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With the aim to surpass the concentration limit imposed by the Bates-Guggenheim convention, the Pitzer
formalism has been applied to the analysis of the standardization of the pH buffer, potassium tetraoxalate
dihydrate. Following the same procedure that has been conventionally applied to other pH buffers,
hydrogen electrodes have been used to measure the potential differences of Harned cells, which contained
0.05 mol‚kg-1 potassium tetraoxalate and up to 1 mol‚kg-1 KCl, at 25 °C. A value of pH ) 1.650 has been
calculated. Another simpler model for activity coefficients, the Guggenheim specific interaction theory,
has been found to be inadequate to model this complex system.

Introduction

The Bates-Guggenheim convention (BGC) has been used
as an assumption in order to calculate the activity coef-
ficient for chloride ion at zero added chloride in the
standardization of pH buffers.1-4 Although it is assumed
that BGC is valid only if the ionic strength of the buffer
solution, I, is 0.1 mol‚kg-1 or less,1,5,6 pH measurements
are carried out on samples where I exceeds this value, such
as seawater and blood.7

A few years ago, a new procedure for pH buffer stan-
dardization was suggested using the Pitzer equations,
which are valid over a wider range of ionic strength8 than
the BGC, to calculate7,9-13 the pH values of several
standard solutions at higher ionic strengths (I . 0.1
mol‚kg-1), by addition of an inert electrolyte.

The main problem in the application of the Pitzer
formalism consists of the lack of values for some interaction
parameters. Most of the tabulated values are for inorganic
ions, and few parameters for organic species are known.8
Few systematic studies on the dependence of stoichiometric
equilibrium constants on the ionic strength are available14

(and references therein). Such studies allow calculation of
the speciation in buffer solutions.

New results for the buffer system potassium tetraoxalate
0.05 mol‚kg-1 dihydrate + KCl have been analyzed using
the Pitzer equations. Since stoichiometric equilibrium
constants of oxalic acid in KCl solutions are not available,
the ionic strength dependence of pK′1 values has been
determined.

Experimental Section

(a) Stoichiometric Equilibrium Constant. Determi-
nation of pK′1 (at 25.0 ( 0.1 °C) as a function of I was done
using a combination glass electrode (Radiometer pHC2401),
following the procedure described elsewhere.15-18 Since

interest was focused on the tetraoxalate buffer, only the
determination of the first equilibrium constant of oxalic
acid was required. Excess of inert electrolyte, KCl (BDH
AnalaR), was used to adjust the ionic strength of the
solutions studied. Potassium 0.005 mol‚L-1 tetraoxalate
dihydrate (BDH AnalaR) solutions were titrated with a
solution of 0.1 mol‚L-1 HCl, standardized with sodium
tetraborate decahydrate (Aldrich ACS reagent). HCl solu-
tion was prepared by dilution of a solution of constant
boiling point HCl.19 Measurements were made using a
digital pH meter titrimeter (Molspin, Newcastle upon
Tyne), and titration data were fitted using Superquad.20

Low concentrations of potassium tetraoxalate were used
to avoid large changes in the ionic strength of the solution
during titration as well as in the liquid junction potential.

(b) pH Measurements. Potential differences ((0.03 mV)
of Harned cells2,21 were measured using a Keithley 2000
multimeter. Solutions were prepared by mass ((0.0001 g)
with potassium tetraoxalate dihydrate (Merck secondary
reference material) and KCl (Merck p.a. and Suprapur).
No difference was observed between solutions prepared
with the two grades of KCl. Thermoelectrolytic Ag/AgCl
electrodes and platinum electrodes were prepared as
described.1 Plating of the platinum electrodes was done
with lead acetate (Aldrich) added to the hexachloroplatinic
acid (Merck p.s.). Best quality reagents were used in the
preparation of electrodes. High purity hydrogen (99.999%)
from a cylinder, without further purification, was bubbled
through the cells. Potential difference measurements were
corrected to 101325 Pa.1,4 All experiments were done at
25.00 ( 0.02 °C.

Results and Discussion

(a) Stoichiometric Equilibrium Constant (pK′1).
Because of a general lack of information on the tetraoxalate
system, the first step was the determination of the sto-
ichiometric constant as a function of ionic strength. In
previous studies, the Pitzer equations were used to analyze
other pH buffers; unlike the case of the tetraoxalate system,
the thermodynamic constants of the weak acids or bases
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were known as well as the Pitzer interaction parameters.7,11

Only for the phthalate system were these parameters not
known.10 Instead of using the procedure described in the
phthalate study, it was decided to evaluate pK′1 as a
function of I, so speciation in the solutions can be easily
calculated.

