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Abstract: Currently, the metrological traceability of pH
measurements for bioethanol is not ensured due to the lack
of ethanol based reference buffer solutions. This situation
leads users to calibrate their pH-electrode by means of
aqueous buffer solutions, creating serious problems of
reliability of measurement results. The potassium hydrogen
phthalate (KHPh) solution with molality 0.05 mol-kg" was
studied as a possible primary buffer in water-ethanol
mixture (mass fraction 50 %). The study was carried out in
the temperature range from 15 °C to 35 °C.

For this purpose, the potentiometric method based on the
Harned cell (cell without liquid junction) typically employed
for the characterisation of primary dilute aqueous buffer
solutions has been used. In order to assess the comparability
of primary pH values on KHPh buffer, the results obtained
by four NMIs (National Metrology Institutes) will be
presented.
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1. INTRODUCTION

The pH is one of the relevant quality parameters used to
determine the corrosion potential of the bioethanol. In this
media, acid-base reactions are more complex than in pure
water and many efforts have been made to define primary
standards [1-5]. For bioethanol, achieving the traceability
must face some drawbacks. Firstly, there are some questions
about the concept and the definition of pH itself.
Considering the mixture as a continuous solvent, the
definition of pH is conceptually similar to that for aqueous
solution [6]. The pH of ethanol often called pHe is a value
measured in the completely different scale from that for
aqueous solutions. However, due to the low dielectric
constant of pure ethanol and the dehydration of the glass
electrode which is designed for measurement in water, the
electrode potential is more vulnerable and depends on many
experimental conditions, such as stirring rate, depth of

electrode immersion, measurement time etc. Also, for water-
ethanol mixtures containing a mass fraction (noted hereafter
w) of water higher than 30 % large measurement uncertainty
due to high residual liquid junction potentials has to be
considered if the pH electrodes are calibrated using aqueous
pH buffers [7, 8]. The wide variety of possible solvent
associations adds an additional difficulty in achieving
traceability to the pH of primary buffer solutions. Therefore,
a suitable pH buffer must be selected with caution. The
0.05 mol-kg™" potassium hydrogen phthalate is one of seven
primary pH standards in aqueous solutions [1].

According to K. Izutsu et al. [9], KHPh conserves its

buffer capacity in protic solvents. Thus, KHPh buffer is
expected to be quite promising as standard in water-ethanol
media.
The presence of the ethanol in the mixture acts on the
solvation properties of the solvent, which leads to an
alteration of the buffer characteristics such as the
dissociation constant (pK). As a primary pH measurement
procedure for aqueous solutions, the individual activity
coefficient of chloride ions at the ionic strength of the buffer
has to be estimated. KHPh is a weak acid, thus for the ionic
strength calculation, the preliminary knowledge of
dissociation constants, pK; and pK,, of o-phthalic acid is
required.

2. METHOD OF MEASUREMENT

pH measurements of potassium hydrogen phthalate (KHPh)
of 0.05 mol-kg™ in a water-ethanol (w = 50 %) mixture were
carried out between 15 °C and 35 °C, in ascending order of
temperatures. In the present paper the given mass fraction
refers to ethanol. The studied temperatures were 15 °C, 25
°C and 35 °C, for which the hydroalcoholic mixture is
characterised by the constants required for pH calculations:
e.g. dielectric constant, vapour pressure, density, etc. The
water-ethanol (w = 50 %) mixture is considered as a
continuous solvent environment.



As for dilute aqueous solutions, the primary pH
measurement method involves several steps: (1) an
extrathermodynamic assumption of the individual activity
coefficient of the chloride ions, (2) an experimental
determination of the standard potential of the Ag/AgCl
reference electrode in water-ethanol (w = 50 %) mixture and
(3) the pH determination in the hydroalcoholic mixture of
interest.

(1) In water, the ion activity coefficient (y;) is defined
according to the Debye-Hiickel equation [1]:
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where 4 and B are the Debye-Hiickel temperature dependent
constants, ao is the ion size parameter interpreting mean
distance between ions in electrolyte and / the ionic strength
of the solution on molality basis.

For all hydro-organic media, the product a,B in eq (1) is
“normalised” by taking into account the properties of the
mixture. This implies the next correlation [5]:
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defined at each measurement temperature 7 with ¢ and p
being the dielectric constant and the density respectively.
The superscript represents the solvent to which the constant
is related.

This approach is known as the modified Bates-Guggenheim
convention. In this way, the continuity from pure water to a
solvent mixture is ensured.

(2) The determination of the standard potential of the
Ag/AgCl reference electrode (E°) is based on the Nernst
equation (eq= (3)):
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Where E is the measured cell potential (py; = 1 atm) of the
following cell:

Pt | Hy(g) | HCI (0.01 mol-kg™") + water-ethanol (w = 50 %)
mixture | AgCl | Ag.

