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Abstract

Key to the evaluation of the long-term durability and reactivity of REE-materials is the accurate deter-
mination of their thermodynamic properties. High-temperature oxide melt solution calorimetry offers
an effective methodology for the determination of enthalpies of formation for REE-materials. Calori-
metric techniques and crosschecks are summarized that demonstrate that consistent and correct thermo-
dynamic data can be generated using lead borate and sodium molybdate solvents. A summary of recent
calorimetric studies of REE-orthophosphates and REE-oxyapatites illustrates the successful applica-
tion of our techniques in quantifying formation enthalpies and elucidating energetic trends.
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Introduction

Rare earth elements (REE), the lanthanides plus yttrium, play an important role as trace
element indicators of geochemical processes [1-5]. As such, the behavior of REE in hy-
drothermal and magmatic settings has been extensively investigated (over 2700 refer-
ences in GEOREEF [6]). REE usefulness stems from their chemical properties, which vary
systematically as a function of atomic number. As the inner 4f orbital is filled with elec-
trons across the lanthanide series, (La 4/ ° to Lu 4/ '*), a smooth contraction of the ionic
radius occurs [7]. This results in a series of elements with differing degrees of crystal
chemical incompatibility with most earth forming minerals. Igneous petrologists, there-
fore, can use REE partition coefficients, to unravel the petrogenesis of igneous rocks [8].
By examining the Eu and Ce oxidation states, geochemists can deduce the redox condi-
tions of the formation of rocks and sediments [9, 10]. REE are particularly useful as geo-
chemical tracers in the study of the cosmos [10—14]. Due to their refractory nature, no
significant REE fractionation due to volatility is presumed to have occurred during the
formation of the earth. By comparing REE ratios in terrestrial and extraterrestrial rocks,
formation temperatures for meteorites can be constrained.
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REE-compounds are used widely in technological applications. Zirconia, ZrO,,
when doped with REE, e.g. yttrium stabilized cubic zirconia (YSZ), becomes an oxy-
gen ion conductor allowing its use as a solid oxide fuel cell, oxygen sensor, oxygen
pump and exhaust catalyst [15-17]. REE-doped zirconia and orthophosphates are
also used as an inert matrix for mixed oxide nuclear fuels (MOX) REE oxides com-
prise 50 percent by mass of this fuel designed to burn excess weapons plutonium in
modified reactors [18-20]. REE compounds, such as doped La,MnO, and Gd,Ti,0,,
are giant magneto-resistors [21]. REE-orthophosphates such as monazite, LaPO,, are
used for their luminescence and lasing properties [22—24]. REE are important dop-
ants in the ceramic processing of silicon nitrides [25]. REE from Nd to Lu are pro-
duced during fission of **U and during the radioactive decay of **U and **’Pu [26].
As aresult, the REE content will grow over time in any waste form.

Key to the evaluation of REE geochemical models and the assessment of
long-term durability and reactivity of REE-materials, including actinide host phases,
is the accurate determination of their thermodynamic properties, such as enthalpies of
formation. REE-oxide and nitride compounds are highly refractory, making them
particularly useful in high-temperature applications. This is also the physical prop-
erty that precludes the measurement of their formation enthalpies using standard
aqueous acid calorimetry. High-temperature oxide melt solution calorimetry offers
an alternative and more effective methodology [27, 28]. Reactants and products are
each dissolved in a molten oxide solvent, usually at 976 or 1078 K, to produce a di-
lute solution. In order for this technique to produce reliable results, the final state of
the REE and other solutes in the solvent must be reproducible. No precipitates or sec-
ondary phases should form during the experiments and dissolution of samples should
be complete and reasonably rapid. The refractory nature of rare earth oxides makes
these conditions harder to attain and verify than is the case for compounds containing
oxides of the alkalis, alkaline earths, silicon, aluminum, or transition metals. This pa-
per summarizes recent work in the UC Davis Thermochemistry Facility that demon-
strates through a series of thermodynamic cross-checks that the final state of REE in
lead borate and sodium molybdate solvents is reproducible and that consistent and
correct thermochemical data can be generated. Calorimetric protocols are recom-
mended for future studies of REE-materials.

