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The potential of the cell

Be’|BeF,, LiF|HF, H,, Pt

was measured over a composition range of 0.30-0.90 mol fraction of BeF, and a temperature range of 500-900°,

Since the

cell potential was related to the activity of BeF; in the solutions by

RT
E=E°—= == (PﬁzaBeFa/PHFz)

activity coefficients could be derived for BeF, (and by a Gibbs-Duhem integration for LiF),

2F

Usefully accurate measure-

ments could not be made with pure BeF; in the cell; hence values of E° were calculated using values for aper, derived from
the phase diagram and a previously reported heat of fusion (1.18 kcal/mol) giving E° = 2.4430 — 0.0007952T V. This
comparison of the emf data with the LiF-BeF; phase diagram also indicated that the heat of fusion for BeF, is <2.0 kcal/
mol. A power series in xrip was asswmed for log veer, and the coefficients were determined by a least-squares fit to the
data. This gave

36293
T

108 vBors = (3.878 - 2—3zf’i*)xm2 i (—-40.738 i wrird + (94.400 - 8478.,71)me“ + (-—-67.418 + 52924)xms

T

Formation free energies and heats for BeF: and BeO were also calculated by combining the results of the present study

with available thermochemical data.
electrodes, both beihg stable and reproducible.

I. Introduction

Precise emf measurements in molten fluoride solu-
tions have been difficult to achieve in the past because
of the lack of reliable electrodes, container materials,
and insulators. In connection with the development
of the molten salt reactor experiment (MSRE) at
this laboratory,? techniques have been developed for
purifying and containing molten fluoride melts—
principally LiF-BeF, mixtures. Dirian, Romberger,
and Baes? used these techniques in a study of the cell

Be?|0.33 BeF,, 0.67 LiF|HF, H,, Pd

They found from polarization mieasurements that
the Be?+|Be® and the H,, HF|F~ electrodes were re-
versible. The purposes of the present investigatién
were (1) to examire further tlie suitability of these
electrodes as reference electrodes in such melts and
(2) to use this cell, with the assumed cell reaction

Be'(s) + 2HF(5) = BeFy(soln) + Hy(e) M

to extend and improve the thermodynamics of tlie
important and interesting LiF-BeF, system.

Thus far, activity data for the LiF-BeF, system
have been obtained from mass spectroscopic studies
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The Be2+|B¢° and HF, HgIF‘ electrodes performed acceptably for use as reference

of the vapor,®® from the phase diagram,”® from émf
measurments,® and from transpiration measurements
of gaseous HF-H,O mixtures equilibrated with the
molten fluoride mixture.’® The values derived from
the phase data, besides being nonisothermal, have
been limited in accuracy because the BeF, liquidus
has been difficult to determine. In addition, various
estimates” #1012 for the heat of fusion for BeF, are
not in agreement.” Mass spectroscopic and emf
values of the activity were determined for only a
limited number of compositions and temperatures.
Probably the best activity values are those determined
by Mathews and Baes!® using a transpiration method
to equilibrate gaseous HF-H,O mixtures with molten
LiF-BeF, mixtures. However, activities derived from
these heterogeneous equilibria were of somewhat
limited precision (*6%) and the equilibrium quotients
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Figure 1.—Phase diagram of the LiF-BeF; system.

Shaded portion represents composition and temperature range of emf

measurements,

were measured in the presence of BeO as a saturating
solid which might have influenced the activity values.