R, T and F are the molar gas constant, the temperature and
the Faraday constant, respectively, m is the amount content
of HCI in hydroalcoholic solvent and m° represents the
standard state condition (m’ = 1molkg"') in the water-
ethanol (w = 50 %) mixture. The mean activity coefficient
(y») of HCI is related to the individual ionic activity
coefficient by using the Maclnnes approach:

yiHCl = }/H+ = 7/le (4)
(3) The relationship used for pH calculations is given below:
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Where ay is the activity of hydrogen ions in the water-
ethanol (w = 50 %) mixture, £ is the measured potential
difference (corrected to latm partial pressure of hydrogen)
of the following electrochemical cell:

Pt|Hy(g)| NaCl (m) + KHPh (0.05 molkg"') + water-
ethanol (w = 50 %) mixture | AgCl | Ag.
E” is the standard potential of reference electrode, ¢ is the
limiting (trace) activity coefficient of chloride ions (defined
according to eq (1) at the ionic strength, /, of the buffer), and
mcy is the molality of added chloride salt. As in the water
medium, chloride ions at known molalities must be added to
the previously prepared 0.05 mol-kg”' KHPh buffer solution,
in order to enable the use of the Ag/AgCl reference
electrode. Fit for purpose NaCl salt has been used and NaCl
solutions with molality, m, in the range 0.005 mol-kg" to
0.02 mol-kg" have been prepared. For each NaCl molality,
m, a corresponding acidity function, pa value can be
calculated.
The desired pa’ value, required in eq (5), was obtained by
linear extrapolation of pa, using the least squares method
according to eq (6).

pa = pa’+bmg (6)
where b is the empirical temperature-dependent constant.
Each NMI has made the extrapolation of acidity functions
through at least 10 points.

3. RESULTS

The aim of this work is to validate the procedure proposed
for the primary pH determination of KHPh buffer
(0.05 mol-kg™) in water-ethanol (w = 50 %) mixture through
a comparison of measurement results issued from four
NMlIs: INMETRO (Instituto Nacional de Metrologia,
Qualidade e Technologia - Brazil), LNE (Laboratoire
National de Meétrologie et d’Essais - France), NMIJ
(National Metrology Institute of Japan), PTB (Physikalisch
Technische Bundesanstalt - Germany).

The measurements have been carried out in a matrix
composed by water and commercial ethanol.

1. Measurement of E° in water-ethanol (w = 50 %)
mixture

Figure 1 shows the comparison of standard potential (£°) of
Ag/AgCl electrodes in water-ethanol (w = 50 %) mixture
obtained by the four NMlIs at 25 °C.
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Figure 1: Comparison of standard potential (£°) of
Ag/AgCl electrode in water-ethanol (w = 50 %) mixture
obtained by INMETRO, LNE, NMIJ and PTB at 25 °C. The
particularity of the values framed by the rectangle is
explained in the text.



The HCI solution to measure the standard potential of
Ag/AgCl electrodes was prepared by two ways:

The first method involves the dilution of a hydroalcoholic
(w = 50 % of ethanol) HCIl stock solution at about
0.1 mol-kg™ to exactly 0.01 mol-kg". The data obtained with
this method are enclosed by a rectangle in Figure 1. For the
second method the hydroalcoholic solution is prepared
starting from an aqueous HCI stock solution at about
0.1 molkg™.

As shown in Figure 1, a satisfactory agreement can be
observed for data obtained with a given preparation method
and for a sample with a given specificity (same ethanol
content).

Initial comparisons of E° values in water-ethanol solutions
have highlighted the importance of sample handling and the
impact of accuracy of solution preparation on measurement
result.

Typically, E° values in hydroalcoholic mixture are smaller
than those obtained in water for all studied temperatures.
The medium effect is visible even for small differences in
ethanol content. In order to attain the desired solvent
composition, even small water impurity in the initial,
nominally dry, ethanol reagent must be taken into account.
Some participants purposely altered the solution
composition and the deviation of mass fraction 0.25 %
content resulted in the bias of 200 pV in E° value.

Karl Fischer titration and density measurement are two
possible ways to assess accurate water content in the initial
ethanol. These techniques should be used complementarily.
Karl Fischer titration is most suitable for low water content
solutions (typically <1 %). Ionic impurities are present in
the water fraction of the sample. For samples with higher
water content the density is therefore a useful parameter.
The OIML R22 recommendation provides the tabulated
reference values for the density of water-ethanol mixture as
a function of ethanol content and temperature.