Calorimetric procedures and possible problems with
REE-bearing materials

Details of the twin Calvet microcalorimeter and data collection procedures have been
published elsewhere [27, 28]. These references also discuss appropriate calibration pro-
cedures. We currently have calorimeters operating continuously near 976 and 1078 K.

Transposed temperature drop calorimetry (TTD)

In the TTD experiment, a pelletized powdered sample is dropped into a hot calorime-
ter in the absence of solvent. The heat effect is equal to the heat content of the sample,
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T

IdeT , if no phase transformation or decomposition occurs. For hydrous or carbon-
298

ated REE-compounds, the TTD experiment yields the heat content plus the enthalpy
of decomposition. With a gas (N,, Ar, O,, or air) flowing through the calorimeter, a
reproducible calorimetric final state is attained [29].

Drop solution calorimetry (DS)

The second type of experiment, drop solution (DS) calorimetry, involves dropping a
sample pellet from room temperature into a solvent held at calorimeter temperature.
The heat effect is equal to the heat content plus the enthalpy of solution at calorimeter

T
temperature, AH, = H+ _[deT . Complications may include incomplete dissolution

298
or reaction with the solvent to form a metastable compound due to local saturation of
the melt. Such side reaction leads to an irreproducible final state. Two different sol-
vents have been used, 3Na,0-4MoO, at 976 K and 2PbO-B,0, at 976 and 1078 K.
The lead borate solvent quenches to a glass. This makes a direct examination of the
solvent using optical microscopy or electron probe microanalysis possible. Such
analysis is much more difficult with the sodium molybdate solvent as it solidifies into
a multi-phase crystalline assemblage. Therefore the REE distribution in the solidified
solvent bears little relation to the REE environment in the melt. Thermodynamic
cross-checks can be used to verify that the use of sodium molybdate solvent is appro-
priate for the study of REE-materials.

Previous DS studies of REE-oxides used 2PbO-B,0, at 976 K with gas bubbled
through the solvent to agitate the melt and aid in dissolution [30, 31]. The difficulties
in dissolving REE,O, were addressed by using a dispersant such as SiO, or solidified
solvent to minimize local saturation at the surface of the dissolving pellet [32, 33].
The dispersant method increases the error associated with sample mass if the mixture
is not perfectly homogeneous. Error is also increased because a large part of the heat
effect is attributed to the dispersant but all of the uncertainty is propagated into AH,
for the sample. Direct examination of the quenched lead borate glass after dissolving
Y,0,+2Pb0O-B,0, pellets suggested that this method was effective in achieving com-
plete dissolution at 976 K with no detectable Y-borate compound formation [33].

Ternary compounds in which REE oxides are dispersed with other elements on
the atomic scale often dissolve more rapidly, and with less local saturation, than the
REE,O, materials themselves. Thus DS of such ternary compounds in 2PbO-B,0;, is
often possible near 976 as well as 1078 K. Once the AH,, of the binary oxides is well
established at both temperatures, which is a goal of the present work, the enthalpies
of formation of REE-containing ternary compounds and of glasses can often be mea-
sured using DS calorimetry in 2PbO-B,0, at either temperature.
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Solution calorimetry (S)

