionic strength on the molality scale, o is the Debye—Hiickel
parameter for which values at various temperatures are
given in Table 1,°° B; is a parameter dependent on ion i,
b;j or 0;; are the ion—ion interaction parameters between
ions 7 and j that have opposite or like charges, respectively,
and Apa; is the interaction parameter between neutral
molecule HA and ion i.

From the previous HCI results,?® a value of By = B¢ =
1.4 (mol kg1)7¥2 can be taken for eqs 1 and 2 for all
temperatures under consideration. The following equation
can also be used in these equations for the parameter by o
at various temperatures from the results of that study:

by = 0.306 45 — 0.001 006(¢/°C) (5)

The thermodynamic dissociation constant, K,, of a mono-
protic weak acid is given by

_ YHYV AP

K 5
YHAM A

a

= (yayalvaa) Kn (6)

where the stoichiometric dissociation constant, K, is
defined by the equation K, = muma/(muam?®).

Results and Discussion

Determination of the Values of the Parameter bg c;
+ Ok Some of the interaction parameters presented in
eqs 1 and 2 can reliably be determined for different
temperatures from existing data measured with Harned
cells where the electrolyte solution comprises aqueous
mixtures of HCl and KCI1 dilute with respect to HCl. The
most important data of this kind are probably the sets
measured by Harned and Hamer.26 In these sets, the data
were to (0 to 60) °C, and the cell is represented by

Pt(s)|Hy(g, f = 101.325 kPa)|HCl(aq, myq =
0.01 mol kg ™),

KCl(aq, m,)|AgCl(s)|Ag(s) (7

where fis the fugacity. The data for salt molalities of (0 to
2) mol kg~! were used in the parameter estimations. The
cell potential difference (CPD = E) for cells of type 7 is
given by

E=E°— (RT/F)In (8)

2

YuY clMumcy
m°)

where E° is the standard CPD. The following equation can
be derived from this equation and from eqs 1 and 2:

vy, =E° — (RT/Fug(m/m°) 9
where
ug = bg o t Ok (10)

and where
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Table 1. Results of Least-Squares Fitting Using eq 9
from the Data of Harned and Hamer26 on Cells of Type 7,
and the Debye—Hiickel Parameter, o, as a Function of
the Temperature

tI°C o/(m°)~V2a E°/mV s(E°)mV  uxb s(ug) s/mV ug(pred)?

0e 1.1293 236.77 0.02  0.0089 0.0011 0.06 0.0094
5¢ 1.1376  234.23 0.03  0.0139 0.0013 0.07 0.0139
10¢ 1.1462 23154 0.03 0.0182 0.0015 0.08 0.0179
15¢ 1.1552 22870  0.04 0.0218 0.0018 0.10 0.0214
20° 1.1646  225.71  0.04 0.025 0.002 0.11 0.0245
25¢ 1.1744 222,57 0.05  0.027 0.002 0.12 0.0270
30¢ 1.1848 219.27 0.05 0.029 0.002 0.14 0.0292
35¢ 1.1956 21583 0.06 0.031 0.003 0.15 0.0308
40 1.2068 21226  0.07 0.032 0.003 0.19 0.0320
45 1.2186  208.51  0.08 0.032 0.003 0.20 0.0327
50 1.2308 204.61 0.08 0.033 0.003 0.21 0.0329
55 1.2436  200.55 0.08 0.033 0.004 0.23 0.0327
60 1.2568 196.34 0.09 0.032 0.004 0.24 0.0319

@m® =1 mol kg™'. b ug = b1 + Ouk (see eq 10). ¢ Standard
deviation about the regression. ¢ Predicted by eq 12. ¢ Points where
ms = 0.05 mol kg™l and E = 0.376 64 V (¢t = 0 °C), 0.376 77 V (5
°C), 0.376 75 V (10 °C), 0.376 61 V (15 °C), 0.376 34 V (20 °C),
0.375 95 V (25 °C), 0.375 43 V (30 °C), or 0.374 78 V (35 °C) were
omitted.

yy = E + RT/F) In(mye/m®) + RT/F) Inl(mye +

2(RT/F)ay/I,
°] — \/_ + (RT/F)bH,Cl[(ZmHCl +

myim _—
1+ BT,

mim°] (11)

In eq 11, now I, is mpuc1 + ms. Equation 9 represents an
equation of the straight line y; versus m¢y/m°. The quantity
y1 in this equation, defined by eq 11, can be directly
calculated from the experimental data, and the parameter
ux (defined by eq 10) can be determined from the slope of
the resulting straight line. The results from these param-
eter estimations are shown in Table 1.

The experimental uk values shown in Table 1 can be
correlated to the temperature using the following equation:

ug = 0.009 44 + 0.000 938 9(/°C) — 0.000 009 4(¢/°C)*
(12)

The predictions from eq 12 are also shown in Table 1,
and they agree well with the experimental values. Pre-
dicted values of ug were used to reproduce the data of
Harned and Hamer,2¢ and they apply well to these data.
Error plots for selected temperatures between (0 and 60)
°C are presented in Figure 1, where the deviation, ewg),
defined by

e = E(observed) — E(predicted) (13)

is presented at each temperature as a function of the salt
molality, and these plots demonstrate the agreement.

