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Abstract

A new computer program (GLEE, glass electrode evaluation) has been written for the calibration of a glass
electrode by means of a strong acid-strong base titration. This program provides an estimate of the carbonate
contamination of the base, the pseudo-Nernstian standard potential and slope of the electrode and, optionally, the
concentration of the base and pKW. The program runs under the Windows 3.1x, 9x and NT operating systems.
© 2000 Elsevier Science B.V. All rights reserved.
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The calibration of glass electrodes in terms of
hydrogen ion concentration may be performed
following IUPAC recommendations [1] which are
based on the use of either one or two designated
buffer solutions, or on the basis of a regression
procedure performed with data from more than
two buffer solutions [2,3]. These procedures are
not wholly satisfactory for potentiometric titra-
tions using a background medium of high ionic
strength, as is usual in the determination of stabil-
ity constants. An alternative procedure is to per-
form a titration of strong acid with strong base as
a source of solutions with known hydrogen ion
concentration [4]. The method seems to have been

first published by McBryde [5] and has been the
subject of detailed statistical analysis [6,7]. An
interesting aspect of the use of MAGEC [7] was
the way in which it and MINIQUAD [8] were
used in a cyclic process.

The program GLEE has been developed as part
of the Hyperquad suite of programs for stability
constant determination [9]. It was written in Vi-
sual Basic and runs under the Windows 3.1x,
95/98 and NT operating systems on a personal
computer. It uses a (non-linear) least-squares
refinement to fit a modified Nernst Eq. (1),

E=E0+s lg[H+] (1)

where E is a measured electrode potential, E0 and
s are parameters of the refinement and represent
the standard electrode potential and slope and
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[H+] represents the hydrogen ion concentration.
E0 and s are used in Hyperquad data input. Since
stability constant determinations are usually car-
ried out in a medium of high ionic strength Eq.
(1) is an excellent approximation apart from in
the regions of high acidity or basicity where junc-
tion potentials may be not negligible.

In acid solutions the hydrogen ion concentra-
tion is obtained from the mineral acid concentra-
tion, TH, as calculated from Eq. (2), that is,
lg[H+]= lg(TH).

TH=
aH60+gbH6

60+61+6
(2)

aH is the concentration/mol dm−3 of acid of
which 60 cm3 were added to the titration vessel, bH

is the concentration/mol dm−3 of base in the
burette (by convention given a negative sign), 61 is
the volume/cm3 of background electrolyte solu-
tion added to the titration vessel, and 6/cm3 is the
volume of base added from the burette. g is a
correction factor for the base concentration: if g is
refined the calculated base concentration is gbH.

In alkaline solutions the effective concentration
of the base is usually reduced by the presence of a
small amount (preferably B1%) of carbonate
contamination. The extent of this contamination

can be estimated by means of a Gran plot [10].
Initially E0 is estimated from the acid region [11]
and s is taken as the ideal Nernstian slope (T/
5.0399 mV). Then the functions (3) and (4) are
fitted by linear least-squares.

Acid region:

(60+61+6)10
E−E0

s =ma6+ca (3)

Alkaline region:

(60+61+6)10
E0−E

s
−pKw=mb6+cb (4)

A typical Gran plot is shown in Fig. 1. From the
slopes and intercepts of the fitted lines two esti-
mates are obtained of the volume of base con-
sumed at the equivalence point: 6 e

a= −ca/ma

from the acid region and 6 e
b= −cb/mb from the

alkaline region. Assuming that the difference is
due to carbonate the effective base concentration
is reduced by the factor 6 e

a /6 e
b in the alkaline

region. The mineral acid concentration in the
alkaline region is then given by Eq. (5).

TH=
aH60+g

6 e
a

6 e
bbH6

60+61+6
(5)

TH is negative and lg[H+]= −pKW− lg(−TH).
With these estimates of lg[H+] the standard

potential and slope can be obtained by least-
squares fitting of Eq. (1). The whole process,
including the Gran plot is repeated with the
refined values of E0 and s. An example of the
graphical output is shown in Figs. 2 and 3. Nu-
merical output is also shown on the computer
screen and may be sent to a printer.

Since both g and pKw are used in calculating
lg[H+] these quantities may also be fitted by the
least-squares process. To accommodate all possi-
bilities a non-linear refinement algorithm is used.
However, the refinement of pKw is strongly dis-
couraged; the help file associated with the pro-
gram contains extensive tabulations of values of
pKw which have been reported in the literature
[12–14]. The data used for the calculation are
obtained from a file of volume, e.m.f. data pairs,
but individual data points may be included or
excluded from the calculations.