The third calorimetric method is solution calorimetry [27, 28]. A sample is equilibrated in
a sample cup above the solvent in the calorimeter. In order for this method to work, the
sample must not react with the solvent vapors or undergo decomposition or phase change
as a result of prolonged exposure to calorimetric temperatures. Solution calorimetry is
slower and more laborious than drop solution calorimetry because, in the former, the
sample assembly must be changed after each dissolution, while, in the latter, several pel-
lets can often be dropped successively. However solution calorimetry has certain advan-
tages. In some cases the heat content of the sample, which is always endothermic, is oft-
set by an exothermic enthalpy of solution of the same magnitude. Then the enthalpy of
drop solution is nearly zero. Such a small heat effect is hard to measure accurately be-
cause of the difficulty in deciding when the reaction returns to baseline. In other cases, a
pressed pellet does not dissolve adequately in the solvent of choice, but powdered sample
dissolves more readily. A detriment of solution calorimetry is the need to correct the data
for heat effects associated with stirring. This stirring effect results both from friction and
from moving mass (the sample cup and its attached silica glass manipulation rod)
through the small temperature gradient of the calorimeter furnace.

The standard solution calorimetry technique utilizes a sample cup with drainage
holes in the bottom (Fig. 1) [28, 29]. Once the sample powder is thermally equilibrated,
in approximately seven hours, the sample cup is lowered and the sample is mechanically

air

y

~

Fig. 1 Schematic of the airgun ‘solution’ calorimetry sample holder. A pellet of mate-
rial is suspended over solvent at calorimeter temperature until thermal equilibra-
tion. A burst of air through the alumina tube dislodges the pellet from the Pt pan
and it falls into the solvent. In this manner an enthalpy of solution, AHj, is mea-
sured
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stirred into the solvent. The heat generated during this experiment represents the enthalpy
of solution plus the enthalpy of the mechanical stirring. Blank experiments are conducted
to measure the stirring correction. A slight modification of the standard solution calorim-
etry sample holder has been made recently and is shown for comparison in Fig. 1.

We have developed a new solution technique referred to as the ‘airgun’ tech-
nique [34]. This avoids the need to correct the data for a stirring effect. A pellet of
sample is placed into a Pt pan attached to the end of an alumina tube (Fig. 2). The as-
semblage is lowered into the calorimeter such that the pellet sits just above the sol-
vent. The calorimeter is monitored until a stable baseline is achieved, typically the
equilibration time is 1.5 h. The pellet is then dislodged from the pan by a small burst
of air through the alumina tube. The resulting calorimetric signal consists of only the
enthalpy of solution, AH,. Obviously, the pelletized sample must dissolve well for
this method to be effective.

A previous study of REE,O, dissolution in 2PbO-B,0, at 975 K used the standard
solution calorimetry technique with powdered samples [35]. Their data are discussed in

A~ )
glas§ . glass
manipulation ivulati
rod manipulation
I rod —_—>
Pt sample
holder collar Ptwire —
.
Pttube — 5
Pt wires
Pt perforated Pt sample )l
sample holder ™\ holder \

Fig. 2 Schematic of the standard solution calorimetry sample holder (left) and a slight
modification using tubing instead of wires to ease alignment (right). In both
cases powdered material is suspended over solvent in a sample cup with a perfo-
rated Pt foil bottom at calorimeter temperature until thermal equilibration (ap-
proximately seven hours or over night). The sample cup is manually lowered
and the sample is mechanically stirred into the solvent. The calorimeter signal
for these solution experiments consists of AH and AH;,
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detail below and compared to AH, values calculated using drop solution data and heat
contents. Another previous study of REE,O, using the solution calorimetry technique ad-
dressed the dissolution difficulties in a unique way [36]. A “fluffy’ oxide was precipitated
by dissolving the REE,O, sample in nitric acid and then precipitating a high-surface area
sample with the addition of aqueous ammonia. This porous material allowed ready ac-
cess of solvent. Possible complications are the introduction of impurities into the sample.
Questions may arise as to the structural state and surface area of the starting material.
Careful structural and chemical analysis of the ‘fluffy’ oxide is essential.

Furnace tests and electron microprobe analysis of quenched
2Pb0O-B,0; solvents

Furnace tests are conducted to evaluate the dissolution of pellets in the solvent of
choice. A pellet, typically 5 mg, is dropped into approximately 5 g of molten solvent
at calorimeter temperature. This maintains the approximate ratio of sample to solvent
expected over the course of a series of drop solution experiments. The melt, after a
given period of time, is poured into an inert dish (quenched), and then examined by
visual, microscopic, and analytical techniques.

