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Specific conductivities (κ) of concentrated aqueous solutions of several fluorine containing electrolytes,
fluoroboric acid (HBF4), fluorosilicic acid (H2SiF6), and fluorotitanic acid (H2TiF6), at mass percents (100wAc)
from 10 to 50 at 15, 25, 35, and 45 °C have been measured by making use of an automatic system based
on the “electrodeless conductivity” technique. The results have been analyzed in terms of the
well-established Casteel-Amis equation and by polynomial equations in the concentration. As a result,
empirical models of the type κ ) f(100wAc)t have been proposed, which reproduce the results of each
chemical system with an overall precision of about (0.3% and enable the interpolation of conductivity at
each temperature in the whole range of concentration studied.

Introduction

Aqueous electrolyte solutions are widely present in such
important fields as chemical research, investigations about
geothermal systems and biological processes, chemical
manufacturing industry (Horvath, 1985), and development
of electrochemical devices (Barthel, 1985). Among the
thermodynamic and transport properties of such chemical
systems more frequently requested by chemists and
engineerssdensity, viscosity, conductivity, transport num-
bers, diffusion and activity coefficientssexperimental data
concerning electrical conductivity are the most referenced
in the literature (Lobo, 1986, 1989). Nevertheless, the
majority of the conductivity information concerns dilute
solutions at room temperature (Horvath, 1985). The simple
instrumentation needed to measure low conductivities
provides very accurate experimental data. As a result, the
technique becomes a very useful tool for the interpretation
of the structure of the electrolyte solutions and the interac-
tions between the different entities present in the solution
(Robinson and Stokes, 1959). Less attention has been paid
to concentrated electrolyte solutions, which present much
higher values of conductivity. The difficulty of measuring
high conductivities in the laboratory with an acceptable
accuracy arises from the lack of an appropriate technique,
completely avoiding the polarization processes in the
interphase between the electrodes and the solution. In fact,
quite large differences are often found among the results
given by different authors concerning the same concen-
trated electrolyte solution (Lobo, 1986).
Since Relis (1947, 1951) described the technique to

measure conductivities of solutions known as “electrodeless
conductivity” or “induced conductivity”, which makes use
of radio frequencies and needs no direct contact between
electrodes and solution, continuous measurement of the
conductivity has been extensively used in control and
automatization of chemical processes (Stock, 1984) where,
frequently, high conductivities are involved. Further

improvements of the technique have made it possible to
reduce the size of the measuring probe, and consequently,
now it is useful for laboratory purposes. Nevertheless, only
the automated system for conductimetric titration proposed
previously by de Diego et al. (1994) attempts to apply the
“electrodeless conductivity” technique to routine laboratory
work. It provides a useful tool for the systematic and high-
quality measurement of the electrolytic conductivity of
concentrated electrolyte solutions.
Control and automation of chemical processes in industry

require the implementation of “in line” analysis procedures
by the continuous measurement of any changing charac-
teristic parameter in the chemical reaction. The most
popular continuous measurement of pH or the use of ion
selective electrodes becomes inapplicable under certain
conditions, e.g., the presence of fluoride at low values of
pH, which usually occurs in the fluorine-derivatives manu-
facturing industry. In such cases, conductivity can be a
good alternative for monitoring a reaction. The dosification
and dilution of several fluorine-containing acids would be
susceptible to automation by an appropriate conductivity
control, if full sets of reliable (κ, 100w, t) experimental data
corresponding to those chemical systems were available.
In this paper we report specific conductivities of the

aqueous binary systems HBF4 + H2O, H2SiF6 + H2O, and
H2TiF6 + H2O. The measurements cover a wide range of
composition and temperature. In addition, two equations
enabling the interpolation of conductivity data in the whole
range of concentration and temperature studied are pro-
posed.
The three acids are in common use in the fluorine-

derivatives manufacturing industry as raw materials,
intermediates, or final products (Derivados, 1995). An
exhaustive review of their physical, thermodynamical, and
transport properties (Ryss, 1956), as well as their most
important applications (Standen, 1980), can be found
elsewhere. In any case, no conductivity data above 0.1
mol‚dm-3 have been encountered in the literature.