In the present investigation emf measurements were
made over a composition range of 0.30-0.90 mol frac-
tion of BeF; and a temperature range of 500-900°
(Figure 1). An attempt was made to make measure-
ments in pure BeF,, but results of useful accuracy
could not be obtained presumably because of its high
viscosity and/or high electrical resistivity. Even
at 900°, pure BeF; is very viscous (about 180 P2).
The nickel cell vessel was not heated above 900° be-
cause of the tendency of the metal to soften at such
elevated temperatures. The melting points of mix-
tures below 0.33 BeF; increase rapidly as the con-
centration approaches pure LiF as shown in the LiF-
BeF; phase diagram!? in Figure 1. The lower BeF;
concentrations (below 0.30 BeFs) were not investigated,
therefore, since the accessible temperature range was
so limited. , o

According to the assumed cell reaction (eq 1), the
cell potential should be dependent on the activity of
BeF,, the activity of berylhum metal, and the partial
pressures of HF and Ho

RT PBZG,BEFQ

E=E —5pn Prrlape

3F @)

Previous measurements? with the HF-H: electrode,
as well as the present ones, indicate the gases to be
sufficiently ideal at the elevated temperatures and low-

(13) C. T. Moynihan and 8. Cantor, USAEC Report ORNL-4076, Dec
1966, p 25, ’
(14) R. E. Thoma, et al., J. Nucl, Mater., 27, No. 2, 176 (1968),

pressure levels involved to allow the use of partial
pressures in place of fugacities in this Nernst expression.

In this study, mixtures of HF-H, were bubbled
through molten LiF-BeF, and the partial pressures
of the gases were determined by alkalimetric titration
and gas volume measurements. The measured cell
potential (E) was then corrected for the effect of the
gas pressure quotient

PH2

B, e @®)

E+—1

The corrected potential F, is related to the activity
of BeF, by

E. = E° — RTln ABeF,

5F (4)

assuming the activity of Be® to be unity.

Notation

The number preceding ‘‘BeF,” Jenotes
mole fraction

Total pressure (atm), partial pressures
(atm), volume (l.) per unit time, and
temperature (°K) in the region where
gas enters the melt

Corresponding measurements at the Bub-

0.00 BeF:

Pr, Pur, Pu,, V, T

POT, POHz: VO, To

ble-O-Meter

Pg, P’g,0 Barometric pressure and vapor pressure
of H,O at T

Pogp The approximate partial pressure of HF
at the titrator (see below)

AP Pressure drop required to maintain gas

flow through the melt
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E Cell potential measured experimentally
for a fixed BeF, concentration and tem-
perature

E, The observed cell potential corrected to a
gas pressure quotient of unity (eq 3)

E° The standard cell potential with pure

BeF; as the standard state

II. Experimental Section

Chemicals.—Commercial hydrogen and helium were purified
by passage through magnesium perchlorate and liquid nitrogen
traps. Anhydrous hydrogen fluoride (99.9%) was used without
further purification. Lithium fluoride (99.5%) was obtained
from American Potash and Chemical Corp. Beryllium fluoride
(from Brush Beryllium Corp. and from K & K Laboratories,
Inc.) was vacuum distilled at 850° to remove reducible impurities
which ‘‘poisoned’’ the electrodes (see below). - ..

Apparatus.—The electrode vessel, constructed of 2.5-in. sched-
ule 40 nickel pipe, 10 in. long, was separated into two compart-
ments by a nickel sheet which extended to within 0.5 in. of the
bhottom and was so welded in place that the only salt contact
between the two compartments was through this lower opening.
Each compartment was equipped with a Swagelok fitting through
which melt components could be added or an electrode inserted,
a gas exit tube, and a thermocouple well. The Swageloks,
which were water cooled, were equipped with Teflon insulator
seals when the electrodes were inserted. The reaction vessel
was located inside an upright tube furnace, the temperature of
which was controlled by an L & N Series 60 DAT control unit.

The HF manifold pressure was controlled by regulating the
temperature of the HF supply cylinder. The HF flow was con-
trolled by a mass spectrometer leak valve.'* A pressure relief
valve was used to obtain a constant hydrogen manifold pressure
and the flow was controlled by a needle valve.