The parameter value obtained for ux at 25 °C (=0.027)
agrees well with previous results in the literature for this
temperature: First, in a previous study,3! the following
Hiickel equation was used for the mean activity coefficient
of KCl in pure electrolyte solutions at 25 °C:

oI

Iny,=———2 _ 1pI/m> (14

1+ BKCI@

The following parameter values were determined in that
study from literature data of both CPD and isopiestic
measurements: Bxc = 1.28 (mol kg=1)~2 and bk = 0.015.
Second, from the Pitzer theory,3?33 the following equation
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Figure 1. Deviation between the observed and predicted cell
potential difference (CPD), e in eq 13, as a function of the salt
molality, ms, in the HCI + KC1 sets measured by Harned and
Hamer?6 on cell 7 at various temperatures. The predicted CPD
was calculated by eqs 1, 2, and 8 with the E° values in Table 1. @,
0 °C; O, 10 °C; v, 25 °C; v, 40 °C; &, 60 °C.

can be derived for activity coefficients of H ions in aqueous
mixtures of HCl and KCl:

In yy = f + 2By oy + 204 cPhmy + £(B)  (15)

where f¥, B, and f'(B) are functions of the ionic strength of
the solution (see ref 33) and where O(P) is a parameter
related to the interactions between like-charged ions
(between H* and K" ions in this case). Pitzer and Kim?3¢
have suggested that 6 x(P) is 0.005 at 25 °C. Accordingly,
the value of the quantity bkci + 20 x(P) = 0.015 + (2 x
0.005) = 0.025 can be compared with the present value of
ug (=0.027). Complete agreement cannot be expected in
this comparison because the present B value for hydrogen
and chloride ions [i.e., 1.40 (mol kg=1)~12] is close but not
identical to the value determined previously for KCl
solutions [Bgkc) = 1.28 (mol kg=1)~%2]. These results, how-
ever, support well the suggested value of uk at 25 °C.

Determination of the Parameters B, and bg s + Oux
— Anak for Formate Species. Harned and Embree® have
measured precise data on Harned cells of the following type
at temperatures from (0 to 60) °C:

Pt(s)|Hy(g, f = 101.325 kPa)|HA(aq, m,), KA(aq, m,),

KCl(aq, m,)|AgCl(s)|Ag(s) (16)

where A refers to formate ions. The values of the molalities,
ma, myp, and mg, are shown at different temperatures in
Tables 2—4. The experimental K, value (see eq 6) for formic
acid was obtained from these data for each data point by
using the following two equations:

E° — E)F
In(my/m°®) = (}T) — In(ygyome/m®) (A7)
K — my(my + my) 18)

o (m, — mgm®

In this determination, the E° values obtained previously?®
from the HCI data of Harned and Ehlers3%3¢ were used and
are shown in Tables 2—4. Equations 1 and 2 were used for
the activity coefficients of H* and Cl~ ions, respectively,
and the relevant parameter values for these equations are
given above. Iterative calculations were needed in this
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Table 2. Experimental 10¢K,, Values for Formic Acid at
Temperatures from (0 to 20) °C from Data Measured by
Harned and Embree® on Cell 16 Where my, = m,/0.7865%
and ms = m,/0.9268, and the Standard Potential of the
Silver—Silver Chloride Electrode, E°, as a Function of
the Temperature

104K, at the following values of ¢/°C

ma/(mol kg™1) 0 5 10 15 20
0.006 451 2.135 2.197 2.244 2.273 2.294
0.012 20 2.279 2.348 2.400 2.433 2.457
0.024 57 2.478 2.557 2.621 2.659 2.683
0.036 60 2.610 2.692 2.760 2.807 2.834
0.048 73 2.710 2.797 2.868 2.921 2.950
0.098 96 2.985 3.073 3.150 3.207 3.246
E° 5/mV 236.64 234.15 23149 228.63 225.64

@ This corrected value was used instead of the reported value
0.8021 (see text). ® Determined previously?® from the HCI data of
Harned and Ehlers.3%36

Table 3. Experimental 104K, Values for Formic Acid at
Temperatures from (25 to 40) °C from Data Measured by
Harned and Embree® on Cell 16 Where m;, = m,/0.7865%
and ms = m,/0.9268, and the Standard Potential of the
Silver—Silver Chloride Electrode, E°, as a Function of
the Temperature

104K, at the following values of ¢/°C

ma/(mol kg™1) 25 30 35 40
0.006 538 2.316 2.315 2.297 2.182°
0.011 76 2.467 2.467 2.448 2.408
0.024 45 2.706 2.711 2.690 2.659
0.035 75 2.852 2.852 2.839 2.812
0.048 63 2.978 2.977 2.968 2.943
0.098 76 3.269 3.279 3.281 3.265
E° ¢/mV 222.53 219.22 215.75 212.12

@ This corrected value was used instead of the reported value
0.8021 (see text). > Omitted from the subsequent considerations
as a probable outlier. ¢ Determined previously?> from the HC1 data
of Harned and Ehlers.3%36

Table 4. Experimental 104K, Values for Formic Acid at
Temperatures from (45 to 60) °C from Data Measured by
Harned and Embree® on Cell 16 Where my, = m,/0.7865%
and ms = m,/0.9268, and the Standard Potential of the
Silver—Silver Chloride Electrode, E°, as a Function of
the Temperature

104K, at the following values of ¢/°C

ma/(mol kg™1) 45 50 55 60
0.006 063 2.206 2.166 2.115 2.046
0.012 38 2.390 2.351 2.296 2.225
0.024 28 2.621 2.581 2.522 2.451
0.036 45 2.793 2.741 2.679 2.610
0.049 00 2.918 2.872 2.806 2.739
0.098 95 3.252 3.205 3.135 3.061
E° 5/mV 208.36 204.50 200.46 196.29

@ This corrected value was used instead of the reported value
0.8021 (see text). ® Determined previously2® from the HCI data of
Harned and Ehlers.35:36

determination because the dissociation of formic acid
influences the ionic strength.

The data of Harned and Embree is probably not free from
systematic experimental error (see, e.g., Prue and Read?!?).
In the present study, these data were corrected by using
at all temperatures a value of 0.7865 for the molality ratio
of ma/my, (see cell 16) instead of the reported value 0.8021.
This correction was chosen, since it leads to the value of
K, for formic acid at 25 °C that agrees closely with the
value determined by Prue and Read!? for this quantity
using CPD data (1.82 x 1074) and with the value deter-

Table 5. Results of Least-Squares Fitting Using eq 19
from the Formic Acid Data of Harned and Embree When
the K, Values Were Obtained with the Corrected Value
0.7865 for ma/my, (See Tables 2—4)

t/°C 10*K, —logK, s(logK, qg* s(gr)?  103s¢ 10*K,(exptl)?