Fig. 3 BSE micrograph (left) and La Lo X-ray dot map (right) of an undissolved La,0;
particle. The matrix is 2PbO-B,0; solvent quenched after one hour at 975 K

Electron microprobe analysis (EMPA) has been used to test whether dissolution of
La,0, and Y,0, was complete in experiments using 2PbO-B,0, solvent. Back scattered
electron (BSE) imaging and energy dispersive spectrometry (EDS) were used to examine
the solvents quenched from furnace tests. Three sets of furnace experiments were con-
ducted. The first consisted of dropping approximately 5 mg pellets of either La,O, or
Y,0, into 5 g of molten 2PbO-B,0, at 976 K and holding at temperature for one hour, the
upper limit of acceptable reaction duration. The solvent was quenched into a graphite
dish. The resulting glasses were polished, carbon coated and subjected to EMPA-BSE
and EDS. Fragments of undissolved La,O, and Y,O, were seen (Figs 3 and 4). This is
consistent with previous observations that dissolution of REE,O, pellets in 2PbO-B,0,
solvent at 976 K was sluggish and often incomplete [33, 36]. The second test was identi-
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Fig. 4 BSE micrograph (left) and Y Lo X-ray dot map (right) of an undissolved Y,03
particle. The matrix is 2PbO-B,0; solvent quenched after one hour at 975 K

cal to the first except that the temperature was raised to 1078 K. No undissolved frag-
ments of pellet were observed. An X-ray dot map of the solvent indicated that the Y and
La were homogeneously distributed. These results verify that dissolution of La,O, and
Y,0, pellets in 2PbO-B,0, at 1078 K was achieved. The third set of experiments simu-
lated solution calorimetry in that the La,O, and Y,0O; were not pelletized. Approximately
5 mg of powder was dropped into 2PbO-B,0, solvent at 976 K and held at temperature
for one hour. EMPA-BSE of the quenched solvent showed no undissolved particles. Ap-
parently for La,O, and Y,0, increasing the sample surface contact with the solvent is suf-
ficient to achieve dissolution in 2PbO-B,0; solvent at 976 K. This verifies the technique
used by Takayama-Muramachi and Navrotsky [35]. These results combined with the ca-
lorimetric results are taken as evidence that dissolution of all REE,O, pellets in lead bo-
rate at 1078 K was achieved.

Summary of calorimetric data for REE oxides

Heat content measurements for REE,O;

Transposed temperature drop (TTD) calorimetry was used to measure the heat con-
tents, H,,s — ,q, of six REE-sesquioxides. They were compared to calculated values
using reference heat capacity equations [37] (Table 1). The measured values were,
within error, equal to the tabulated values. The excellent agreement confirmed that
our handling of the REE,O; resulted in no significant contamination by H,O or CO,.
This agreement also indicates that our calorimeter calibration is reliable. Reference
data were, therefore, used for the heat contents of the remaining REE,O, samples in
further calculations.

Calorimetry of REE;O; using 3Na,0-4MoQOj solvent at 975 K

The sluggish dissolution of REE,O, and REE-bearing compounds in lead borate sol-
vent led to the investigation of 3Na,0-4MoO, as an alternative solvent. A previous
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study of Y—Zr oxynitrides concluded that there were no dissolution difficulties for
Y,0, in sodium molybdate [38].