Data listed in Table 1 collect the pK′1 as a function of I
for the equilibrium between oxalic acid and hydrogen
oxalate.

Using the Pitzer equations for the system tetraoxalate
+ KCl, where KCl is used as supporting electrolyte, at
much higher concentration than that of tetraoxalate, the
following equation can be obtained:15

where pK′1 and pK are the stoichiometric and the thermo-
dynamic pK, respectively, and g and fγ are exponential
functions of ionic strength:

and âK,Cl
(1) is the double interactions parameter between K+

and Cl- ions.8 H1 and H2 encompass additions of interaction
parameters between other species in solutions,15 obtained
from a linear fitting of the experimental data, together with
the thermodynamic pK value.

In eq 1 a simplification has been made. Oxalate concen-
tration, Ox2-, has not been considered because titrations
were done by adding HCl to a tetraoxalate solution, so the
main species are oxalic acid and hydrogen oxalate. The
second dissociation constant for oxalic acid is, at least,22

three orders of manitude lower that the first dissociation
constant, so the concentration of oxalate ion can be
neglected in the buffered solution of potassium tetra-
oxalate.

Fitting of experimental data is very good, as can be seen
in Table 2. However, there is a large difference in the
calculated pK from the one that is reported in the litera-
ture, which varies considerably depending on the source,
between 1.42 and 1.252, as can be seen in a compilation of
the thermodynamic constants of oxalic acid.22

(b) Standardization of Potassium Tetraoxalate. The
Harned cells studied can be represented according to the
following scheme:

Once that stoichiometric equilibrium constant is known,
concentrations of all species in the solutions studied with
the Harned cells can be determined as follows.

The concentration of hydrogen ion is calculated by
solving the following equation

where K′1 is initially calculated using eq 1 and an ap-
proximate value of ionic strength, I ) mKTet + mKCl; mi is
the molality of species i, the subscript KTet means potas-
sium tetraoxalate, H represents hydrogen ion, and mA0 is
the total oxalic concentration, oxalic acid plus hydrogen
oxalate concentrations. Equation 5 comes from combination
of the stoichiometric equilibrium constant, K′1, the mass
balance equation, and the charge balance equation, as is
usual in all calculations of this kind.3,9,23 The ionic product
of water does not need to be taken into account in such
acidic solutions.

The ionic strength of the system is given by

and a new, more accurate value of I can be calculated with
the hydrogen ion concentration calculated by solving eq 5.

pK′1 can be calculated again by solving eq 1, with this
new value of I. The process is repeated until no difference
in I is observed, so the hydrogen ion concentration remains
constant. A similar iterative process has been used for
acetate buffer,9,23 where the thermodynamic constant was
used, because, for acetate buffer, the Pitzer interaction
parameters are known.

When hydrogen ion concentration is constant (usually 6
to 7 iterations are required to reach a constant value),
oxalic acid and hydrogen oxalate concentrations are cal-
culated from the mass balance and charge balance equa-
tions for the 70 solutions used (see Table 3).

Once all concentrations are known, the next step consists
of using the Pitzer equations combined with the Nernst
equation applied to each cell. Equation 7 is obtained:

where m ) mH + mK ) I, E and E° are the potential
difference measured and the standard potential difference
for the silver/silver chloride electrode, respectively, and κ

) RT/F, where R is the gas constant, T the absolute
temperature, and F the Faraday constant. Ci,j, θi,j, and ψi,j,k

are Pitzer interaction parameters between the different
species in solution, and B and B′ are ionic strength
functions.8 B and B′ encompass interaction parameters as
well, two of them in B and one in B′. All the interaction
parameters appearing in eq 7 have been tabulated8 except
those related to hydrogen oxalate interactions. Equation

Table 1. pK′1 vs I for Oxalic Acid in KCl at 25 °C

I/mol‚kg-1 pK

0.10 0.93 (0.03)
0.30 0.859 (0.013)
0.51 0.837 (0.009)
0.72 0.824 (0.008)
0.93 0.84 (0.03)

Table 2. Fitting Parameters for Potassium Tetraoxalate
Dihydrate Titrations in KCl (Eq 1)

pK 1.147 ( 0.010
H1 0.21 ( 0.04
H2 0.09 ( 0.07
σ 0.005

pK′1 ) pK + 2
ln 10

fγ + H1I + H2g + 2
ln 10

âK,Cl
(1) Ie-2xI (1)

g ) 1 - (1 + 2xI)e-2xI

fγ ) -0.391[ xI

1 + 1.2xI
+ 2

1.2
ln(1 + 1.2xI)], (2)