0 1.696 3.7707 0.0004 0.084 0.008 1.5 1.697

5 1.744 3.7585 0.0003 0.098 0.006 1.0 1.744
10 1.781 3.7494 0.0003 0.102 0.006 1.1 1.780
15 1.801 3.7445 0.0004 0.093 0.009 1.5 1.801
20 1.813 3.7416 0.0002 0.096 0.004 0.7 1.812
25 1.825 3.7387 0.0003 0.117 0.007 1.2 1.821
30 1.820 3.7399 0.0003 0.122 0.006 1.0 1.815
35 1.800 3.74483 0.00008 0.0984 0.0016 0.3 1.799
40 1.767 3.7528 0.0007 0.066 0.013 2.0 1.772
45 1.734 3.7611 0.0005 0.031 0.010 1.9 1.743
50 1.698 3.7699 0.0003 0.039 0.007 1.2 1.707
55 1.654 3.7816 0.0002 0.053 0.005 0.9 1.660
60 1.597 3.7966 0.0006 0.033 0.013 2.3 1.606

@ gg = bga + Ok — Anax. ® Standard deviation of the parameter
gk. ¢ Standard deviation about the regression. ¢ The experimental
value of K, determined by using the recommended value gk = 0.10.

mined by Saxton and Darken3738 from conductance data.
The value reported by Harned and Embree?® for K, at 25
°C on the basis of their data is 1.77 x 1074 The experi-
mental K, values, obtained from the corrected data of
Harned and Embree, are shown in Tables 2—4. At all
temperatures, the experimental K, values were also solved
here from the original data of Harned and Embree without
any corrections, and the present parameter estimations
were also carried out with these uncorrected K,,, values (see
below).

The thermodynamic dissociation constant, K,, and the
parameters Ba and gk (=bga + Oux — Amax) were deter-
mined at each temperature from the K, values presented
in Tables 2—4 by the following equation

1 1
InK, — oI, + +
1+ ByyJI, 1+ BpJI,
bH,CI(mCI/mO) =y, =InK, — (bK,A + eH,K -

Aga)(mg/m®) = In K, — qg(mg/m®) (19)

For a fixed value of By, the quantity y2 can be calculated
from each experimental point, and therefore, eq 19 repre-
sents an equation of the straight line ys versus (mg/m°). It
was observed that the value By = 1.8 (mol kg=1)~12,
determined previously for acetate ions,® can be used in this
equation for formate ions at all temperatures. Once the
value of the parameter B, has been fixed, the data
presented in Tables 2—4 were used for the regression
analysis using eq 19. The results are shown in Table 5,
and the parameter values and dissociation constants in this
table thus were based on the K, values obtained with the
slightly corrected molalities of potassium formate, m, (see
above). The same quantities as in Table 5 were also calcu-
lated directly from the original data of Harned and Embree
without corrections, and these are shown in Table 6.

The values for the thermodynamic dissociation constant,
K., at various temperatures differ significantly in Tables
5 and 6 from each other. Conversely, the values of the
parameter gk at various temperatures in these tables agree
rather well with each other, and additionally, the values
of this parameter are close to 0.10 at all temperatures. This
value is therefore recommended for gk at all temperatures.
It seems that the K, values in Table 5 are more reliable
than those in Table 6, and for this reason, only these values
will be considered below. Table 5 also shows the experi-
mental K, values obtained by using the recommended value
of gk (=0.10) at all temperatures.



Journal of Chemical and Engineering Data, Vol. 50, No. 2, 2005 501

Table 6. Results of Least-Squares Fitting Using eq 19
from the Formic Acid Data of Harned and Embree When
the K,, Values Were Directly Obtained from the Original
Data® without Corrections

tI°C  10*K, —logK., s(logK,) gK® s(gr)?  103s¢
0 1.663 3.7790 0.0004 0.088 0.009 1.6
5 1.711 3.7668 0.0003 0.104 0.006 1.0
10 1.747 3.7578 0.0003 0.104 0.006 1.0
15 1.766 3.7530 0.0004 0.094 0.008 1.4
20 1.778 3.75009  0.00015 0.099 0.003 0.5
25 1.790 3.7471 0.0003 0.120 0.007 1.2
30 1.785 3.7484 0.0003 0.125 0.005 0.9
35 1.765 3.75330  0.00007 0.1013 0.0015 0.3
40 1.733 3.7611 0.0007 0.070 0.012 1.9
45 1.700 3.7694 0.0005 0.034 0.010 1.7
50 1.666 3.7783 0.0003 0.042 0.005 0.9
55 1.621 3.7901 0.0002 0.053 0.005 0.8
60 1.566 3.8051 0.0006 0.035 0.013 2.3

@ g = bga + Ouk — Anak.  Standard deviation of the parameter
gk. ¢ Standard deviation about the regression.

Table 7. Thermodynamic Dissociation Constant, K,, of
Formic Acid as a Function of the Temperature, ¢

#/°C  10*Ku(expt)® 10*K,(recd)® 10*K,(H&E) 10K, (R&S)?

0 1.697 1.702 1.642 1.641

5 1.744 1.743 1.689 1.689
10 1.780 1.775 1.725 1.726
15 1.801 1.799 1.750 1.751
20 1.812 1.813 1.765 1.766
25 1.821 1.818 1.770 1.770
30 1.815 1.814 1.764 1.764
35 1.799 1.800 1.748 1.748
40 1.772 1.778 1.724 1.723
45 1.743 1.746 1.690 1.690
50 1.707 1.706 1.649 1.649
55 1.660 1.659 1.602 1.602
60 1.606 1.604 1.548 1.550

@ The experimental value (see Table 5). ® Calculated from eq 20
and recommended in this study. ¢ Calculated from eq 21 given by
Harned and Embree.? ¢ Calculated from eq 22 given by Robinson
and Stokes.??