The E° values obtained with the first preparation method
starting from the hydroalcoholic HCI stock solution are
higher than those obtained starting from the aqueous HCI
stock solution. The difference can be explained by a
possible ethanol evaporation phenomenon due to long-time
handling of the hydroalcoholic solution. Consequently, in
this case the real ethanol content would be different from
targeted value.

In Figure 1 each point is the mean of results obtained by
measurements in six Harned cells in parallel in one run. As a
preliminary estimation of homogeneity of electrodes used by
each NMI, only the standard deviation (SD) of their
potentials was taken into account.

The electrodes characteristics are similar to the one in
aqueous solution.

2. Determination of pHe values of KHPh (0.05 mol-kg™)
in water-ethanol (w = 50 %) mixture

The pHe values have been calculated using the eq (5). The
ionic strength of the buffer required for calculating the
limiting activity coefficient has been taken from [10].

In Figure 2 the pHe values for KHPh buffer of molality
0.05 mol-kg" in water-ethanol (w = 50 %) mixture are
plotted as a function of the temperature. Moreover, the
experimental pHe values at each measurement temperature
are mean values calculated from the results obtained by the
participants.
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Figure 2: Temperature dependence of the pHe of KHPh
buffer (0.05 mol-kg™) in water-ethanol (w = 50 %) mixture.
Each value represents the mean obtained by the participants.
The half of bar of each datum represents SD of the mean.
The point (x) at temperature 25 °C represents the predicted
pH value calculated from [2].

Taken into account more high value of autoprotolysis
constant of ethanol in comparison with water, the
experimentally obtained pHe values of KHPh in water-
ethanol mixture (w = 50 %) are higher than similar pH for
aqueous  solutions.  According to IUPAC 2002
Recommendations [1], the nominal pH values of standard
primary KHPh aqueous buffer (0.05 molkg") are 3.998,
4.005 and 4.018 at 15 °C, 25 °C and 35 °C respectively. The
typical uncertainty of the primary pH values in aqueous
solutions is between 0.002 and 0.005 pH (4=2).

At 25 °C, for example, the presence in the solvent of a mass
fraction of ethanol equal to 50 % results in a change of pH
of about 1.17 compared to the aqueous solution. This
difference also called “alcohol error” can be explained by an
ionisation occurring more easily in water than in
hydroalcohol media. The “alcohol error” decreases with
increasing temperature.

In aqueous solutions, the pH of KHPh buffer increases with
the rise of temperature, while in water-ethanol (w = 50 %)
medium an opposite behaviour was observed. For aqueous
solutions, the temperature dependency of pH is similar to
those of the pK of o-phthalic acid. White et al. [10] showed
that in a water-ethanol mixture (w = 50 %) the pK of o-
phthalic acid decreases as the temperature increases from —
10 °C to 25 °C. Further decrease of pK values is expected
with increasing temperature, which could explain the
particular characteristics of the pHe of KHPh in water-
ethanol (w = 50 %) solvent.

Experimentally it is more difficult to determine the pHe in
hydro-alcoholic mixtures than in water due to the possible



solvent associations which have to be taken into account.
Therefore, as an option, predictive equations capable to
estimate pHe values of KHPh at 0.05 mol-kg" of different
ethanol content has been developed. The predictive equation
given in [2] results from applying a multi-regression
analysis procedure for the data obtained for five different
alcohol-water mixtures at 25 °C. The difference between the
experimental pHe value obtained in hydroalcoholic solvent
and the predicted one is about 0.03 pH as shown in Figure 2.
Figure 3 shows the comparison between the individual pHe
values on KHPh buffer (0.05 mol-kg™") in water-ethanol (w =
50 %) mixture obtained at 25 °C by LNE, NMIJ and PTB,
which used the same protocol for E° measurements.

For preliminary considerations, each value has associated
only with the uncertainty resulting from the extrapolation of
the acidity function to zero chloride molality. This is one of
the main contribution to the overall pH uncertainty.
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Figure 3: Individual pHe results on KHPh buffer
(0.05 mol-kg™) in water-ethanol (w = 50 %) mixture. Data
reported by LNE, NMIJ and PTB at 25 °C. Each bar
indicates the expanded uncertainty (k =2).

Considering that the three laboratories prepared their own
solution, the consistency of pHe values in water-ethanol (w
=50 %) mixture is fairly good.

Conclusions

This work can be seen as a contribution to IUPAC efforts in
the standardisation of pH measurements in hydro-organic
mixtures. The results obtained in the present preliminary
study demonstrate the possibility to standardise primary
KHPh reference buffer (0.05 mol-kg™) in water-ethanol (w =
50 %) mixture with confidence. It has been emphasised that
it is important to harmonise the solution handling and
measurement protocol prior to pH measurement. Main
parameters affecting the E° and pHe values have been
identified.
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