Electrodes.—The H;-HF--Pd electrode used by Dirian, ef
al.,* consisted of an open-ended palladium tube through which
the gas mixture was bubbled. We found that while this arrange-
ment produced stable potentials, it was somewhat noisy (=1
mV)., Much less noisy electrodes ((£=0.1 mV) were prepared
by forming an egg-shaped bag of platinum gauze around the
end of a nickel tube, tying it securely in place with small-diameter
nickel wire, and crimping the free end so that the HF-H, mixture
passing through the nickel tubing was forced through the gauze.

The beryllium electrode consisted of a cylinder of beryllium
metal held in place 0.5 in. from the end of a nickel tube by crimp-
ing the tube slightly above and below it. Helium gas was passed
through the tube to mix thesalt. When the beryllium was placed
too close to the tip of the nickel tube, the effect of helium bubbling
was to make the electrode noisy. This was probably due to gas
bubbles temporarily insulating the beryllium from the melt.

Measurements.—Four series of measurements were made,
each beginning with a freshly prepared melt—either 0.33 BeF:
or pure BeF; to which LiF or BeF, was added in increments
to change the melt composition. At each composition the cell
potential was measured as a function of temperature. The noise
level of the potential varied from =£=0.2 mV to as high as £1.0
mV for the high-viscosity melts, but it did not show any drift
toward a higher or lower potential. The temperature of the melt
was determined by a calibrated chromel-alumel thermocouple

positioned carefully to the exact depth of the electrode to reduce .

any error in temperature readings caused by thermal gradients
in the melt.
rect the observed cell potentials (eq 3) were determined as follows.
The moles of HF (ngr) found by alkalimetric titration to be
present in a measured volume of gas (V?) was used first to de-
termine an approximate partial pressure Pyr

Py = napRT/V°
The following more exact expression! for the partial pressure of

(15) Diaphragm-type adjustable-leak valve (Reference No. C-I 24492A)
obtained from ORGDP, Oak Ridge, Tenn.

The partial pressures Pg, and Pgr required to cor-
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HF (Pgr) at the electrode includes the effect of the barometric
pressure Pp, the pressure drop (AP) caused by the pressure
required to maintain bubbling through the melt and the titrator,
and the saturation of the hydrogen stream with water (giving a
partial pressure Pg,0) prior to measuring the flow rate

Py + AP

Yo
= 0 o ‘4‘»
Par = Plar Py —~ Pgyo + P“HF] - ®)

The value of Pg, is then given by
Pp, = Pg 4+ AP — Pgr (6)

Errors.—The HF-H; mixtures were analyzed hefore and after
entering the HF-Ho; electrode compartment, and no discrepancy
between the two could be detected. These analyses were per-
formed periodically on all compositions up to 0.60 BeF; and tem-
peratures up to 700°. (Melts of higher BeF; concentrations
were not checked in this manner because difficulty was encoun-
tered in keeping the flow rate constant through these high-
viscosity melts when the split-flow technique was attempted.)
This indicates either (1) that no appreciable loss of HF occurred
by diffusion to and reaction with the beryllium electrode and
that no significant hydrogen loss occurred by diffusion through the
walls of the nickel vessel, or (2) that if these effects were ap-
preciable, they approximately cancelled one another. To test
the possibility that Hy; and HF might tend to separate along the
thermal gradient in the reaction vessel or that the electrodes were
cooled significantly by the gas flowing to them, we varied the gas
flow rate from 23 to 160 ml/min. This increase resulted in about
a 1-mV increase in cell potential. Owver the range of flow rates
employed in the measurements, this corresponds to less than a
0.3-mV change in cell potential.