Determination of the Thermodynamic Dissociation
Constant, K,, for Formic Acid. The logarithms of the
K, values in Table 5 were fitted to a quadratic equation in
temperature, and the resulting equation is

In K, = —8.678 41 + 0.005 227(/°C) —
0.000 103 6(¢/°C)* (20)

Predicted values from this equation and also experimental
K, values are shown in Table 7, and the predicted values
are preferred. In Table 7 are also shown K, values
calculated by using the following equations:

log K, = ~39.06123-0.028 039 7(T/K) — 12024 K

17.883 48 log(T/K) (21)

1342.85 K

log K, = 5.2743 — 0.015 168(7/K) — T

(22)

where T is the temperature in Kelvin (K). The former
equation was used by Harned and Embree® and was based
on the temperature dependence for the enthalpy of the
dissociation reaction being given by AH = a + bT + cT?,
where a, b, and ¢ are constants. The latter equation is given
in the textbook of Robinson and Stokes.?? The K, values
calculated by these two equations do not agree with those
recommended in Table 7 but agree with those shown in
Table 6. This is due to the fact that both of these equations
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Figure 2. Differences, e(pKy,) in eq 23, between the experimental
pKn values obtained from the cell potential data of Harned and
Embree? for formic acid (see Tables 2—4) and those predicted by
the Hiickel method as a function of the ionic strength, I,,. The K,
values were predicted from eqs 1, 3, 4, and 6 with the recom-
mended K, values shown in Table 7 and with the determined
parameter values. @, 0 °C (part A), 35 °C (part B); O, 5 °C (A), 40
°C (B); v, 10 °C (A), 45 °C (B); v, 15 °C (A), 50 °C (B); m, 20 °C
(A), 55 °C (B); O, 25 °C (A), 60 °C (B); ¢, 30 °C (A).

were based on the original data of Harned and Embree.
These data are probably not correct (see above), and there-
fore, the new K, values seem to be the more reliable ones.

Results with the New Parameter Values from the
Data of Harned and Embree. The experimental K,
values given in Tables 2—4 were reproduced by means of
the Hiickel model. For these calculations, recommended K,
values are given in Table 7, E° values are given in Tables
2—4, bu,c1 values were obtained from eq 5, and the gk value
was 0.10. The results are shown as error plots where the
error in pK,, defined by

e(pK,) = pK,,(observed) — pK, (predicted) (23)

is presented as a function of the ionic strength in Figure
2. The results of the data sets for temperatures from (0 to
30) °C are shown in part A and those for the rest (35 °C <
t < 60 °C) in part B. The error plots support the suggested
model well.

Results with the New Parameter Values from the
Harned Cell Data for Mixtures of HCOOH + KCl and
of CH;COOH + KCI. Harned and Owen!* studied at 25
°C formic acid solutions in cells of the following type:

Pt(s)|H,(g, f = 101 kPa)|HA(aq, m,),
KCl(aq, m,)|AgCl(s)|Ag(s) (24)

where HA refers to formic acid. In that study, a value of
0.100 31 mol kg=! was used for m,, and a series of salt
solutions were measured where the molality of KCl, my,
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Table 8. Data Sets Measured by Cells of Type 24 in
Acetic Acid Solutions and Used to Test the Present
Hiickel Model

symbol t/I°C ref ma/m° @ Nt ms/me° @
HaRo025(0.1) 25¢ 15 0.1005 7 0.05—-3.0
HaR025(0.2) 25¢ 15 0.2001 8 0.05—-3.0
HaMu20(0.2) 204 16 0.2 8 0.05—-3.0
HaMu25(0.2) 25¢ 16 0.2 8 0.05-3.0
HaMu30(0.2) 30¢ 16 0.2 8 0.05—-3.0
HaHi25(0.2) 25¢ 18 0.21 6 0.1-2.0
HaHi25(0.5) 25¢ 18 0.485 4 0.1-2.0

¢m®° = 1 mol kg~1. ® Number of points included. ¢ K, = 1.756
x 107% (ref 8). ¢ K, = 1.756 x 107° (ref 8). ¢ K, = 1.748 x 10~°
(ref 8).

was varied from (0.05 to 3) mol kg~1. Harned and Robin-
son,'® Harned and Murphy,!® and Harned and Hickey!®
measured cells of type 24 where HA is acetic acid. Some
details of these data are shown in Table 8. These data for
formic and acetic acids were used to test the suggested
Hiickel model for formic acid.

Since the solutions in these sets contain a considerable
amount of free weak acid, the interactions between weak
acid molecules and ions are now more important than
earlier in this study. Therefore, the equations of the activity
coefficients of HCOO~ and HCOOH (or CH3COO~ and
CH3COOH) must now be presented as follows (compare
with the acetic acid study?®):

T

Iny,=—————=—++ by \(m/m°) + 4 (ma/m®)
YA 1+ B, «/I_m gAlUng HA AT HA
(25)
In ygs = Aga g(Mmg/m®) + Aga a(ma/m®) (26)

Hence, they contain the terms where interactions between
formic (or acetic) acid molecules and formate (or acetate)
ions are taken into account. In recent studies, a value of
—0.27 was determined for Aga o of formate species!? and a
value of —0.30 for Agaa of acetate® species from Harned
cell data of formic and acetic acids in NaCl solutions at 25
°C, and these values are used here. Experimental K,
values obtained (as described above for the data of cell 16)
from these data sets were used here to test the present
model where gk = 0.10. In the case of acetic acid, the
thermodynamic values shown in Table 8 were used for the
calculation of the predicted K, values. The results are
shown as pK,, error plots (see eq 23) in part A of Figure 3.
The errors in this figure are usually more than 5 times
larger than those shown in Figure 2, but also, they support
(almost within their experimental precision, that is, prob-
ably not better than about 0.01 pK,, units) the suggested
Hiickel model in all cases at least up to an I, value of 1.0
mol kg 1. From the acetic acid data sets (see Table 8), the
best value of gx = 0.15 can be estimated. The error plots
corresponding to this value are shown for the acetic acid
sets in part B of this figure. According to this graph, the
latter gk value applies well to all data.

It should be mentioned, additionally, that the inclusion
of the value Agaa = —0.27 in the calculation of the formic
acid data of Harned and Embree® does not significantly
affect the results obtained above from these data. This is
shown for data at three temperatures, as examples, in
Figure 4.

