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FREE ENERGIES OF FORMATION OF FERROUS AND FERRIC FLUORIDE
BY ELECTROMOTIVE FORCE MEASUREMENTS

by

Seth C, Schaefer!

ABSTRACT

The Bureau of Mines studied the standard free energiesz of formation of
ferrous fluoride (FeF,) and ferric fluoride (FeFs) with high-temperature
galvanic cells employing calcium fluoride doped with 1 mole-pct yttrium
fluoride as the electrolyte.

A free-energy change for the cell reaction
Fe(s) + NiF,(s) = FeF,(s) + Ni(s) ¢

together with the standard free energy of formation of nickel fluoride yields
a standard free energy of formation of ferrous fluoride from the elements of

AGE® = -168.74 + 30.63 X 1073T % 0.41 kcal/mole (897-1,098 K). (2)

Combining the standard free energies of formation of magnesium fluoride,
ferric oxide, and magnesium oxide with the free-energy change for the overall
cell reaction

3MgO(s) + 2FeFgz(s) = 3MgF; (s) + Fey03(s) (3)

gives a standard free energy of formation of ferric fluoride from the elements
as

AGE® = -281.45 + 90.46 X 1073T * 0.67 kcal/mole (880-935 K). (4)

Free energies and equilibrium fluorine pressures for the two univariant
equilibria of the Fe-F system are tabulated and illustrated.

1Metallurgist, Thermodynamics Laboratory.
2The term free energy refers to the Gibbs free energy or Gibbs function and is
designated by the symbol G.




INTRODUCTION

Thermodynamic properties of iron fluoride compounds were investigated
by the Bureau of Mines as part of a continuing study to provide fundamental
thermochemical data for various phases of metallurgical research. Interest
in thermodynamic properties of iron, nickel, and chromium fluorides has
been stimulated by molten-salt, breeder-reactor experiments where fluoride
salts are used as fuel solvents and reactor coolants (7).

Galvanic cells involving solid CaF, electrolytes have been successfully
used to obtain Gibbs energy data for fluorides, carbides, borides, and
phosphides (l1). Extensive investigation of the electrolytic behavior of
CaF, and CaF, doped with YF3 has determined that conduction is primarily
ionic and the transport number of the fluoride ion is essentially unity
(6, 16, 18) even under strong reducing conditions. Since the electronic
conduction is insignificant, the error from this source is negligible. The
method is based on the determination of the difference in chemical potential
of fluorine between an electrode of unknown potential consisting of a metal
and its coexisting fluoride, two coexisting fluorides, or a metal oxide and
its coexisting fluoride of the same metal and a reference electrode of known
fluorine potential. The relationship between the open-circuit potential
of emf cells and the free-energy change for the actual reaction is as
follows:

AG(reaction) = -nFE, 6))

where AG is the change in Gibbs free energy for the cell reaction, n is the
number of electrochemical equivalents necessary to form 1 mole of fluorine,
F is the Faraday constant (23.061 kcal/V equivalent), and E is the emf in
volts.

The states for the solid phases involved in the present investigation
are metals saturated with fluorides, fluorides saturated with metals,
fluorides saturated with oxides, and oxides saturated with fluorides. Inter-
solubility of the various two-phase electrode mixtures was determined to be
negligible by parametric methods. Consequently, no appreciable error would
be introduced in the free energies for the cell reactions by assuming unit
activity for the reactants and products involved in the various cell reactions.

Thermodynamic data for FeF, and FeFs; reported in various compilations
(3-4, 13, 19) include enthalpy (AHfggg.;5) and free energy (AGfSgg.15) of
formation deduced by thermodynamic analyses of equilibrium data, low-
temperature heat capacity data, and estimated high-temperature heat capacity
data. Uncertainties in the enthalpy (AHFZgg,;5) values of (168.7 * 10 and
-249 £ 3 kcal/mole of FeF, and FeFy (3), respectively, are exemplary of
the inadequacies which characterize existing thermodynamic data for fluoride
compounds. Free energies of formation of FeF, obtained from recent emf
measurements (1, 9, 11-12, 17) are included in the discussion.