Early in the experimental work it was found that impurities
present in commercial BeF; (e.g., 1000 ppm total of Fe, Cr, Co,
and Ni) were reduced at and poisoned both electrodes, causing
reductions of the cell potential by as much as 0.5 V. With
distilled BeF;, containing only trace amounts of impurities,
poisoning was not noted and this material was used for all mea-
surements in this investigation. Since HF-H, sparging is a
standard purification procedure for removing oxides fresh fluoride
melts,! the use of HF-H; as one of the electrode #saterials in the
present study undoubtedly kept the oxide concentrasipn small.
Typically, beryllium metal contains about 1060-4000 ppm of
oxygen.” Using the larger value, the maximum céncéntration
of oxide contributed by the beryllium electrode would have been
10~% mol/kg, which is about one order of magnitude bejow the
solubility of BeO.® Therefore, no significant errot # expected
owing to oxide contamination of the melt.

A composition error was discovered at the end of one run,
caused apparently by distillation losses from pure BeF; during a
prolonged period above 800°, where the vapor pressure is ap-
preciable.® After subsequent additions of LiF, a thermal analy-
sis® indicated the amount of the composition error.

The random errors in the measured quantities were estimated
to be 0.5 mV for the cell potential, ==0.5° for the temperature,
and 0.001 atm for Pyr. These errors were predicted to produce,
typically, a standard deviation of about 2 mV for the corrected
cell potential, consistent with observed scatter of abowt 1-3 mV.
The major source of this uncertainty was the +=0.001-atm uncer-
tainty in Pgr which in turn was caused by the limited precision
of the HF flow rate. e ==

III. Results and Discussion
The corrected cell potentials (Table I) were least-

(16) J. H. Shaffer, USAEC Report ORNL-3078, July 1064, p 288.

(17) G. E. Darwin and J. H, Buddery, “Beryllium,” Butterworth and Co.
Ltd., London, 1960, p 85.

(18) B. F. Hitch and C. F. Baes, Jr., USAEC Report ORNL-4076, Dec
1066, p 19.

(19) S. Cantor, ¢t al., USAEC Report ORNL-3913, Dec 1965, p 27.

(20) Temperature—composition values used here for the BeF: liquidus were
supplied by 8. Cantor of this laboratory,
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Figure 2.—Correlation of E, with BeF; liquidus data according to eq 9.

TABLE 1

PrEsSURE-CORRECTED CELL PoTENTIALS (E,) OBTAINED
FROM MEASUREMENTS IN MOLTEN LiF-BeF;

g, |

Temp. Temp. E Temp. E

*ser (°c§) (volts) ¥er, (CC)p (volts) XB"—Fz ©CO)  (volts)
030  385.1 1.8864 | 0.50  617.3 1.7620 | 0.80  800.4 1,6027
030  646.0 1.8447 | 0.50 568.3 1.7991 | 0.80  751.0 1,6335
0.30 6962 1.8126 | 0.50 546.6 1.8127 | 0.80  656.5 1,7132
030 7320 1.7822 | 0,50 503.3 1.8467 | 0.80  632.5 1.7252
0.30  609.2 1.8680 | 0,50  511.8 1.8387 || 0.80  704.9 11,6725
0.30  681.0 1.8213 | 0.50 6085 1.7671 || 0.80  754.0 1.6321
033 5620 1.8812 | 0-50 6131 1.7648 | 0.80 6810 1.6907
033 5140 1.01sy |l 050 6852 17116 | 0.80 6335 1.7205
033 601.0 1sser | 050 6810 1.7163 | 0.80 6115 1.7484
0.33 6405 18230 | 0-50 6328 17516 | 0.80  639.7 1.7206
033 6980 1780y | 050 S615 1.8022 | 0.79  887.5 1.5304
033 6241 1307 050 728.0 1.6765 | 079 810.0 1.5967
035 5650 1s7sy| 050 7070 1.6972 | 0.79  735.4 1.6482
035 7208 17653 | 0-50  658.0 1.7340 | 0.79  663.0 1,7051
033 520.0 1.9035 | 0.60  637.0 1.7263 || 079  616.0 1.7387
0.33 6172 1.8436 | 0.60 566.5 1.7856 (| O/  8i4l 1.5909
033 617.2 1.8396 | 0.60  735.0 1.6555 | 0.90  804.1 1.5819
0.33  550.0 1.8857 | 0.60 6370 1.7283 || 0.90  866.0 1,5307
033 624.5 1.8356 | 0.60 591.1 1.7656 | 0.90  754.8 1.6208
0.33  671.0 1.8016 | 0.60  521.0 1.8160 || 0.90  706.2 1.6613
0.33 8120 1.7081 | 0.60 591.0 1.7672 || 0.90  778.0 1.5996
0.40 5975 1.8069 | 0-60  591.0 1.7667 | 0.90  876.5 1.5277
0.40  600.5 1.8000 | 0-60  521.2 1.8170 || 0.90  802.5 11,5905
0.40  609.5 17001 | 060  710.0 1.6760 | 0.90  702.0 1.6620
0.40  661.2 1.7623 | 060  709.0 1.6771