Results with the New Parameter Values from the
K,, Data Measured on Cells Containing a Liquid
Junction in KCl Solutions that Are Very Dilute in
Weak Acid Species. For aqueous mixtures of HA, KA, and
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Figure 3. Differences, e(pKy) in eq 23, between the experimental
pKn values obtained from the cell potential data measured by
Harned and Owen!* on cell 24 for formic acid and by Harned and
Robinson,!® Harned and Murphy,® and Harned and Hickey!8 for
acetic acid (HA = CH3COOH, see Table 8) and those predicted by
the Hiickel method as a function of the salt molality, ms. The Ky,
values were predicted from eqs 1, 6, 25, and 26 with the
recommended K, values (for formic acid, K; = 1.818 x 1074, and
for acetic acid, see Table 8) and with the parameter values
suggested in this study. Part A shows the results obtained with
the parameter value gk = 0.10 and part B those obtained with
the parameter value gk = 0.15 for acetic acid sets (for the symbols
of the sets, see Table 8). ®, HaRb25(0.1); O, HaRb25(0.2); v,
HaMu20(0.2); v, HaMu25(0.2); B, HaMu30(0.2); O, HaHi25(0.2);
&, HaHi25(0.5); O, formic acid (part A).
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Figure 4. Differences, e(pKn) in eq 23, between the experimental
pKn values obtained from the cell potential data of Harned and
Embree? for formic acid (see Tables 2—4) and those predicted by
the Hiickel method where the igaa terms were included as a
function of the ionic strength, I;,. The K, values were predicted
from eqs 1, 6, 25, and 26 with the recommended K, values shown
in Table 7 and with the parameter values suggested in this study.
®,0°C; O, 25 °C; v, 60 °C.

KCl that are very dilute with respect to weak acid species,
the following equation is obtained on the basis of the
Hiickel model:
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1 1
InK =InK, + oy, + -
o+ oI 1+ByyI, 1+B,/I,
(b1 + g, /m®) (27)

The values predicted by this equation for formic acid are
given at rounded ionic strengths and various temperatures
in Table 9. Values from eq 27 can be compared to K, values
obtained from the literature data for all monoprotic ali-
phatic carboxylic acids in the KCI solutions of this kind.

Larsson and Adell'®2° measured at 18 °C cell potential
differences of quinhydrone (gh) cells of the following type:

Hg(D)|Hg,Cly(s)|KCl(ag, ¢ = 3.5 mol dm?)||HA(aq, Cy)s
NaA(aq, ¢;), KCl(aq, c¢,)|gh(s)|Pt(s) (28)

In the data for each series, the concentrations of HA and
NaA were exactly or approximately the same and close to
a value of (0.005 or 0.01) mol dm~3. The concentration of
KCl varied in each series of measurements from (0 to 3)
mol dm~3, and each acid was also measured in NaCl
solutions. Larsson and Adell measured using cells of this
type many weak acids including several aliphatic carboxylic
acids. The experimental data have been reported on the
molarity scale. The molarities of salt solutions, ¢, can be
converted into molalities, m, by using the equation of
Harned and Owen*%2 for KC1 solutions at different tem-
peratures:

em” P Amim®) (29)

where ¢° = 1 mol dm~3. A value of 0.0270 was used at 18
°C for the parameter A, and a value of pg = p(H20) = 0.9986
g cm 3 (see Kell*!) was used for the density of pure water
at this temperature.

The cell potential difference for cells of type 28 is given
by

E = EQpe + RTIF) In(ygmy/m®) + E,,.,  (30)

where E{yc includes the standard gh electrode potential
and the potential of the calomel electrode on the left-hand
side. The value EQp. = 0.4520 V, given by Larsson and
Adell,’® was used, but the subsequent treatment is not
critically dependent on this choice. The correction term,
E o, 1s characteristic for a gh electrode cell because the
data measured by cells of this kind must be corrected for
the salt error of the gh electrode and the diffusion potential
associated with the liquid junction in the cell. Larsson and
Adell reported the approximate corrections for all experi-
mental points, but their values were not used, as the
correction can be evaluated more accurately in the follow-
ing way (see also refs 12 and 42).

Larsson and Adell?? also measured potential differences
with the quinhydrone electrode cells of type 28 where the
weak acid species were replaced by hydrochloric acid. From
the CPD data of these cells and the known activity coef-
ficients of HCI in KCI solutions, empirical equations can
be determined for the term E,,, in eq 30. The activity coef-
ficients of H™ and Cl~ ions can be represented at 18 °C as

1.1601,/1_j/m°

— Y 4 0.178,/m°)
1+1.25/T /m°

(31)

Inyg=Inyqy=

The estimation of the parameters of this equation was

Table 9. Recommended Values of the Stoichiometric
Dissociation Constant, 10*K,,, for Formic Acid from eq 27
at Various Temperatures as a Function of the Ionic
Strength, Iy, in Aqueous KC1 Solution When the KC1
Molality Effectively Determines the Ionic Strength

10K, at the following values of I,,/m° @
t/°C 0 005 0.1 02 03 05 10 15 20

0 1702 242 263 283 292 295 272 237 2.02

5 1743 249 270 292 3.01 3.04 281 246 211
10 1775 254 276 299 3.08 3.13 290 255 2.19
15 1799 2,58 281 3.04 3.15 3.19 297 262 2.26
18 1.808 2.60 2.83 3.07 3.18 3.23 3.01 2.66 2.29
20 1813 261 285 3.09 3.19 325 3.03 2.68 2.32
25 1818 263 287 3.11 3.23 329 3.08 2.73 2.37
30 1814 263 288 3.13 3.24 331 311 2.77 241
35 1800 2.62 2.87 3.12 324 332 3.13 2.79 243
40 1.778 260 2.85 3.10 3.23 3.31 3.14 281 245
45 1.746 256 2.81 3.07 3.20 3.28 3.12 2.80 246
50 1.706 2.52 2.76 3.02 3.15 3.24 3.10 2.79 245
55 1.659 2.46 2.70 296 3.09 3.19 3.06 2.76 2.44
60 1.604 239 263 2.89 3.02 3.12 3.00 2.72 241