Experimental Details

Materials and Reagents. Concentrations throughout
the text are given in g of product per 100 grams of solution
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(100w) unless otherwise stated. Concentrated stock solu-
tions of HBF4, H2SiF6, and H2TiF6 were prepared by mixing
HF solution of 100w ∼ 70 with, respectively, a stoichio-
metric mass of H3BO3, an excess of SiO2, and an excess of
TiO2. The remaining SiO2 and TiO2 were removed by
filtration and the concentrations were adjusted by dilution
with water. The HF solution of 100w ∼ 70 was purified
from a more concentrated one by a procedure similar to
that described by Mattison (Mattison, 1972). The analysis
of the resulting HF solution yielded very low concentrations
of typical contaminants in HF (H2SiF6, 100w < 0.0005; Cl-,
100w < 0.0005; sulfates, 100w < 0.0001; sulfites, 100w <
0.0002; heavy metals (such as Pb), 100w < 0.000 05; Fe,
100w < 0.0001; phosphates, 100w < 0.0001; Cu, 100w <
0.000 01; As, 100w < 0.000 005). H3BO3 (Merck, p.a.) was
twice recrystallized and SiO2 and TiO2 were from
Merck, p.a. The results obtained from the analysis of
the stock solutions of HBF4 (Booth and Martin, 1949), H2-
SiF6 (Standen, 1980), and H2TiF6 (Ryss, 1956) were as
follows:

MilliQ quality water (Millipore water purification sys-
tem) with κ < 0.05 µS‚cm-1 was used throughout.
Conductivity measurements were made with the auto-

mated system for conductimetric titration described previ-
ously (de Diego et al., 1994). The solution to be titrated is
placed in a Teflon-made reactor which is immersed in a
thermally isolated parafin-oil bath, thermostated at the
work temperature by means of an electrical resistance
(Lauda, MT) and a cooler (Selecta). The solution is
continuously magnetically stirred (SBS, A-05/B). The
upper part of the reactor has several holes for introducing
the “electrodeless conductivity” probe (Polymetron, 8332),
the autoburet (Crison, MicroBU 2031), and other elements
if necessary. The measuring probe is coupled to a conduc-
timeter (Polymetron, Monec 8921). Both the conductimeter
and the autoburet are connected to a computer (PC-AT,
intel 80 286, 16 mHz, 640 kb memory RAM) by RS-232-C
interfaces. A computer program (Conducto) developed in
our laboratory, written in Quickbasic 4.5, controls all the
steps of the titration assay: monitors the conductivity and
temperature of the solution, checks the stability of the
signal, and orders new additions of titrant to the autoburet.
Calibration was done by following the procedure described
by de Diego and Madariaga (1996) with standard solutions
of HCl (HCl Fluka, p.a., purified by a method resembling
that of Mattison (Mattison, 1972)). The concentration of
the HCl stock solution was determined by acid-base
titration (Jeffery et al., 1989) with Na2CO3, Merck, p.a.,
and methyl orange, Merck, p.a., as indicator. The pipets
and autoburets were calibrated by measuring the mass of
the delivered water by a Mettler AJ150 balance ((0.0001
g) at constant temperature.
The data analysis was carried out using NLREG (Sher-

rod, 1995), a nonlinear regression program which mini-
mizes the sum of the squares of absolute errors between

calculated and experimental values and which is based on
an algorithm published by Dennis et al. (1981).
Experimental Procedure. The procedure to measure

the conductivity of solutions like those of HBF4, H2SiF6,
and H2TiF6 as a function of the concentration and the
temperature has been already described (de Diego et al.,
1994), and it will be summarized now. The same measure-
ments were made for each electrolyte at four temperatures
close to 15, 25, 35, and 45 °C. In order to cover a wider
range of concentrations and taking into account the geom-
etry of the reactor and the measuring probe, three titra-
tions were made at each temperature studied. The first
one was the titration of the stock solution of the corre-
sponding acid with water. In the second and third ones,
more diluted acid solutions resulting from, respectively, the
first and second titrations were titrated again using water
as titrant agent. For each case, about (298.10 ( 0.25) cm3

of solution to be titrated was added to the Teflon reactor
and 12 additions of water of (19.91 ( 0.02) cm3 each were
made. The solution in the reactor was magnetically stirred,
and its temperature was kept constant within (0.3 deg.
After each addition, the solution was allowed to come to
thermal equilibrium, and both the temperature (deter-
mined by a resistance thermometer, Pt100, installed inside
the conductivity probe, accurate to (0.1 deg) and the
conductivity (accurate to (0.2% of the measurement) were
measured. Before each titration and with the probe in the
empty reactor thermostated at the working temperature,
the thermocouple was calibrated with the aid of a preca-
librated thermometer and zeroing of the conductimeter was
carried out. Further information about the parameters of
the titrations, stabilization criteria, measuring sign-preci-
sion, and correction factors can be found elsewhere (de
Diego et al., 1994). The overall precision in the specific
conductance was better than (0.3% of the measurement.