Table 1 Transposed temperature drop calorimetric experiments, Hi—Haos kJ mol™, for lanthanide
sesquioxides. Errors are reported as two standard deviations of the mean. Number of ex-
periments are reported in parentheses. Reference data are reported for comparison
(Robie et al., 1979) [37]

) Hr—H,95 (measured) Hr—H, (literature)
Material
7=976 K T=1078 K =976 K 7=1078 K

LaO, 5 41.57+0.51(4) - 42.1 48.9
NdO, 5 43.95+0.54(4) 49.06+0.71(4) 443 51.7
SmO, 5 45.76+0.55(4) 53.67+0.50(4) 45.8 533
EuO, 5 49.16+1.33(4) 55.23+1.21(5) 47.6 553
GdO, 5 41.57+0.58(6) 46.68+1.21(4) 41.7 48.3
HoO, 5 41.3140.39(10) - 42.1 48.8

Enthalpies of drop solution, AH, for fifteen REE oxides were determined (Ta-
ble 2) [39]. Experiments were conducted by dropping =5 mg pellets into the solvent
at calorimeter temperature. Because some of the REE,O, samples are hygroscopic
(La,0,, Ho,O;, Tb,O, and Er,0,), these materials were handled in an argon filled
glove box to prevent their contamination by water and carbon dioxide. Oxygen was
bubbled through the solvent to aid in dissolution by providing constant agitation and
to ensure a high oxygen fugacity in the melt in order to maintain a consistent oxida-
tion state of the dissolved REE [40]. Most of REE samples remain trivalent when dis-
solved. However, Eu’* might conceivably be reduced to Eu*" in the solvent except un-
der oxidizing conditions. The stable cerium oxide under ambient conditions is CeO,.
Previous calorimetric study of Ce,O, indicated that Ce(3+)—>Ce(4+) in 2PbO-B,0,
solvent [41]. The current work also confirms that the final state of Ce in
3Na,0-4MoO,; is tetravalent.

Calorimetry of REE;O; using 2PbO-B,0; solvent at 1078 K

Enthalpies of drop solution, AH,, in 2PbO-B,0, at 1078 K were measured for six
REE,O;, (Table 3). Experiments were conducted in the manner described in the previ-
ous section. Furnace tests using 2PbO-B,0O, at 1078 K indicated that dissolution was
apparently complete and rapid with a typical reaction time of less than 60 min.

Comparison of solution enthalpy trends

The calculated heat contents were subtracted from the measured AH, values to derive
enthalpies of solution, AH, (Table 4). AH, varies linearly with the ionic potential,
Z(ionic charge)/r(ionic radius) (Fig. 5). AH, values using 2PbO-B,0, solvent at 976 K
[35] and water at 298.15 K are also shown [42]. All three data sets define sub-parallel
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Table 2 Enthalpies of drop solution, AHys kJ mol ™!, for lanthanide oxides. Data were collected
using 3Na,0-4MoO; solvent at 976 K. Errors are reported as two standard deviations of
the mean (Ushakov et al., 2001) [39]

LaO, s CeO, PrO, 53 NdO; 5
mass/mg AHy, mass/mg AHy, mass/mg AHy, mass/mg AHy,
4.95 -92.91 6.03 70.94 5.08 —-40.85 5.25 —85.62
4.88 -94.52 6.17 77.08 5.31 -44.57 4.46 —82.65
4.68 -92.93 5.03 72.98 5.41 -39.81 5.78 -83.08
5.03 -96.47 5.13 73.52 5.54 -42.70 5.03 -78.27
5.34 -97.50 5.55 70.44 4.89 -39.91 4.80 -82.52
5.02 -96.91 5.01 69.26 4.81 -41.42 4.75 —-80.69
4.96 -95.68 5.38 76.67 5.54 —-40.45 5.39 -82.03
5.21 -95.88 5.57 73.70 5.09 -43.28 6.03 —~78.62

- - 5.71 75.49 4.93 -42.96
- - 6.01 73.85 5.29 -40.37

Average -95.35 73.39 —41.63 -81.68
Error 1.23 1.65 1.04 1.72
Error/% 1.29 2.24 2.49 2.10