¢m° =1 mol kgL

Table 10. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, = ¢p =
0.010 04 mol dm3) for Acetic Acid at 18 °C (K, = 1.75 x
1075)(1

cs/(mol dm~3)

mg/(mol kg—1) I,/(mol kg™1) 105K,

0.1 0.10044 0.11055 2.75
0.2 0.20143 0.21157 3.01
0.5 0.50781 0.51804 3.16
1.0 1.0304 1.0408 2.94
1.5 1.5691 1.5796 2.52
2.0 2.1256 2.1363 2.11
2.5 2.7016 2.7125 1.73
3.0 3.2996 3.3106 1.39

@ Determined previously® from the data of Harned and Ehlers.3543

based on the activity-coefficient data in the handbook of
Harned and Owen.*% The use of eq 31, where the composi-
tion variable is the ionic strength, instead of the use of eq
1 for the activity coefficients of hydrogen ions makes the
calculations simpler with practically the same results.
Using eq 31 for the activity coefficients, the following
equation resulted for E .-

corr

mV

= 0.54 + 2.305,/I,/m°® (32)

which is valid up to a molality of 2.0 mol kg1

Equations 30 and 32 were then used for the calculation
of the K, values for the following carboxylic acids from the
data of Larsson and Adell:1%20 acetic, formic, propionic
(propanoic), butyric (butanoic), 2-methylpropanoic, pen-
tanoic, 2,2-dimethylpropanoic, hexanoic, 4-methylpentano-
ic, and heptanoic acids. K, values were calculated from
experimental points for these acids by eq 18 and the
following equation:

F

COIP)

(E — Edpc — E
RT

In(my/m®) = —Inyy (33)

In these calculations, it was assumed that the observed
K, value depends only on the ionic strength of the solution
and that eq 31 could be used for the activity coefficient of
H* ions. Iterative calculations were needed because the
dissociation of the weak acid influences the ionic strength.
The results of these calculations are shown in Tables 10
(acetic acid), 11 (formic acid), 12 (propionic acid), 13 (butyric
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Table 11. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, =

0.004 88 mol dm—3 and ¢, = 0.004 22 mol dm3) for Formic
Acid at 18 °C (K, = 1.81 x 10 %)«

Table 15. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, = ¢p =
0.011 21 mol dm3) for Pentanoic (n-Valeric) Acid at 18 °C
(K, = 1.51 x 1075)e

c/(mol dm—3) mg/(mol kg1) In/(mol kg™1) 104K,

cs/(mol dm™3) mg/(mol kg=1) I,/(mol kg™1) 10°K,,

0.10488 0.10534 0.10987 2.91
0.20488 0.20634 0.21092 3.22
0.50488 0.51276 0.51738 3.37
1.0049 1.0354 1.0401 3.13
1.5049 1.5742 1.5789 2.75
2.0049 2.1307 2.1354 2.27
2.5049 2.7068 2.7116 1.89
3.0049 3.3048 3.3096 1.56

@ Calculated from eq 20.

Table 12. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, = ¢p =
0.010 20 mol dm3) for Propionic Acid at 18 °C (K, = 1.34
x 1075)e

cs/(mol dm—3) mg/(mol kg—1) I,/(mol kg™1) 105K,

0.1 0.10044 0.11071 2.15
0.2 0.20143 0.21173 2.33
0.5 0.50782 0.51820 2.44
1.0 1.0304 1.0409 2.26
1.5 1.5691 1.5798 1.96
2.0 2.1256 2.1364 1.63
2.5 2.7017 2.7127 1.34

@ Determined previously'? from the data of Harned and Ehlers.!?

Table 13. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, =

0.010 66 mol dm 3 and ¢, = 0.010 00 mol dm~3) for Butyric
Acid at 18 °C (K, = 1.53 x 1075)e

cs/(mol dm—3) mg/(mol kg—1)

In/(mol kg™1) 105K,

0.1 0.10044 0.11051 2.46
0.2 0.20143 0.21153 2.68
0.5 0.50781 0.51800 2.83
1.0 1.0304 1.0407 2.61
1.5 1.5691 1.5796 2.23
2.0 2.1256 2.1362 1.88
2.5 2.7016 2.7125 1.58
3.0 3.2996 3.3106 1.27

@ Determined previously'? from the data of Harned and Suth-
erland. 1!

Table 14. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, = ¢, =
0.010 00 mol dm3) for 2-Methylpropanoic (Isobutyric)
Acid at 18 °C (K, = 1.44 x 1075)a

¢s/(mol dm—3) mg/(mol kg~1)

I,/(mol kg™1) 10°Kn,

0.1 0.10044 0.11051 2.30
0.2 0.20143 0.21153 2.54
0.5 0.50781 0.51800 2.66
1.0 1.0304 1.0407 2.50
1.5 1.5691 1.5796 2.21
2.0 2.1256 2.1362 1.88
2.5 2.7016 2.7125 1.56
3.0 3.2996 3.3106 1.27

@ Determined by Larsson and Adell.20

acid), 14 (2-methylpropanoic acid), 15 (pentanoic acid), 16
(2,2-dimethylpropanoic acid), 17 (hexanoic acid), 18 (4-
methylpentanoic acid), and 19 (heptanoic acid).

The experimental K,, values shown in Tables 10—19
were used in tests of the Hiickel model with the parameter
values Bx = 1.8 (mol kg71)712 and gk = 0.1 for all acids.
The results are shown as pK,, error plots (eq 23) in Figures
5 (acetic, formic, propionic, and butyric acids), 6 (2-
methylpropanoic, pentanoic, and 2,2-dimethylpropanoic
acids), and 7 (hexanoic, 4-methylpentanoic, and heptanoic

0.1 0.10044 0.11173 2.43
0.2 0.20144 0.21276 2.64
0.5 0.50783 0.51924 2.77
1.0 1.0304 1.0420 2.60
1.5 1.5692 1.5809 2.26
2.0 2.1257 2.1376 1.88
2.5 2.7018 2.7139 1.56
3.0 3.2997 3.3120 1.27

@ Determined by Larsson and Adell.20

Table 16. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, = ¢ =
0.010 26 mol dm3) for 2,2-Dimethylpropanoic
(Trimethylacetic) Acid at 18 °C (K, = 0.94 x 105)e