0.40  686.6 1.7430| 060 6620 1.7128

0.40  685.8 1.7478 | 0.69  760.0 1.6310

0,40 5282 1.8578 | 0.69  706.5 1.6736

0.40  528.2 1.8578 | 0.60  609.6 1.7477

0.40  536.5 1.8540 | 0.60  562.0 1.7844

0.40  535.0 1.85221 0.69  663.0 1.7085

0.40  706.0 1.7337 | 0.60  794.9 1.6079

0.40  706.0 1

.7316

squared to the expression E, = 4 + BI at each com-
position. The values of 4 and B obtained are listed in
Table II.

Thermodynamics of LiF-BeF,—The activity of
BeF; may be calculated from eq 4 using the emf data
(E.) obtained in this study if the appropriate values
for the standard cell potential (E°) are known. As
mentioned previously, several attempts were made to
determine E° experimentally, but values of useful ac-
curacy could not be obtained because of the high vis-
cosity and possibly because of the high electrical re-
sistivity of pure BeF,.

The values of E, obtained for various BeF; com-
positions do not lend themselves to direct extrapolation
to £°. However, the standard cell potential may be
calculated by relating data in this study with the
BeF; liquidus data in the following manner. If the
assumption is made that the standard cell potential
(E®) varies linearly with temperature (E° = 4° -+
B°T),% then eq 4 may be written

o ° RT
E0=A +B T‘—é"ﬁlnaBef‘z

2F(A° + B°T — E,)
T M

In aper, =

It is then possible to equate eq 7 to

®

(21) Using the heat capacity data in the TANAF tables, the AC), effect
over a temperature range of 450-900° was evaluated and found to produce
a negligible deviation from a linear dependence of E° on temperature, The
ACp correction also produces negligible changes in the plot in Figure 2,
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TaBLE II
PARAMETERS IN THE EXPRESSION E = 4 + BT (VoLts)
XBeF, A oA 103B 10%0p ¢E, mV
0.30 2.4521 0.0053 -0.6607 0.0080 0.98
0.33 2.4602 0.0048 —~0.6944 0.0077 2.28
0.40 2.4258 0.0040 —0.7091 0.0065 1.56
0.50 2.,4179 0.0041 —0.7369 0.0065 1.68
0.60 2.4162 0.0054 -0.75637 0.0061 1.08
0.70 2.4226 0.0049 —0,7643 0.0071 1.42
0.80 2.4149 0.0072 —0.7595 0.0101 3.28
0.90 2.4296 0.0162 —0.7861 0.0205 3.54

(where AH; is the heat of fusion of BeF; and T is the
melting point of pure BeF.) to obtain at the BeF,
liquidus temperatures and compositions a relationship
between 4°, B°, AH;, and E,, Combining eq 7 and 8

2F(4° 4+ B°T — E,) _ _AHi(1 1)

RT R\T Tt
which may be rearranged to

2FE, _ ,pno  AH;
T 2FB Ty

+ (@FA° + AHD ©)