Results

Measured specific conductivities, temperatures, and cor-
responding acid concentrations are summarized in Table
1.
General polynomial equations in the concentration (eq

1) and the Casteel-Amis equation (eq 2) (Casteel and
Amis, 1972) have been frequently used to correlate the
specific conductivity with the concentration at constant
temperature for several chemical systems consisting of a
unique electrolyte in any kind of solvent or mixture of
solvents. Both models are described by the following
equations:

where ai are the adjustable coefficients of the polynomial,
100w is the solute concentration in mass percent, and for
the Casteel-Amis equation, m is the molality, κmax is the
maximum of conductivity of the system, mmax is the
concentration at which κmax is attained, and x and y are
adjustable parameters with no physical meaning. The
Casteel-Amis equation has been usually preferred (Bar-
thel and Gores, 1985) because it requires less experimental
information to make reliable extrapolations than polyno-
mial equations do and because it contains two parameters,
κmax and mmax, with a clear graphical meaning. On the
other hand, polynomial equations normally offer high-

HBF4: 100wHBF4
) (49.3 ( 0.1)

100wH3BO3
< 0.1 F ) (1.378 ( 0.002) g‚cm-3

H2SiF6: 100wH2SiF6
) (45.2 ( 0.1)

100wHF < 0.1 F ) (1.445 ( 0.002) g‚cm-3

H2TiF6: 100wH2TiF6
) (59.0 ( 0.1)

100wHF < 0.1 F ) (1.616 ( 0.002) g‚cm-3

κ ) ∑
i)1

i

ai(100w)
i (1)

κ

κmax
) ( m

mmax
)x exp[y(m - mmax)

2 - x
mmax

(m - mmax)]
(2)
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quality fits of data with a smaller number of adjustable
parameters. If extrapolation is required or in studies in
which the determination of the κmax and themmax is of high
importance, the Casteel-Amis equation will be preferred
but, if high-quality values are to be generated by interpola-
tion, the polynomial equation may be chosen. The validity
of the Casteel-Amis equation with the concentration in
mass percent (100w) has also been verified for several
aqueous electrolytic systems (de Diego, 1996).
Conductimetric results given in Table 1 have been fitted

to eq 1 (a fourth degree polynomial has been considered)
and eq 2 by means of NLREG. Mass percents have been
directly considered in both cases. The best sets of param-
eters for the Casteel-Amis equation calculated in this way
have been collected in Table 2, together with the RSD
values (RSD ) SQR{∑(relative errors)2/(number of obser-
vations-number of adjustable parameters)}100) of the
fitting processes, and the percentages of variance explained
(∆σ2) in each case. The “t” statistics of each parameter are
also given in brackets. This statistic is computed by
dividing the estimated value of the parameter by its
calculated standard error. It is a measure of the likelihood
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Figure 1. Distribution of the relative errors (100(κcalc - κexp)/κexp)
between the experimental conductivities and those calculated by
the Casteel-Amis equation with the best sets of adjustable
parameters (see Table 2): (a) HBF4; (b) H2SiF6; (c) H2TiF6; (0)
∼15 °C; (2) ∼25 °C; ([) ∼35 °C; (b) ∼45 °C.
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that the actual value of the parameter is not zero. The
larger the absolute value of “t”, the less likely that the
actual value of the parameter could be zero (Sherrod, 1995).
The “t” statistic can be considered as a test of the statistical
significance of each calculated parameter in the fitting
process.
In the case of the Casteel-Amis equation, all the

calculated parameters show high values of “t” and ∆σ2 (∆σ2
> 99.9), indicating that the four parameters are needed to
give a good fit to the data. Relative errors (100(κcalc - κexp)/
κexp) between calculated an experimental data have been
plotted in Figure 1.