¢/(mol dm~3) mg/(mol kg™1) I,/(mol kg—1) 10°K,

0.1 0.10044 0.11076 1.53
0.2 0.20143 0.21178 1.68
0.5 0.50782 0.51826 1.81
1.0 1.0304 1.0410 1.74
1.5 1.5691 1.5799 1.58
2.0 2.1256 2.1365 1.36
3.0 3.2996 3.3109 0.95

@ Determined by Larsson and Adell.20

Table 17. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, = ¢p =
0.005 02 mol dm3) for Hexanoic (Caproic) Acid at 18 °C
(K, = 1.43 x 1075)e

cs/(mol dm—3) mg/(mol kg—1)

I,/(mol kg™1) 10°K,

0.10502 0.10548 0.11055 2.29
0.20502 0.20649 0.21157 2.53
0.50502 0.51291 0.51804 2.62
1.0050 1.0356 1.0408 2.45
1.5050 1.5744 1.5796 2.12
2.0050 2.1309 2.1363 1.80
2.5050 2.7071 2.7125 1.47
3.0050 3.3051 3.3106 1.21

@ Determined by Larsson and Adell.2°

Table 18. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, = ¢p =
0.005 00 mol dm3) for 4-Methylpentanoic (Isocaproic)
Acid at 18 °C (K, = 1.46 x 1075«

c¢/(mol dm™3) mg/(mol kg—1)

I,/(mol kg™1) 10°K,,

0.10500 0.10546 0.11051 2.34
0.20500 0.20647 0.21153 2.58
0.50500 0.51289 0.51800 2.66
1.0050 1.0355 1.0407 2.48
1.5050 1.5743 1.5796 2.15
2.0050 2.1309 2.1362 1.83
2.5050 2.7070 2.7125 1.51
3.0050 3.3050 3.3106 1.24

@ Determined by Larsson and Adell.20

acids). The values of the thermodynamic dissociation
constant, K,, used in the calculations for all acids are shown
in Tables 10—19.

It can be seen in Figures 5—7 that the Hiickel model
applies very well to these data. All errors in these figures
are small and close to the experimental accuracy of the K,,
values even at the highest molality used (~3 mol kg™1).
The only exception is the data for 2,2-dimethylpropionic
acid (see Figure 6), and for the species of this acid, the value
gk = 0.1 does not apply very well. It is consistent with the
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Table 19. Results from Recalculations Obtained from the
CPD Data of Larsson and Adell (Cell 28 Where ¢, = ¢ =
0.005 01 mol dm3) for Heptanoic Acid at 18 °C (K, = 1.42
x 1075

c/(mol dm—3)

mg/(mol kg~1) I,/(mol kg™1) 105K,

0.10501 0.10547 0.11053 2.27
0.20501 0.20648 0.21155 2.47
0.50501 0.51290 0.51802 2.62
1.0050 1.0356 1.0407 2.44
1.5050 1.5744 1.5796 2.13
2.0050 2.1309 2.1362 1.76
2.5050 2.7071 2.7125 1.46
3.00500 3.3051 3.3106 1.22

@ Determined by Larsson and Adell.2 ? ¢, is 0.004 46 mol dm~3
instead of 0.005 01 mol dm3.
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Figure 5. Differences, e(pKy,) in eq 23, between the pK,, values
obtained from the cell potential data measured by Larsson and
Adell on cell 28 at 18 °C for acetic acid!® (Table 10), formic acid2?
(Table 11), propionic acid?® (Table 12), and butyric acid?® (Table
13) and those predicted by the Hiickel method as a function of
the ionic strength, I,. The Ky, values were predicted from eq 27
with the K, values shown in Tables 10—13. @, acetic acid; O, formic
acid; v, propionic acid; v, butyric acid.
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Figure 6. Differences, e(pKy) in eq 23, between the pK,, values
obtained from the cell potential data measured by Larsson and
Adell?° on cell 28 at 18 °C for 2-methylpropanoic acid (Table 14),
pentanoic acid (Table 15), and 2,2-dimethylpropanoic acid (Table
16) and those predicted by the Hiickel method as a function of
the ionic strength, I,,. The K, values were predicted from eq 27
with the K, values shown in Tables 14—16. @, 2-methylpropanoic
acid; O, pentanoic acid; ¥, 2,2-dimethylpropanoic acid.

previous NaCl results'? that almost all aliphatic carboxylic
acids have the same value for the parameter gk (=0.1) in
their Hiickel equations.

The recommended K;,, values in Table 9 can be compared
to the values calculated using equations suggested in the
literature for K, of formic acid. The following three such
equations are considered. In ref 21 is given an equation of
the following type for formic acid at 25 °C on the basis of
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Figure 7. Differences, e(pKp) in eq 23, between the pK,, values
obtained from the cell potential data measured by Larsson and
Adell20 on cell 28 at 18 °C for hexanoic acid (Table 17), 4-meth-
ylpentanoic acid (Table 18), and heptanoic acid (Table 19) and
those predicted by the Hiickel method as a function of the ionic
strength, I;,. The K, values were predicted from eq 27 with the
K, values shown in Tables 17—19. @, 4-methylpentanoic acid; O,
hexanoic acid; ¥, heptanoic acid.

potentiometric glass electrode data:

wh b
1+ByyI, 1+By/I,

baxa)I/m®) (34)

InK, =InK, +

- (bH,KCI +

where K, = 1.82 x 1074, By = 1.25 (mol kg™1)™¥2, B, = 1.4
(mol kg—l)—l/Z’ bH,KCl = 0.178, and bA,KCl = 0.308. This
equation is also supported by the Harned cell data in the
literature, and it applies usually up to I, = 0.5 mol kg1

DeRobertis et al.** have suggested on the basis of
potentiometric titration data the following general equation
for the dissociation constant of monoprotic carboxylic acids
in aqueous KCI solutions:

241, /m°

— CU/m°) — EU_/m°)?
2+ 34/1, /m°

(35)

logK, =log K, +

In the present study, this equation was tested at temper-
atures of (20, 25, and 30) °C, and the following values of
the parameters are given in that paper: C = 0.1042 and
E = 0.005 22, and they do not depend on the tempera-
ture.