SUnderlined numbers in parentheses refer to items in the list of references at
the end of this report.
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EXPERIMENTAL WORK
Materials

High-purity metals and reagents obtained commercially, were used without
further purification. X-ray emission and chemical analyses are presented in table 1.
Commercial, ultra-high-purity argon was passed through magnesium perchlorate
(anhydrone) drying agent and was purified of residual oxygen by passing over hot
titanium-zirconium chips to provide an inert atmosphere in the cells used to deter-
mine the free energy of formation of FeF,. Commercial argon, containing approxi-
mately 80 ppm of oxygen, was required to provide a stabilizing atmosphere for cells
employed in the determination of the free energy of formation of FeF;. Single
crystals of CaF,, doped with approximately 1 mole-pct yttrium fluoride, were used as
the electrolyte. Platinum foil connected to nickel wire provided electrical contact
between the external circuit and the cell electrodes. High-density, recrystallized
alumina was used for cell construction. Ascarite was used in the gas-stream exit to
adsorb volatile fluorides.

TABLE 1. - Analyses of reagents

Reagent | Elementl Wt-pct or major Reagent | Element? Wt-pct or major
component component

Co 0.049 Al <0.01
Fe .019 Cu <.01

Ni Si <.003 FeF 4 Mn .20
C .0285 Ni .01
s .0040 Fe *)
Ni >99.8965 Ca <.03
N .000025 Mg <.001
C : .000011 AlFg Ti <.01
S .000050 Al ®)

Fe 0 1.39 :
Ni .036 MgO { g ?53)3
Gu <.0003
Fe >98.573614 Ag <.01
ca 055 MgF, si <.10

Al Mo .013 Mg )
Si .015 Mn .05
Al 99.917 Mo <.03
Ag .030 Fey 05 Si <.01
AL <.010 Fe *)

. Co .032

NiFp Cu .021
Mg <.001
Si <.010
Ti <.003
Ni &),

1Impurities not detected by spectrochemical analyses except as noted in table
were: Ag, Al, As, B, Ba, Be, Bi, Ca, Cb, Cd, Co, Cr, Cu, Fe, Ga, Ge, Hf, Li,
Mg, Mn, Mo, Na, Ni, P, Pb, Pd, Pt, Sb, Si, Sn, Ta, Ti, V, W, Zn, Zr.

Major component.
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assembled cell components by
a spring-loaded electrode
holder shown in figure 1.

An air-cooled aluminum head
with teflon fittings to seal
FIGURE 1. - High-temperature galvanic cell. the electrode leads, pedes-
tal rod, and thermocouple
protection tube was fitted to the top of the tube. The assembled cell was
heated in a 51 mm ID by 305 mm in length vertical resistance furnace. Power
was supplied by a silicon-controller-rectifier power supply. A temperature
gradient of *2,1 K existed over a 15-mm zone. Temperature was maintained to

0.5 K by an Electromax? current-limiting controller. Electrode samples were

positioned in the uniform temperature zone. Sample temperatures were measured

with a platinum versus platinum-10 pct rhodium thermocouple that was protected
by a 7-mm-0D quartz tube and was positioned near the vicinity of the cell. The
thermocouple was standardized against the melting points of ice and gold using

the International Practical Temperature Scale of 1968.
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and cover
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Ferrous fluoride (FeF,) was prepared by blending and annealing stoichio-
metric quantities of Fe and FeFy, in purified argon at 1,025 K for approxi-
mately 30 hours. X-ray diffraction analyses identified only FeF, in the
homogenized sample. Attempts to prepare Fe,Fg by similar techniques were not
successful., X-ray diffraction analyses showed FeF, and FeF; in the annealed
sample indicating that Fe,Fg, which has been reported (2) to exist at 453 K,
is not stable at these elevated temperatures.

4Reference to specific manufacturers and brands of equipment is made for
identification only and does not imply endorsement by the Bureau of Mines.