With regard to the polynomial model, high values of ∆σ2
were obtained but several adjustable parameters showed
low values of the “t” statistic. New fits of data to eq 1 were
attempted after removing one by one the parameters with
the lower values of “t” statistic. The polynomial equations
finally chosen to explain the variability of the experimental
data, together with the corresponding values of RSD, ∆σ2,
and “t” are summarized in Table 3. Further elimination
of parameters from the models would have led in each case
to poor fits. Relative errors (100(κcalc - κexp)/κexp) between
calculated and experimental data have been plotted in
Figure 2.

Table 2. Best Sets of Parameters Calculated by Fitting Experimental Data of HBF4, H2SiF6, and H2TiF6 Aqueous
Solutions at Constant Temperature to the Casteel-Amis Equation, Together with the RSD, ∆σ2, and “t” Statistic Values
(in Parentheses) of Each Fitting Process

HBF4

t ) (13.8 ( 0.3) °C t ) (24.7 ( 0.1) °C t ) (36.3 ( 0.2) °C t ) (45.7 ( 0.4) °C

κmax/mS‚cm-1 567.01 ( 0.55 (1036) 654.68 ( 0.44 (1475) 747.00 ( 0.40 (1852) 818.30 ( 0.69 (1186)
(100w)max 31.051 ( 0.055 (566) 30.887 ( 0.042 (742) 30.949 ( 0.035 (896) 30.758 ( 0.056 (549)
x 0.626 ( 0.033 (18.8) 0.709 ( 0.023 (30.5) 0.770 ( 0.018 (41.8) 0.746 ( 0.029 (25.7)
y (-7.23 ( 0.24) × 10-4 (29.8) (-6.08 ( 0.17) × 10-4 (35.8) (-5.32 ( 0.13) × 10-4 (39.7) (-5.10 ( 0.21) × 10-4 (24.3)
RSD 0.40 0.27 0.22 0.38
∆σ2 99.94 99.97 99.98 99.94

H2SiF6

t ) (15.2 ( 0.2) °C t ) (25.3 ( 0.2) °C t ) (35.4 ( 0.2) °C t ) (45.2 ( 0.2) °C

κmax/mS‚cm-1 664.39 ( 0.65 (1015) 759.56 ( 0.63 (1215) 851.25 ( 0.78 (1093) 945.83 ( 0.78 (1206)
(100w)max 28.948 ( 0.048 (601) 29.026 ( 0.042 (696) 29.115 ( 0.046 (627) 29.090 ( 0.042 (696)
x 0.591 ( 0.035 (16.7) 0.647 ( 0.030 (21.4) 0.600 ( 0.033 (18.2) 0.635 ( 0.030 (21.2)
y (-9.54 ( 0.30) × 10-4 (31.8) (-8.85 ( 0.25) × 10-4 (34.7) (-8.90 ( 0.28) × 10-4 (32.0) (-8.83 ( 0.25) × 10-4 (34.9)
RSD 0.43 0.33 0.41 0.48
∆σ2 99.94 99.96 99.94 99.96

H2TiF6

t ) (14.8 ( 0.2) °C t ) (25.2 ( 0.1) °C t ) (35.6 ( 0.2) °C t ) (45.2 ( 0.2) °C

κmax/mS‚cm-1 654.51 ( 0.26 (2532) 740.13 ( 0.39 (1911) 823.35 ( 0.52 (1576) 900.90 ( 0.55 (1631)
(100w)max 33.727 ( 0.026 (1299) 34.135 ( 0.034 (999) 34.456 ( 0.042 (820) 34.826 ( 0.042 (838)
x 0.691 ( 0.018 (38.2) 0.754 ( 0.024 (31.6) 0.789 ( 0.029 (27.5) 0.773 ( 0.028 (27.8)
y (-7.04 ( 0.09) × 10-4 (79.0) (-6.76 ( 0.12) × 10-4 (57.8) (-6.37 ( 0.14) × 10-4 (45.5) (-6.16 ( 0.13) × 10-4 (45.7)
RSD 0.16 0.23 0.27 0.26
∆σ2 99.99 99.98 99.97 99.97

Table 3. Proposed Polynomial Equations To Explain the Variability of the Experimental Data of HBF4, H2SiF6, and
H2TiF6 Aqueous Solutions at Each Temperature Studied: Best Sets of Calculated Parameters Together with RSD, ∆σ2,
and “t” Statistic Values (in Parentheses)