Barriada et al.*> have suggested a Pitzer equation of the
following type for the K, values of monoprotic weak acids
in salt solutions:

2 L 2ﬁ11v1011
In(10)  In(10) ™
21, /m°) — Al /m°) — B[1 — (1 + 2,/1,/m°) exp(—
2/I_/m°)] (36)

log K, o1 = log K, — exp(—

where

m I 2vm°
1+1.2/I /m° 12

= —(a/3) In(1 +

1.2y/1,/m°)} (37)

where in this case MCI is KCI. In eq 36, 8! is a Pitzer
parameter that is dependent on the electrolyte MCl and
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Figure 8. Difference between the recommended pK;, values and
the predicted pKy, values, e(pKn) = pKn(recommended) — pKp-
(predicted), for formic acid in KCl solutions as a function of the
ionic strength, Ir,. The recommended K, values were taken from
Table 9, and the K, values were predicted by means of eqs 34—
36. For eq 35, the K, values recommended here were used. @, eq
34, 25 °C; O, eq 35, 20 °C; v, eq 35, 25 °C; v, eq 35, 30 °C; H, eq
36, 18 °C.

o

Table 20. pH Values and p(my) Values for the Formate
Buffer Solutions, HCOOH(aq, m,) + HCOOK(aq, my), with
m, = my = 0.01 mol kg~! and with m, = mj = 0.1 mol kg!

ma =myp = 0.01 mol kg~! ma = myp = 0.1 mol kg1

t/°C pH p(mu) pH p(mu)

0 3.745 3.701 3.676 3.569

5 3.735 3.691 3.665 3.557
10 3.727 3.683 3.657 3.548
15 3.721 3.676 3.650 3.541
20 3.717 3.672 3.646 3.535
25 3.716 3.671 3.644 3.533
30 3.716 3.671 3.644 3.532
35 3.719 3.673 3.646 3.533
40 3.724 3.678 3.651 3.536
45 3.731 3.684 3.658 3.542
50 3.740 3.693 3.666 3.550
55 3.752 3.704 3.677 3.559
60 3.765 3.717 3.691 3.572

the temperature. The adjustable parameters in this equa-
tion are K,, A, and B. Barriada et al. estimated the
parameters for this equation for several acids from the
original gh electrode data of Larsson and Adell (see above).
For formic acid in KCI solutions, they obtained the follow-
ing values: pK, = 3.745, A = 0.215, and B = 0.205. For
KCI at 18 °C, the value of 51 is 0.2047.45

In the present study, the three equations (eqs 34—36)
were tested with the K., values that were calculated by the
recommended Hiickel method and are given in Table 9. In
the calculations with eq 35, the K, values recommended
in this study (see eq 20) were used at various temperatures.
The results are shown as error plots in Figure 8. These
tests show that the predictions of eq 34 agree quite well
with the recommended values in Table 9 up to an I, value
of 2.0 mol kg~1. Equation 36 predicts in this case very well
the recommended values at all ionic strengths considered.
On the other hand, the general equation suggested by
DeRobertis et al. (eq 35) applies well in this case only to
dilute salt solutions at the three temperatures used in the
tests.

Suggestion of the pH and p(mpg) Values for Formate
Buffer Solutions. Bates and Gary? have suggested p(anyc)
values for formate buffers with m./m;, = 0.8021 and m./m
= 0.9268 at temperatures from (0 to 60) °C and at rounded
ionic strengths from (0.02 to 0.15) mol kg~! on the basis of
the original data of Harned and Embree.? It seems to us,
however, that these values are not theoretically and

Table 21. p(mpu) Values at Various Temperatures for the
Formate Buffer Solutions, HCOOH(aq, m,) + HCOOK(aq,
my,) + KCl(aq, ms), with m, = my, = 0.01 mol kg~! and ms =
0.2 mol kg1, with m, = m;, = 0.01 mol kg~! and ms = 0.5
mol kg1, and with m, = mj, = 0.01 mol kg~! and ms = 1.0
mol kg1

t/°C ms=02molkg! ms=0.5molkg™! ms=1.0mol kg !

0 3.568 3.564 3.588

5 3.556 3.540 3.574
10 3.546 3.530 3.561
15 3.538 3.521 3.551
20 3.533 3.514 3.542
25 3.529 3.509 3.536
30 3.527 3.506 3.532
35 3.528 3.505 3.529
40 3.530 3.506 3.529
45 3.534 3.509 3.531
50 3.541 3.514 3.534
55 3.549 3.521 3.539
60 3.560 3.530 3.547

practically important enough to be recalculated here by
using the present Hiickel model.

On the other hand, the following two buffer solutions
seem to be important: 0.01 mol kg=! HCOOH + 0.01 mol
kg~! HCOOK and 0.1 mol kg HCOOH + 0.1 mol kg~!
HCOOK. The present Hiickel model permits the calcula-
tions of the pH values and also the p(my) [= —log(mu/m°)]
values for these buffer solutions from (0 to 60) °C. For the
calculation of the pH values, an extra assumption concern-
ing the value of the parameter 6y x is needed. The assumed
value is (ux — bk = 0.027 — 0.015 =) 0.012 at all
temperatures considered (see above and the previous acetic
acid study).® In the calculation of the p(my) values, this
assumption is not needed, and therefore, these values can
be predicted more reliably than the pH values. The
calculated pH and p(myg) values are shown in Table 20.

p(mu) values for salt solutions that are dilute with
respect to the weak acid species can be used to calibrate a
glass electrode cell so that the cell measures directly the
molality of hydrogen ions (see, e.g., ref 8). For this purpose,
in Table 21 are shown the p(mpy) values for three buffer
solutions at various temperatures from (0 to 60) °C: all
buffer solutions contain 0.01 mol kg~! formic acid + 0.01
mol kg~! potassium formate, and the molalities of KCI in
these are 0.2, 0.5, or 1.0 mol kg~1.
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