Electrodes were prepared by blending and compacting metal, metal -fluoride
powder mixtures in ratios between l:1 and 3:1. Metal-fluoride to metal oxide
ratios were varied in mixtures ranging between 1:1 and 2:1. An increase in
the metal -fluoride content of these mixtures improved the cell performance by
decreasing the internal resistance of the cells. Pellets having dimensions of
6 or 12 mm OD by 3 mm in thickness were formed in a steel die under pressures
of 25,000 to 35,000 psi. Compacts consisting of Fe or Ni and their coexisting
fluorides (FeF; or NiF,) were sintered in purified argon at 1,025 K for
approximately 30 hours. Commercial argon, containing approximately 80 ppm of
oxygen, provided a stabilizing atmosphere for sintering compacts consisting of
FeF5; or MgF, and their coexisting oxides (Fe,Oz or MgO). The surfaces of the
sintered compacts were polished flat and fitted against the flat faces of the
CaF, single crystal which had dimensions of 7 or 12 mm OD by 3 mm in thickness.
Assembled cells were purged and operated inpurified or commercial argon. A
positive pressure of approximately 20 mm of Hg and a flow rate of 20 ml/min
was maintained during the experiments. Cells were heated to 900 K and per-
mitted to stabilize for 12 hours. Emf measurements were made with a Keithley
model 630 high-input-impedance potentiometric electrometer, thereby reducing
current flow to an absolute minimum and avoiding polarization of the emf
source. Measurements were completed during the first day, following a pre-
liminary 12-hour stabilization period. Potential measurements were made at
each temperature after they became constant with time. Reversibility of the
cell wag checked by approaching equilibrium from above and below a specified
temperature. Cell response to temperature was rapid for metal, metal-fluoride
cells and normally stabilized in approximately one-half hour after a steady-
state temperature had been attained. Cells employing metal-fluoride, metal-
oxide electrodes were sluggish and required several hours to equilibrate
following each 20 to 30 degree temperature change. Internal resistance for
the metal-fluoride, metal-oxide type of cell was extremely high and conse-
quently special shielding precautions were required to minimize spurious
electric field effects in the high-impedance circuit. Preliminary tests were
conducted for each type of cell to determine operating parameters such as
temperature and electrode composition.

Results and Discussion

A preliminary experiment was designed to calibrate and test the apparatus
by measuring the open-circuit potential for the cell

Al, AlF; // caF, // NiF5, Ni (1)
with the overall reaction
2A1(s) + 3NiF5(s) = 3Ni(s) + 2AlF5(s). (6)
At 900 K a free energy of formation (AGE®) or -123.73 kcal/mole of NiF,,

deduced from these measurements, compares favorably with -123.63 kcal/mole
derived from various calorimetric data (10).




The free energy of formation (AGE°) of ferrous fluoride was determined by
measuring the open-circuit potential for cells of the type

Fe, FeF, // CaF; // NiF,, Ni (11)

with the overall cell reaction

Fe(s) + NiF5;(s) = Ni(s) + FeF,(s).

Results of these measurements are reported in table 2. A standard free energy
of formation (AGf®) of FeF, can be derived from the following relationship:

AG° (cell reaction) = -nFE = AGE° (FeF;) - AGE® (NiFy). )

Potential measurements for the cell reaction together with a standard error of
estimate may be expressed by the least-squares equation

E = 272.1337 + 0.11996T = 1.65 (897 - 1,098 K), (8
where E is expressed in millivolts and the standard error of estimate is

2 1/2
L [ony® - ot LBy -Ban” 1Y

n

Smooth emf data derived from the foregoing linear equation are given in
column 4 of table 2. Representative emf versus temperature data are illus-
trated in figure 2. The corresponding standard free-energy change for the
cell reaction is

AG®° (cell reaction) = -12.551 - 5.53 x 10™3T * 0.076 kcal/mole
(897 - 1,098 K). (9)

TABLE 2. - Electromotive force of cell Ni, Pt, Fe + FeF, // CaF, // NiF, + Ni, Ni

