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On the conductivity of phosphoric acid electrolyte
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The specific electric conductivity and viscosity of 7.5-100 wt% aqueous phosphoric acid electrolyte
have been measured in the temperature range 25-200° C. The product of conductivity and viscosity
was found to decrease exponentially with increasing temperature. This suggests that the electric
conduction in phosphoric acid follows the Grotthus proton switching mechanism. The measured
conductivity data were correlated by the following empirical equation:

ku = Aexp [BT]
A = 7027X" — 1734.2X? + 1446.5%*° — 350.7X°
B = —0.010163 + 0.011634X — 0.08313X>

where k is conductivity in mhocm™"; u is viscosity in centipoise; T is the absolute temperature in K;

and X is mole fraction of phosphoric acid in the electrolyte. The standard deviation for the percentage
difference between the calculated and experimental values of 188 data points was less than 7.5%.

1. Introduction

Although the phosphoric acid fuel cell is in an advanced
state of development, there has been no complete
data base in the open literature on the electric conduc-
tivity of aqueous phosphoric electrolyte. Early data
presented in Monsanto Technical Bulletin IC/DP-239
were summarized in a report by Sarangapani ez al. [1].
Maksimova and Yushkevich [2] reported the con-
ductivity of 0-6 wt% phosphoric acid over the tem-
perature range of 0-300°C. Most published works
dealt with highly concentrated phosphoric acid. These
included the conductivity data of Greenwood and
Thompson [3] for 100wt% phosphoric acid at 25-
60° C; Kakulin and Fedorchenko [4] and Fedorchenko
et al. [5] for 93-108 wt% phosphoric acid at 20-90° C;
Wydeven [6] for 89-122 wt% phosphoric acid at 25—
60° C; Atanasyants and Georgiev [7] for 60-100 wt%
phosphoric acid at 20-60° C; Fedorchenko et al. [8]
for 93-108 wt% phosphoric acid at 100-200° C; and
MacDonald and Boyack [9] for 85-100 wt% phos-
phoric acid at 130-170° C. No conductivity data are
available in the concentration range of 6-60wt% at
temperatures greater than 25°C and for 60-85wt%
phosphoric acid at temperatures greater than 60°C.
Some of the published data did not agree with those
reported by the other workers. The data of Wydeven
[6] and Atanasyants and Georgiev [7] were 10-15%
higher than those of Greenwood and Thompson [3]
and Kakulin and Fedorchenko [4]. The conductivity
data obtained by Fedorchenko er al. [8] were 30%
smaller than those measured by MacDonald and
Boyack [9]. The discrepancies seem to arise from the
composition differences caused by the contamination
of pyro- and poly-phosphates during the experiments.

This paper presents the conductivities of 7.5-100 wt%
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phosphoric acid electrolyte over the temperature
range 25-200° C. The mechanism of electric conduc-
tion is examined with the behavior of conductivity-
viscosity (or Walden’s) product. A single empirical
equation is developed to correlate the measured con-
ductivity data over the entire range of phosphoric acid
concentrations and temperatures investigated.

2. Experimental details
2.1. Phosphoric acid electrolytes

The electrolytes were prepared from ACS certified
85wt% phosphoric acid. For concentrations of 7.5-
85wt%, the solutions were prepared by diluting the
85 wt% phosphoric acid with distilled water. For con-
centrations greater than 85wt%, the solutions were
made by concentrating purified phosphoric acid in a
vacuum oven. The purification procedure consisted of
treating the 85% phosphoric acid with hydrogen
peroxide, heating the resulting solution in a Teflon
flask at 50-70°C for 1h, and raising the temperature
to 100° C for another hour to decompose unreacted
hydrogen peroxide. The purified phosphoric acid was
concentrated to the desired concentration by evapor-
ating excess water under a vacuum of 29in. Hg at
90° C to avoid the polymerization of phosphoric acid
to pyro or poly phosphates.

2.2. Specific conductivity

The specific conductivity of phosphoric acid was
measured over a concentration range of 7.5-100 wt%
and a temperature range of 25-200° C. The measure-
ment was made with an a.c. conductivity bridge and a
conductivity probe cell (Beckman RS-16), whose cell
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constant had been calibrated with standard 0.01 N
KCI solution. The phosphoric acid solution was con-
tained in a three-armed flask, and was immersed in a
constant-temperature oil bath (Fisher, Model 160). A
reflux column connected to the middle arm of the flask
was used to condense water and acid vapors caused by
heating at high temperatures. One of the side arms was
used for insertion of the conductivity probe cell into
the phosphoric acid solution. A thermometer inserted
through the second side arm was used to monitor the
temperature of the solution. For a given solution con-
centration, the specific conductivity data were taken at
10° C temperature increments until the normal boiling
point of the solution was reached. The temperature
control of the oil bath was within +0.5°C.

2.3. Viscosity measurement

To interpret the electric conductivity data, a set
of runs was made to determine the viscosity of
7.5-100 wt% phosphoric acid in the temperature
range 25-180°C. The viscosity was measured using
Canon-Fenske viscometers whose time constants had
been calibrated with distilled water and glycerol sol-
utions. The measurement was carried out in a con-
stant temperature oven with an estimated error of
+ 5% in the entire concentration and temperature
range investigated.