This relationship permits correlation of the data (E.)
obtained in the present investigation with the phase
diagram data!* since a plot of 2FE,/T vs. 1/T should
be linear. Using the least-squares parameters for
each composition (Table II), values for E, were cal-
culated for the liquidus temperatures at 0.515, 0.80,
0.70, 0.80, and 0.90 BeF; and then plotted according
to eq 9, Figure 2.2 The resulting points follow the
predicted linear relationship within their estimated
uncertainties. Parameters for the least-squared line
in Figure 2 are

intercept = —0.03805 == 0.0034 (kcal/deg) = 2FB°® — 9%‘

(10)
slope = 113.84 == 2,48 (kcal) = 2FA4° + AH; 11)

The point at 0.90 BeF, was not used because the un-
certainty in E, is relatively large.

When values for 4° and B° were calculated using
various literature values for the heat of fusion of BeF,
and a melting point of 555° for pure BeF;, it was found
that a heat of fusion >2.0 kcal/mol yields values of
E° which are greater than corresponding values of
E. at the higher BeF; concentrations (Figure 8). This
creates an impossible situation in which the activity
of BeF; in the mixture is greater than the activity of
pure liquid BeFs. Thus the results of this study clearly
support the lower values for the heat of fusion for
Ber.ll,IZ

The emf data (Z,) obtained in the present study
were fitted by least squares to the empirical eq III
in Table III, using the calorimetric value (1.13 kcal/
mol) of Taylor and Gardner!? for the heat of fusion
of BeF,. The resulting smoothed lines for E, at
various BeF: concentrations are shown in Figure 4.
The average deviation of the measured E, values from
these smoothed values was approximately =*=2.5 mV
or 1.41 standard deviations.
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Figure 3.—Effect of the heat of fusion of BeF, in determining
E° (dashed lines). The solid lines represent E, for various mole
fractions of BeF;. '
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Figure 4,—Pressure-corrected cell potentials (E.) as a function of
temperature based on equations in Table IV,

A Gibbs-Duhem integration for the expression for
vBer, (eq III, Table III) was carried out to give the
corresponding expression for ynir (eq IV, Table III).
The integration constant for eq IV was determined by
comparison with yyrir values derived from the liquidus
data’® with a heat of fusion of 6.47 kcal/mol?? for LiF.
A more accurate evaluation of the integration constant

(22) T. B. Douglas and J. L. Dever, J. Am. Chem. Soc., 76, 4826 (1954).
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TABLE IIIL

EXPRESSIONS 1 OR CiLL POTENTIALS
AND AcTIiviTy COEFFICIENTS 1N THE LiF-BeF: SYsTEM

Eq No.

. 2.
I E, = E° —~ 23IFiT log %rer, — —zﬁ— log vBeFs
I  E° = 2.4430 — 0.00079627T"
III  log vsers = (3 878 — 33#)xm2 + (—40.738 +
36i93) Lir® (94 400 — 8428,71)961;m*‘1 -+
4
( 67.418 4 2292 )xm5
IV * log yup = 0.938 — 202 + ( 36.973 + 14653)xmz +
74589

(126.095 - )xgep? + (—-158.417 +

11372:)92)95B9F24 + (67 418 — 52;24)95&51’25

a Calculated from eq 10 and 11 using a heat of fution for BeF,
of 1.13 kcal/mol.

X
BeF,

Figure 5.—Activity coefficients in molten LiF-BeF; mixtures
based on eq IIT and IV of Table III.

should be possible when the heat of mixing measure-
ments of Holm and Kleppa?® become available for the
LiF-Bel; system.