Experiment Temp, K E, mv
number? Measured® Calculateds
5 897.5 381.48+0.115 379.80
6 898.7 382.47% .036 379.94
4 923.2 384.06% .007 382.88
7 948.1 384.76% .062 385.87
11 958.6 385.72% .023 387.13
3 972.1 387.90+ .043 388.75
1 973.2 388.02% .038 388.88
8 1,004.9 390.77% .059 392.68
10 1,005.1 391.10%f .055 392.70
12 1,005.8 391.66% .027 392.79
2 1,019.7 393.89% .013 394.46
15 1,051.0 396.95% ,019 398.21
13 1,052.5 398.92+% .014 398.39
9 1,052.9 399.33% ,007 398.44
14 1,098.7 407.80%f ,117 403.93

1Chronological order of measurements.

SAverage of two measurements taken at l-hour intervals and corrected for a
Seebeck effect at the electrodes.

SCalculated from linear equation E = 272.1337 * 0.11996T * 1.65.
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FIGURE 2. - Emf versus temperature for cell reactions,
In the temperature range 800 to 1,100 K the standard free energy of
formation of NiF, (10) may be expressed as follows:
AGE® (NiF,) = -156.19 + 36.16 x 107°T * 0.40 kcal?mole (800 - 1,100 K) (10)

Combination of the foregoing relationships yields a standard free energy
of formation (AGE°) of ferrous fluoride which may be expressed as follows:

AGE® (FeF;) = -168.74 + 30.63 X 10-3T + 0.41 kcal/mole (897 - 1,098 K).

The standard free energy of formation (AGE®) of ferric fluoride (FeFg)
was determined by measuring the open-circuit potential for the cell

MgO, MgF, // CaF, // FeFs, Fey0,4

(III)




with the overall cell reaction
3MgO(s) + 2FeF,(s) = 3MgF,(s) + Fey05(s).

A composite of 11 potential measurements representing two separate cells can be
described by the least-squares equation and a standard estimate of error as
follows:

E = 14.9111 + 0.56456T = 0.892, (1D

where E is expressed in millivolts. Potential measurements and their
corresponding smooth emf values, derived from the foregoing equation are
presented in columns 3 and 4 of table 3. Representative emf versus tempera-
ture data are plotted in figure 2.

TABLE 3. - Electromotive force of cell Ni, Pt,
Mg0O + MgF, // CaF, // FeF; + Fe,0g,

Pt, Ni

Experiment | Temp, K E, mv

number?! Measured® Calculated®
4 880.9 510.60*+0.10 512.23
7 881.2 512.53%f .065 512.40
5 881.4 514.35% .05 512.51
9 905.6 | 526.72+ .075| 526.17
3 906.1 525.55* .05 526.47
11 910.3 528.45+% 125 528.78
8 929.7 540.34%t .08 539.78
6 931.8 | 540.15%= .05 540.97
1 932.1 541.81+ .07 541.13
2 932.8 | 541.45% .05 541.53
10 934.6 542.61%t .05 542.55

iChronological order of measurements.

Average of two measurements taken at approxi-
mately 30-minute intervals.

SCalculated from linear equation E = 14,9111
+ 0.56456T + 0.892.

The standard free energy for the foregoing cell reaction is obtained from
the following relationship:

AG° (cell reaction) = -nFE = 3AGE°® (MgF,) + AGE® (Fey03)
- 3AGE° (Mg0) - 2AGE® (FeF,) (12)
and may be expressed by the linear equation as:
AG? (cell reaction) = -2.0632 - 78.12 x 1073T * 0.123 kcal

(880 - 935 K). (13)



Free energy data from the literature (3) for MgF,, Fey0z, and MgO are com-
bined with the free energy of reaction data obtained from the present
investigation to yield a least-squares equation and a standard error of
estimate for the free energy of formation of FeFz; as follows:

AGE® (FeFg) = -281.45 + 90.46 X 10-3T + 0.67 kcal/mole (880 - 935 K).