3. Results and discussion

The results of the specific conductivity and viscosity
measurements are tabulated in Table 1. The present
data agreed with those of Refs [1-5, 9] to within + 5%.
The specific conductivity values at selected tempera-
tures are plotted in Fig. 1 against the weight per cent
of phosphoric acid. For a given temperature the specific
conductivity exhibited a maximum at a certain phos-
phoric acid concentration, and this maximum shifted
toward higher concentrations with increasing tempera-
ture as shown in Fig. 1.

It has been suggested [1] that in dilute phosphoric
acid solution, the major contribution to electric con-
ductivity is from the Stokesian ion transport mechan-
ism; whereas in more concentrated phosphoric acid
solutions, the major contribution to conductivity
comes from the Grotthus proton switching conduc-
tion mechanism. The proton switching mechanism
was initially proposed to explain the high mobility
values of hydrogen and hydroxyl ions. In this mechan-
ism, the electric conduction occurs by the hopping of
protons from one solvated acid or water molecule to
the other without actual transport of hydrogen ions in
the solution [10]. A criterion for identifying the proton
switching conduction mechanism is the Walden
product [11] defined as

Au = (F/6)z,fr, —z Jr) =

where A is the equivalent conductivity of the electro-
lyte; u is the solution viscosity; e is the charge of an
electron; F'is the Faraday constant; z, and z_ are the

constant (1)
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Fig. 1. Specific conductivity vs wt% of phosphoric acid in the
temperature range 25-200°C.

valences of the cation and anion; and r, and r_ are the
radii of solvated cations and anions, respectively.
Equation 1 was derived from the well-known Stokes
law for an ion moving through a viscous fluid under
the influence of an electric field. The radii of solvated
ions generally depend only on the electrolyte concen-
tration. If the electric conduction is caused by the
Stokesian ion transport mechanism, the Walden
product, Ap, for a given electrolyte concentration
should be a constant independent of temperature. On
the other hand, the proton switching conduction
mechanism would lead to a decrease of the Walden
product with increasing temperature. Peled et al. [12]
proposed that a significant decrease in the Walden
product with increasing temperature be taken as an
indication of the proton switching mechanism of elec-
trolyte conduction.

Since the equivalent conductivity of an electrolyte is
related to its specific conductivity, k£, and concen-
tration in normality, C,, by:

A = k/C, (2

we calculated the Walden product of the phosphoric
acid electrolyte in the form of a conductivity—viscosity
product, ku, using the measured conductivity and
viscosity data. The calculated conductivity-viscosity
products (represented by open and filled circles) are
plotted against the absolute temperature in Fig. 2 on
a semi-logarithmic scale for 7.5-100 wt% phosphoric
acid. For comparison, the literature data reported in
Refs |1, 3] are also plotted in the figure as open tri-
angles; the agreement is within +10%. It is seen
that the conductivity-viscosity product substantially
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Fig. 2. Semi-logarithmic plot of conductivity-viscosity

5: | DT T D TS N VAT VNS T T SO S U product vs absolute teraperature for 7.5-100 wi% phosphoric
© 300 350 400 450 acid. The present data are represented by the open and filled
circles. For comparison, the values reported in Refs [1] and

Temperature {K) {3] are also plotted in the figure as triangles.

decreases with increasing temperature, suggesting that
proton switching is the dominant mechanism of elec-
tric conduction in 7.5-100 wt% phosphoric acid.
Figure 2 indicates that a plot of the logarithm of the
conductivity-viscosity product vs absolute tempera-
ture is linear for all phosphoric acid solutions inves-
tigated. This suggests that the present conductivity
and viscosity data can be correlated with an empirical

equation of the type:
kp = Aexp [BT] 3)

where 4 and B are the y intercept and slope of the
straight lines in Fig. 2. The values of 4 and B are
functions of phosphoric acid concentrations. It has

(=
~—

been found that if the mole fraction of phosphoric acid,
X, is used as the solution concentration, 4 and B could
be correlated with a polynomial curve fit in the con-
centration range of 7.5-100 wt% (0.0147 < X < 1.0):

A (centipoise mhocm 1)

= 702.7X"° — 1734.2X?% + 1446.5X>° — 350.7X°
(3a)
B(X™" = —0.010163 + 0.011634X — 0.08313X?
(3b)

To determine the accuracy of the empirical corre-
lation, values of conductivity—viscosity products were
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Fig. 3. Calculated conductivity-viscosity product vs
experimental conductivity-viscosity product.
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calculated from Equations 3a and 3b and compared to
the experimental results in Fig. 3 over the concen-
tration range 7.5-100 wt% and temperatures 25-180°C.
The standard deviation for the per cent difference
between the calculated and experimental values of 188
data points shown in Table 1 was 7.4%. It should be
noted that Equations 3, 3a and 3b are purely empirical
in nature; further theoretical investigation is needed to
examine the exponential temperature dependence of
the conductivity-viscosity product. Equations 3, 3a
and 3b can be used to calculate the conductivity of
7.5-100 wt% phosphoric acid electrolyte with known
viscosity over the temperature range 25-180° C with
an error of less than +7.5%.

4. Conclusions

The specific conductivity and viscosity of 7.5
100wt% aqueous phosphoric acid electrolyte have
been measured in the temperature range 25-200°C.
The conductivity—viscosity product was found to
decrease exponentially with the increasing temperature,
and the measured data over the entire concentration
and temperature range were correlated with a single
empirical relation in the form of Equations 3, 3a and
3b with less than + 7.5% standard deviation. The
results indicate that the electric conduction in the
phosphoric acid follows the Grotthus proton switch-
ing mechanism.
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