Smoothed values of vger, are shown as a function of
composition at several temperatures in Figure 5. These
results are consistent with those obtained by Mathews
and Baes!® over a composition range 0.30-0.60 BeF..
However at xger, > 0.60 the two sets of results diverge.
The values obtained in the present study are thought
to be the more reliable since they are comnsistent both
with the phase data and with a low heat of fusion for
BeF;. The previous measurements at compositions
>0.60 BeF; might have been affected by difficulties
in mixing LiF and BeF: at high BeF, concentrations
and by BeO saturation. In the present study it was
found that at 0.90 BeF;, a well-mixed melt was not
otdgined until the temperature was raised above
850°. This procedure was followed at all high BeF,
concentrations to ensure proper mixing of the LiF-
BeF;. The effect of the presence of BeO as a saturating
solid should have been inappreciable for compositions

(28) J. L. Holm and O. J. Kleppa, Inorg. Chem., 8, 207 (1969),
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up to 0.50 BeF; since the solubility of BeO was known
to be low (<0.1 mol 9,'%); however, if its solubility
increases with further increases in BeF: content, this
might have appreciably affected the results of Mathews
and Baes.

The free energy and heat of the cell reaction (eq I)
were calculated and combined with the available
thermochemical values for HF?* to derive the free
energy and heat of formation for liquid BeF, (Table
IV). Mathews and Baes!® measured the equilibrium
quotient for the reaction

H;O(g) + BeF:(soln) =2 2HF(g) + BeO(s) (12)

If eq 12 is combined with the reaction in eq 1, the result
is
H.0(g) + Be(s) 2== BeO(s) + Hi(g) (13)

The free energy and heat of this last reaction thus could
be obtained by combining the two sets of tmeasure-
ments at each composition (<0.60 BeF,) where they
are consistent, and, since the thermochemical data for
H,0 are accurately known, improved free energy and
heats of formation for BeO could be calculated (Table
IV). These calculations were made for a temperature
of 900°K and values were generated at other tempera-
tures using the heat capacity data in the JANAF
tables.?* From the AG; values thus obtained at 298°K,
AH; values were also calculated using third-law AS:
values derived from the JANAF tables.

The JANAF value for AH; of BeO—an oxygen-
bomb calorimeter measurement of Cosgrove and
Snyder®—differs from the present one by much more
(>2 kcal) than its reported uncertainty (0.1 kcal).
Since the discrepancy also is considerably greater than
the estimated error in the present values, we can only
suggest that an unsuspected error was present in the

TaBLE IV
ForMATION HEATS AND FREE ENERGIES OF BeF; AND BeO
Temp, AHg, AGs,
°K State keal/mol keal/mol
Ber
—246.0 —~234.4
298 c (—245.7)
(—242.3 & 2p (—231.0 =2y
800 c —244.8 ~215.5
900 1 —243.1 %1 —211.9+1
1000 1 —242.5 ~208.5
BeO
—145.9 ~138.4
208 c (—145.3)=
(—143.1 £ 0.1» (—136.1 1%
800 c —145.7 ~125.7
900 c ~145.6 —123.2 0.5
1000 c ~145.5 —120.7

¢ AH; values derived from present AG; values at 298°K and
third-law entropies from JANAF tables. ° See ref 24.

(24) “JANAF Thermochemical Tables,” Clearing House for Federal Sci-
entific and Technical Information, U. S. Department of Commerce, Aug
1965.

(25) L. A. Cosgrove and P. E, Snyder, J. Am. Chem. Soc., 16, 3102 (1953).
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cuorimetric measuremetits. The JANAF value for
AH; of BeFy—based on measurements of Kolesov,
Popov, and Skuratov? of heats of solution of BeO and
BeF; in aqueous HF—includes the JANAF value for
AH; of BeO. 1If the present value for BeO is intro-
duced, the effect is to reducé the discrepancy between
the present values for BeF; and that given by ]ANAF
to less than their combined uncertainties.

Reference Electrodes.—Both electrode half-cells
used in the present investigation performed acceptably
for use as reference electrodes, both being stable and
reproducible.