X-ray diffraction analyses and parametric measurements of the electrode
samples obtained from these experiments identified only the desired two
phases and indicated very limited intersolubility as shown in table 4. The
lattice parameter of a solid solution generally changes with composition up
to the saturation limit and then remains constant beyond that point. X-ray
diffraction data, presented in table 4, show no major changes in lattice
parameters or shift in the lines of X-ray patterns for the various components.
Consequently, the intersolubility of the components is limited and the
assumption of unit activity for the reactants and products involved in the
cell reactions would introduce no appreciable error in the free energies of
formation of ferrous and ferric fluoride. Comparison of the lattice
parameters for reagents with data reported in the literature (5, 8, 14-15)
is indicative of the relative purity of the reagents used in the present
investigation.

TABLE 4. - X-ray diffraction analyses of reagents and electrode mixtures
Sample Phases Crystal Lattice parameters, A
designation identified | structure Measured Literature
3y Co 3o S
FeF, FeFgz Hexagonal | 5.201 |13.360 [5.198 (5) 13.331 (5)
MgF, MgF, Tetragonal | 4.6214 | 3.0511}4.623 (14) | 3.052 (14)
Mg0 Mg0 Cubic 4.2132 - 4.213 (15) -
Fe, 03 Fe, 03 Hexagonal | 5.0337 | 13.5721}5.0340 (8) | 13.572 (8)
Fe; 05 + FeFg | Fey05 + Hexagonal | 5.036 |13.710 - -
FeFg Hexagonal | 5.199 | 13.371 - -
MgO + MgF, MgO + Cubic 4.2128 - - -
MgF, Tetragonal | 4.6218 | 3.0502 - -
Fe + FeF, Alpha Fe +
(initial) FeF,
F?fznzife A%gga Fe =+ No detectable shift in lines from initial to final
Ni + NiFp Ni +2NiF2 sample. All patterns not of sufficient quality
(initial) for precise lattice parameter measurements.
Ni + NiF, Ni + NiF,
(final)

Free energies and fluorine pressures for the univariant dissociation
reactions,

FeF, (s) = Fe(s) + F,(g) (14)

and 2FeFa(s) = 2FeF,(s) + Fs(g), (15)




10

as obtained by the present investigation are reported in tables 5 and 6,
respectively. TFigure 3 illustrates the thermodynamic stability of the Fe-F
system for the 900 K isotherm. At 900 K, FeF, is stable at fluorine pressures
ranging from 5.63 X 10-35 to 2.55 X 107°? atm as noted by the vertical line
shown in figure 3. Two horizontal lines shown in figure 3 represent the
fluorine pressures in equilibrium with the condensed phases of the two
univariant equilibria. If the temperature is fixed, all other intensive
properties for each phase of the univariant equilibrium become determinate.

TABLE 5. - Free energy and equilibrium fluorine
pressure for reaction, FeF,(s) =

Fe(s) + Fo(g)

Temp, K AG°, keall PFQ, atm
890 141.481 1.81 x 10-38
900 141.175 5.63 X 10736
920 140.562 4.06 X 10734
940 139.950 2.89 x 10788
960 139.337 1.90 x 10-3%
980 138.725 1.16 x 10731

1,000 138.112 6.54 x 10731
1,020 137.499 3.46 x 1078°
1,040 136.887 1.71 x 10-?9
1,060 136.274 8.00 x 1029
1,080 135.662 3.53 x 10728
1,100 135.049 1.47 x 10-27
lgtandard error of estimate is *0.41 kcal

TABLE 6. - Free energy and equilibrium fluorine
pressure for reaction, 2FeF,(s) =

2FeFs (s) + Fa(g)