H1 ) 2
ln 10

(âH,Cl
(0) + âK,OxH

(0) - λN)

H2 ) 1
ln 10

(âH,Cl
(1) + âK,OxH

(1) - âK,Cl
(1) ) (3)

Pt|H2|potassium tetraoxalate (0.05 mol‚kg-1),
KCl(m)|AgCl|Ag (4)

mH
2 + (mKTet + K′1)mH + K′1(mKTet - mA0

) ) 0 (5)

I ) mK + mH ) mKCl + mKTet + mH (6)

E - E° + κ ln mCl + κ ln mH )

-κ[2fγ + 2BH,Cl(mH + mCl) + 2mCH,Cl(mCl + mH) +
2mHmClB′H,Cl + 2mHmClCH,Cl + 2mKmClB′K,Cl +

2mKmClCK,Cl + 2mKθK,H + mKmClψH,K,Cl + 2mKBK,Cl +
2mmKCK,Cl + 2mKmOxHB′K,OxH + 2mKmOxHCK,OxH +
mKmOxHψK,Cl,OxH + mHmKψH,K,Cl + 2mOxHθCl,OxH] (7)
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7 should include the interaction parameters between the
neutral molecule and the ions H+ and Cl-. Their values
are not known, but they are expected to be small,11,12 so
they were not taken into account.10,13

Instead of using eq 7, a simplification can be made. Since
concentrations were not higher than 1 mol‚kg-1 in KCl
(with 0.05 mol‚kg-1 in tetraoxalate in each), and lower than
2 mol‚kg-1, higher order interaction parameters (C and ψ)
can be ignored8 and eq 8 is obtained:

At the same time another problem is solved. C and ψ
(for OxH-) are multiplied in eq 7, by the same factors, the
concentrations of K+ and OxH-. Thus, it is impossible to
calculate both interaction parameters separately in the
fitting process. This fact would be a problem in the last
calculation step, but it has been avoided because these
parameters have not been taken into account. It is consid-
ered that there is no reason to use the full Pitzer equation.
It has many parameters, so the fitting could be quite good,
but it is well-known in a fitting process that the higher
the number of fitting parameters used, the larger are the
uncertainties in the parameters.

All terms in eq 8 are known except âK,OxH
1 and θCl,OxH.

Linear fitting using this equation and the measured
potential differences, together with the concentrations
calculated according to the iterative process mentioned
above, gave the results in Table 4. Although errors are
quite large, the values of the parameters are reasonable.8

The large error in θCl,OxH can be explained as follows. In
the fitting function, eq 8, this parameter is multiplied by
mOxH. Although the concentration of hydrogenoxalate
changes for different cell compositions, the change is quite
small in the buffered solutions. In a linear fitting the
change in the dependent variable produced by a change in
independent variable is calculated. If the change in the
independent variable is not very large, experimental errors
will make the error in the fitting parameter increase a lot,
because there is almost no relation between the two
variables. This happens with θCl,OxH, and that is the reason
the error is so large.

From eq 8, using the values listed in Table 4, it is
possible to calculate the potential difference for the cell.
Figure 1 shows the experimental values of potential
difference, together with the calculated function. The error
in potential difference calculated is

The concentration of Cl- is subjected to large experi-
mental errors when it is very low, affecting the potential
difference measured. Thus, if experimental data at low Cl-

concentrations are ignored (lower than 8 × 10-3 mol‚kg-1),
the error drops to 0.47 mV.

The final step consists of calculating the pH values. This
can be done in two ways. From the Nernst equation for
the Harned cell potential, it is possible to solve for pH if
the activity coefficient of chloride is known; the activity
coefficient of chloride ion can be calculated from the Pitzer
equations and the interaction parameters in Table 4. The
pH can also be calculated from the definition, pH ) -log
aH, because the molality of hydrogen ion is known (from
the iterative process) and the activity coefficient is calcu-
lated from the Pitzer equations and parameters in Table
4. From the definition of pH the following expression is
obtained:

Table 3. Difference Potentials ((0.03 mV) and Potassium
Chloride Concentrations of Solutions Studieda

mKCl E mKCl E mKCl E

mol‚kg-1 mV mol‚kg-1 mV mol‚kg-1 mV

0.002 75 477.80 0.039 31 410.39 0.386 35 353.15
0.002 75 477.85 0.039 31 410.22 0.409 02 352.85
0.003 08 476.08 0.060 1 398.92 0.444 68 350.72
0.003 08 475.65 0.060 1 399.39 0.444 68 350.68
0.006 19 457.13 0.076 77 392.96 0.449 46 349.64
0.006 19 457.29 0.076 77 393.51 0.449 46 350.28
0.007 54 452.00 0.076 77 393.26 0.574 45 344.36
0.007 54 452.59 0.154 2 375.86 0.574 45 344.25
0.007 61 452.45 0.154 2 376.20 0.677 62 339.95
0.007 61 453.07 0.156 7 375.84 0.677 62 339.59
0.007 61 452.52 0.156 7 375.98 0.754 67 337.05
0.015 64 433.76 0.200 33 369.73 0.754 67 336.99
0.015 64 434.00 0.200 33 370.05 0.882 93 332.73
0.016 77 432.13 0.200 33 370.12 0.912 33 331.66
0.016 77 432.28 0.317 59 359.00 0.914 51 331.69
0.029 19 417.24 0.317 59 359.23 0.914 51 331.92
0.029 19 417.49 0.345 4 356.65 0.947 77 330.39
0.029 35 417.22 0.345 4 356.74 0.947 77 330.13
0.029 35 417.35 0.379 64 354.64 1.129 84 326.47
0.035 01 412.74 0.379 64 353.87 1.129 84 326.28
0.035 01 413.01 0.382 67 353.17 1.150 35 325.69
0.035 01 413.26 0.385 58 353.54 1.150 35 325.88
0.036 08 413.18 0.385 58 353.38 1.154 49 325.01
0.036 08 413.16 0.386 35 353.14 1.154 49 325.67

a Every solution was 0.05 mol‚kg-1 in potassium tetraoxalate.

Table 4. Pitzer Interaction Parameters for
Hydrogenoxalate in KCl

âK,OxH
1 0.16 ( 0.10

θCl,OxH 0.005 ( 0.013

E - E° + κ ln mCl + κ ln mH )

-κ[2fγ + 2BH,Cl(mH + mCl) + 2mCH,Cl(mCl + mH) +
2mHmClB′H,Cl + 2mHmClCH,Cl + 2mKmClB′K,Cl +

2mKmClCK,Cl + 2mKθK,H + 2mKBK,Cl + 2mmKCK,Cl +
2mKmOxHB′K,OxH + 0.2mOxHθCl,OxH] (8)

Figure 1. Experimental and calculated potential differences with
the Pitzer equations, eq 8, measured on Harned cells with a
solution of 0.05 mol‚kg-1 potassium tetraoxalate and different
added concentrations of KCl.

σ(E) ) x∑
i

n

(Ecal - Eexp)
2

n
) 0.63 mV (9)

pHdef ) -log(mHγH) )

-log mH - 1
ln 10

[fγ + 2mClBH,Cl + 2mmClCH,Cl +

mHmClB′H,Cl + mHmClCH,Cl + mKmClB′K,Cl +
mKmClCK,Cl + 2mKθK,H + mKmOxHB′K,OxH] (10)
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If the Nernst equation is used, the pH can be calculated
from eq 11, which includes the experimental values for the
potential differences measured:

Figure 2 shows the results obtained by both procedures.
The error between experimental and notional pH is

If low chloride concentration points are ignored, as for
the potential differences, the error in pH is reduced to
0.008.

Equation 10 permits calculation of pH at zero chloride.
The result is 1.650, 0.029 in pH lower than the BGC
assigned value. The difference is significant, and shows the
same behavior as that observed in the buffers already
analyzed,9 for which the Pitzer equations give values of
extrapolated pH lower than the assigned values obtained
with the BGC.9

Guggenheim specific interaction theory has been used
to analyze the system in the same way, since Guggenheim,
Scatchard, or Pitzer analysis applied to carboxylic acids15

and other substances24-27 gives equivalent results.
Following the same procedure described for the Pitzer

analysis, the potential difference values calculated with
Guggenheim specific interaction theory are shown in
Figure 3. The error in potential difference was σ(E) ) 0.95
mV, higher than that with the Pitzer analysis, but the fit
is still quite good. The big difference comes in the pH
values, Figure 4. Not only is the fitting poor at low
concentrations of Cl- but it is also poor at high concentra-
tions. In this case σ(pH) ) 0.016 compared with 0.011, and
the pH at zero chloride concentration is 1.645. Thus, the
Guggenheim model is poor for describing properly the
system studied.
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