The Be?+Be? electrode should work well in any melt
containing berylhum ions, provided no reducible
cations are constituents of the solution. Potential fluc-
tuations due to this electrode were masked in the
present study by the fluctuations due to the HF-H,
electrode but should be less than £0.1 mV. Beryllium
electrodes were fabricated from three different batches
of beryllium metal and no discrepancies in potentials
were noted when the electrodes were interchanged.
Therefore, the electrode response does not appear to
be a function of a particular batch of beryllium metal.

The beryllium electrode does not appear to be suitable

(26) V. P. Kolesov, M. M, Popov, and S. M. Skuratov, Russ. J. Inorg.
Chem., 4, 557 (1959).
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for small cell compartments since mass transfer causes
the electrode to become enlarged owing to spongy
deposition of the beryllium metal, and eventually
electrical shorts develop between the electrode and
the cell compartment wall.

The Pt, HF, H,|F~ electrode should be a suitable
reference electrode in any fluoride-containing melt in
which solut1on constituents undergo no' oxidation by
HF or reduction by H, The solubility of HF in
L1F—BeF2 is low? (about 0.0003 mol fraction for the
part1al pressures of HF used in this study), and no
significant. solubility of hydrogen is expected in this
system. Potential fluctuations due to this electrode
appear to be a function of the melt viscosity. Flue-
tuations were about 0.1 mV in melts with a viscosity
of 1 P or less. X

The precision of this electrode was limited somewhat
in the present study by the method of HF delivery, as
prev1ously mentioned: In future experiments it is
planned to prepare the H,-HF mixture by passing
hydrogen through a thermostated NaHF, bed. It
is hoped that this will be a more precise method of
producing mixtures of HF and H; of constant com-
position.

(27) P. E. Field and J. H. Shaffer, J. Phys. Chem., T1, 3320 (1967).
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The integral enthalpies of mixing of the liquid mixtures of beryllium fluoride with lithium fluoride, potassium fluoride, and
rubidium fluoride have been determined calorimetrically at 862°, T he beryllium fluoride-lithium fluoride system has an
S-shaped enthalpy curve with positive values in the high lithium fluoride range. The beryllium fluoride~potassium fluoride
system is exothermic at all compositions, but the curvature of the enthalpy of mixing curve is positive at high beryllium
fluoride contents. The strong, energetic asymmetry of the considered systems is attributed to the energy associated with
the breakdown of the network structure of liquid BeFs. The data also indicate the existence of the complex anionic species
BeF?~, particularly in the concentration range 0~50 mol % BeF; in mixtures with KF and RbF. For the system BeF,-LiF
tlie partial excess enthalpies of BeF; have been derived from our data for comparison with correspondmg excess free energies
available in the literature. The comparison shows that the partial excess entropies of BeF, in this system are positive,
rising from zero at Ng.r, = 1 to values of the order of 3.0 cal/deg mol at about 309; BeF.. The partial excess entropies of
BeF; at high to intermiediate contents of BeF; are to some extent consistent with a model proposed by F;zsrland based on a
random distribittion of brldgmg and nonbridging fluoride ions.

Introduction

Mixtures of molten fluorides constitute an important
and interesting group of solutions, both from a theo-
retical point of view and because of their technological
applications. However,  unlike most other halides,
they cannot be handled in fused silica containers, and
requiire special techniques and special container ma-
terials. Thus, they cannot be investigated by the
‘“‘break-off”’ techniqué which we have used extensively

in calorimetric studies of mixed nitrates and halides.!2

During the past year we have developed techniques
and methods which allow the study of molten fluoride
mixtures by means of high-temperature reaction
calorimetry. The first report on this work is given
in the recent paper by Holm and Kleppa® on binary

(1) O. 7. Kleppa and L. $. Hersh, J. Chem. Phys., 84, 351 (1961),
(2) L. S. Hersh and O. J. Kleppa, ibid., 43, 1309 (1965).
(38) J. L. Holm and O. J. Kleppa, #bid., 49, 2425 (1968).