HBF4

t ) (13.8 ( 0.3) °C t ) (24.7 ( 0.1) °C t ) (36.3 ( 0.2) °C t ) (45.7 ( 0.4) °C

a1/mS‚cm-1 36.692 ( 0.080 (459) 43.670 ( 0.093 (470) 50.180 ( 0.060 (836) 56.39 ( 0.10 (567)
a2/mS‚cm-1 -0.6075 ( 0.0038 (160) -0.7566 ( 0.0044 (172) -0.8795 ( 0.0029 (303) -1.0209 ( 0.0047 (217)
a3/mS‚cm-1

a4/mS‚cm-1 (1.23 ( 0.11) × 10-5 (11.2) (2.85 ( 0.12) × 10-5 (23.8) (3.822 ( 0.081) × 10-5 (47.2) (5.46 ( 0.13) × 10-5 (40.8)
RSD 0.40 0.39 0.21 0.34
∆σ2 99.93 99.93 99.98 99.94

H2SiF6

t ) (15.2 ( 0.2) °C t ) (25.3 ( 0.2) °C t ) (35.4 ( 0.2) °C t ) (45.2 ( 0.2) °C

a1/mS‚cm-1 44.778 ( 0.065 (694) 51.063 ( 0.081 (634) 57.335 ( 0.060 (952) 63.539 ( 0.083 (765)
a2/mS‚cm-1 -0.7587( 0.0019 (390) -0.8615 ( 0.0024 (355) -0.9669 ( 0.0018 (532) -1.0705 ( 0.0025 (427)
a3/mS‚cm-1

a4/mS‚cm-1

RSD 0.58 0.59 0.39 0.48
∆σ2 99.89 99.87 99.94 99.91

H2TiF6

t ) (14.8 ( 0.2) °C t ) (25.2 ( 0.1) °C t ) (35.6 ( 0.2) °C t ) (45.2 ( 0.2) °C

a1/mS‚cm-1 31.601 ( 0.032 (988) 35.086 ( 0.072 (487) 38.696 ( 0.079 (492) 42.036 ( 0.056 (757)
a2/mS‚cm-1

a3/mS‚cm-1 (-1.540 ( 0.006) × 10-2 (262) (-1.165 ( 0.013) × 10-2 (126) (-1.788 ( 0.014) × 10-2 (125) (-1.913 ( 0.010) × 10-2 (105)
a4/mS‚cm-1 (1.372 ( 0.009) × 10-4 (151) (1.434 ( 0.020) × 10-4 (70.6) (1.547 ( 0.022) × 10-4 (69.9) (1.649 ( 0.016) × 10-4 (105)
RSD 0.28 0.58 0.56 0.26
∆σ2 99.97 99.87 99.88 99.95
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Discussion

No other conductivity measurements on the systems
studied have been found, so that comparison is not possible.
Nevertheless, the obtained κ vs c diagrams at different
temperatures show that the conductimetric behavior of
each electrolytic system investigated is similar to those of
other aqueous electrolyte solutions. A maximum of con-
ductivity is always attained at intermediate concentrations
if the solubility of the systems allows it (Valiashko and
Ivanov, 1974; Molenat, 1969). Besides, the conductivity
values are of the same magnitude as those from other
mineral acids such as HCl, HI, HBr (Haase et al., 1965a),
HNO3 (Haase et al., 1965b), HClO4 (Haase et al., 1965c),
or H2SO4 (Haase et al., 1966).
Increasing temperature tends to increase the conductiv-

ity of a chemical system, although the opposite behavior
has also been observed in the case of a few electrolyte
solutions in very restricted intervals of concentrations
(Barthel, 1985). The position of the maximum of conduc-
tivity is also influenced by the temperature (Barthel et al.,
1979). It usually shifts to higher concentrations with

increasing temperature, the amount of this shift being a
characteristic of each system. The (100w)max values cal-
culated at different temperatures (see Table 2), taking into
account their precisions, confirm the shift to higher con-
centrations in the case of H2SiF6 and H2TiF6. On the
contrary, the position of the maximum seems not to be
significantly influenced by the temperature for HBF4.
With regard to the models proposed to explain the

randomness of the conductivity vs mass percent data, the
results confirm the suitability of the Casteel-Amis equa-
tion as a general model to fit (κ, 100w)t data from electrolyte
solutions. The proposed polynomial equations provide fits
of experimental data of similar quality with fewer adjust-
able parameters. Both models may be applied to the
automatic “in line” control of concentrations in industrial
processes by continuous measurement of the conductivity.
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