Temp, K AG®, kecall P, , atm
890 118.943 6.20 X 10-39
9200 117.746 2.55 x 1072°
910 116.549 1.02 x 10-%8
920 115.353 3.96 x 10728
930 114.156 1.49 x 10727
940 112.960 5.45 X 10727
950 111.763 1.94 x 1076

lgtandard error of estimate is *1.57 kcal

General agreement of the standard free energy of formation (AGE®) at
900 K for ferrous fluoride (FeF,;) with results of recent emf investigations
(1, 9, 11-12) is noted in table 7. Results of one emf investigation (17) are
lower and appear to be in error. The Gibbs free energies of formation of
FeF,, listed in table 7, were derived by combining AGE®° of NiF, (10) with
the free energies of the cell reaction which were measured by the various
investigators. The convention of expressing high-temperature emf data,
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150 A\ | obtained over shoFt tempera -
FeF,(s) = Feh)+F2(g) ture rﬁngeg, by élneaz Equa-
(Pe =563x 1632 atm) tions has been adopted by
Fa™ most emf investigators (1,
_9_s _];].‘.'!‘_2_3 ll)- Slight
A o deviations from linearity
140 |- r . in emf versus temperature

data for the two cell
reactions, illustrated in
figure 2, can be attributed
to experimental limitations.
Small specific heat effects,
130} — other than a phase change
such as melting, would be
difficult to detect with

AG® (reaction), kcal/g-mole F,

2FeF(s)=2FeF,(s)+F(q) this technique, especially
-29 at lower temperatures where
(PF2=2'55X'O atm)~ reactions become sluggish
ok and cell resistance becomes
12 : n extremely high. At high
O O temperatures the rate of
4 4 change of free energies of
FefF, FeFy formation approaches a

constant value. These
linear equations are valid

L 1 ]
A . _
0 10 60 70 80 gnly over specified tempera
ure ranges and are
FLUORINE, at. pct generally not suitable for

extraction of values of heat
FIGURE 3. - Free energy and equilibrium fluorine pres- and entropy of formation.

sure for the Fe-F system at 900 K. Values of thermodynamic
properties of FeF, which
have been reported in compilations (3-4, 13, 19) are based on uncertain
equilibrium measurements, low-temperature heat capacity data, and estimated
high-temperature heat capacity data.

A third-law analysis, employing the present AG° (cell reaction) data,
entropy and enthalpy data for Fe, F,, and FeF, (3), yields a standard enthalpy
of formation of FeF, as follows:

Mf3ge.35 = -170.9 kcal/mole. (16)
This value is more negative than the reported value of —168 6+10 kcal/mole (3)

but is within the large limit of uncertainty.

A similar third-law analysis, employing the entropy and enthalpy data for
Fe, F;, and FeF3 (3), together with the present AG®°(cell reaction) data,
yields a standard enthalpy of formation of FeF5; as follows:

MIfSo s 15 = -248.4 keal/mole. (17)

This value is in excellent agreement with the reported value of
249+3 kcal/mole (3).
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TABLE 7. - Emf and free energy data for FeF,(s) and FeFgz(s)

Reaction E, mv Temp, AG®, kecal References
K |[Reaction? AGE°®
Fe(s) + NiF,(s) 376.86%t1.65| 8731 -17.38 -142.00 | This
= FeFy(s) + Ni(s) 380.10£1.65| 900{ -17.53 -141.18 | investigation,
392.09+1.65|1,000{ -18.08 -138.11 | 10
374.5 1.0 873| -17.27 -140.60 | 9-10
374.0 £3.0 873 -17.25 -140.08 | 10-11
85.2 2.6 900 -3.93 -127.56 | 10, 17
387.0 £2.0 900| -17.85 -141.48 | 1, 10
376.9 £2.0 900| -17.38 -141.01 | 10, 12
387.8 *2.0 |1,000f -17.89 -137.82 | 10, 12
900 (-135.70)! 19
900 (-138.97) 4
9200 (-138.38) 13
900 (-138.96)| 3
3Mg0(s) + 2FeFz(s) This
= 3MgF, (s) + Fey03(s){523.01+0.89( 900| -72.370 -200.04 | investigation
900 (-187.90)| 19
900 (-188.04)| 13
900 (-190.24)) 4
900 (-200.61)| 3

1AG for reaction

-nFE.

SItemS 1 to 13 reported as kcal/g-mole FeF,.

kcal/g-mole FeFj.

compilations.

Items 14 to 18 reported in

Values in parentheses are based on estimates given in



10.

11.

12.
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