Fig. 1. GLEE output showing the Gran plot. All the experi-
mental data points are shown, but residuals are only shown
for those points that were used for the calculation.
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Fig. 2. GLEE output showing measured electrode potentials
and residuals as a function of titre volume. Residuals are only
shown for those data points that were used for the calculation.

carbonate (HCO3
− X CO3

2− +H+, pKa:9.9).
The program GLEE may be downloaded free of
charge from http://chem.leeds.ac.uk/People/
Peter–Gans/glee.htm

1. Experimental

All solutions were made with ‘CO2 free’ water.
For this milliQ water (resistivity \18 MV cm)
was boiled and cooled under a stream of nitrogen.
Electrolyte solution (0.1 M KCl) was prepared by
dissolution of A.C.S. grade KCl (Fisher). Stan-
dard acid (HCl) and base (KOH) solutions (:0.1
M) were prepared by dilution of Baker Dilut-it
ampoules. All solutions were kept in their storage
vessels for 24 h before use; the base solution was
stored under a small positive pressure of ascarite-
scrubbed argon gas.

The base solution was standardised against a
weighed amount of potassium hydrogen phtha-
late. The acid solution was standardised against
borax. Phenolphthalein and Congo red were used
as indicators for end-point determination. Each
solution was re-standardised until its concentra-
tion was known to within 0.2% (typically requir-
ing six replications). The titrations were
conducted manually using the same apparatus as
for the potentiometric titrations. This approach
eliminated any variation that may be caused by
the autoburette.

The titration cell was built ‘in-house’ and com-
posed of glass with a teflon lid. The lid had
various openings for insertion of the electrode,
burette tip and gas inlet and outlet. The cell was
held under a positive pressure of argon to elimi-
nate the ingress of CO2 and thermostatted at
2590.1°C.

A Metrohm autoburette (Titrino 702 SM) was
used for titrant delivery and for the collection of
electrode potential readings. This instrument was
controlled via a serial (RS-232C) interface to a
personal computer. Data collection was auto-
mated using modules written in the G language of
the LABVIEW [15] programming environment.
The glass bulb electrode used was a Corning high
performance reference combination electrode (cat-
alogue no. 476146).

Figs. 1–3 were produced directly by GLEE,
copied to the clipboard as Windows Metafiles and
pasted into Word to be submitted for publication
without retouching. In all three figures points
between pH 9.5 and 10.6 have been excluded from
the calculation as this is the region where some
bicarbonate ion is present in equilibrium with

Fig. 3. GLEE output showing measured electrode potentials
and residuals as a function of calculated -lg[H+].
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Titrations for electrode calibration were per-
formed by combining 50.0 cm3 of electrolyte
(from an A-grade pipette) with 2.000 cm3 of stan-
dardised HCl solution (from the autoburette) in
the titration cell. Metrohm autoburettes allow
convenient switching of the titrant by the use of
‘exchange units’. Thus the standardised base solu-
tion was introduced and the titration performed
by the addition of 0.05 cm3 aliquots. 30 s were
allowed after each addition of titrant for equili-
bration. After that, electrode potential readings
were collected at 3 s intervals until nine successive
measurements agreed to within 90.1 mV. Typi-
cally this was achieved within 9–15 measurements
except in the poorly buffered region near the
endpoint (pH 4.5–9.5). At each point the mean of
the final 9 measurements was recorded.

2. Discussion

Accurate calibration of the electrode is crucial
to the determination of stability constants by
potentiometric titrations, as any error in the cali-
bration becomes a systematic error in the inter-
pretation of titration data. However the process is
far from easy because of the interdependence of
all the parameters involved. The strong acid/
strong alkali method is convenient, but its accu-
racy depends on the use of primary standards to
establish the concentrations of the acid and alkali.
We have used potassium hydrogen phthalate to
standardise the alkali and borax for the acid. An
alternative would be to use constant-boiling-point
hydrochloric acid as the primary standard [16].
Another feature of this method is that the elec-
trode is calibrated directly in terms of hydrogen
ion concentration, as is needed for the calculation
of a concentration quotient, although this scale is
not unique [17].

An important feature of GLEE is that al-
lowance is made for the seemingly inevitable con-
tamination of the base by carbonate — the
equivalence point derived from the Gran plot in
the alkaline region was always found to be larger
than that obtained from the acid region. The use
of Eq. (5) results in a much better fit of the
experimental data than when a single base con-

centration is used for both acid and alkaline
regions. Indeed, the excellent agreement between
observed and calculated electrode potentials, illus-
trated in Fig. 2, provides good evidence for the
validity of Eqs. (1) and (5).

The presence of carbonate in the base should be
regarded as a systematic error to be reduced as
much as possible by good laboratory practice.
Nevertheless, by taking carbonate contamination
into account GLEE is able to fit the experimental
calibration curve to within experimental error
over the pH ranges 2.5–4.5 and 10.7–11.5 (in the
vicinity of the end-point electrode readings are
relatively unreliable). Outside this range the ef-
fects of varying junction potentials and/or alka-
line error become apparent. This range of linear
electrode response is generally adequate for stabil-
ity constant computation by means of a program
such as Hyperquad [9].

When a stock solution of alkali was repeatedly
standardised over a period of weeks it was ob-
served that the carbonate contamination level ap-
parently rose slowly but steadily. Since the
apparatus was maintained under a positive pres-
sure of argon ingress of carbon dioxide seemed
unlikely. An alternative possibility is that the al-
kali is attacking its glass containing vessel with
dissolution of silicate which mimics the behaviour
of carbonate to some extent.
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