SmO, 5 EuO, 5 GdO, 5 TbO, 5
mass/mg AHg mass/mg AHg mass/mg AHg mass/mg AHy
5.27 -80.20 5.33 —65.33 4.49 —74.76 5.78 —62.13
5.41 -77.77 4.95 —64.77 5.33 —74.94 5.69 —60.94
5.34 —77.60 5.20 —63.45 4.79 —75.35 5.47 —63.10
5.29 —74.86 5.30 —66.88 5.16 —72.80 5.29 —66.99
5.63 —78.04 4.85 —63.16 5.22 ~73.65 5.51 —63.63
4.84 -74.03 4.69 —66.56 5.40 ~73.74 5.01 —-59.66
4.85 —75.26 5.20 —66.15 4.66 ~73.78 5.06 —61.41
4.96 -76.72 5.15 —64.90 4.94 —74.26 5.25 —61.86
5.19 —76.61 5.67 —63.82 4.98 —76.46 4.83 —64.31
4.68 -74.33 4.60 —72.44 5.00 —62.30
4.69 —64.35
Average -76.54 —65.00 ~74.22 —62.79
Error 1.23 0.90 0.76 1.20
Error/% 1.61 1.39 1.03 1.92
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Table 2 Continued

DyO, s HoO, 5 ErO, 5 TmO, 5
mass/mg AHg mass/mg AHg mass/mg AHg mass/mg AHy,
5.28 -58.79 6.05 -56.46 5.81 —54.04 5.15 -48.98
5.18 -58.31 5.69 -57.50 5.78 -53.52 5.23 -49.26
5.10 -59.59 5.69 —56.58 6.00 -48.49 5.19 —45.60
5.35 -57.05 532 —57.54 4.09 -52.14 5.27 —48.08
5.04 —54.78 5.85 -58.19 6.60 -51.96 6.08 -50.42
5.13 -57.81 6.02 —49.99 3.91 -54.19 5.08 -50.64
4.31 —55.08 6.07 —54.80 5.31 -50.26 5.04 —46.84
5.21 -56.84 6.84 -55.81 5.05 -53.80 5.24 -50.42
5.26 -58.71 4.96 —54.66 5.36 —45.87

5.06 —53.26 5.07 —49.51
Average -57.44 —55.86 -52.63 —48.56
Error 1.11 1.84 1.24 1.19
Error/% 1.93 3.29 2.35 2.46
YbO, 5 LuO, s YOLSI
mass/mg AHyg mass/mg AHyg mass/mg AHyg,

5.24 -53.15 4.72 —46.84 4.22 —62.65

4.45 -52.84 5.20 —48.85 5.69 —65.34

5.04 —-49.67 4.77 —48.02 4.68 -59.25

5.32 -49.14 5.56 -48.43 4.68 —61.68

4.94 =51.11 4.72 -47.79 4.32 -59.74

4.91 -51.73 4.58 -50.69 5.02 -60.45

5.06 —47.87 5.85 —47.03

5.11 —48.67 5.00 —49.96

4.89 —47.68

4.74 -46.94

5.28 -43.28

4.94 —48.67
Average —49.23 —48.45 -61.5
Error 1.59 0.95 1.80
Error/% 3.24 1.96 2.93

"Molodetsky, 1999 [33]
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Enthalpies of drop solution, AHys, for six REE,O5 using 2PbO-B,05 at 1078 K (Risbud
et al., 2001 [43]; Zhang, unpublished data). Errors are calculated as two standard devia-
tions of the mean. The number of experiments is in parentheses. Calculated heat con-
tents are reported and are used to calculate the enthalpies of solution, AH,. Reference
data are shown for comparison

Material ~ AHg/kJ mol™®  Higrs—Haog° AH/KJ mol™*© AHJKJ mol™ ¢ reference
LaO, s —13.88+0.09(3) 48.9 —62.8+0.09 -63.0+2.2
NdO; 5 —0.05%0.20(2) 51.7 -51.7+£0.20 —44.6+2.8
SmO, 5 10.90+1.26(8) 53.3 —42.4+1.26 -39.742.1
EuO, 5 19.7840.33(3) 55.3 -35.5+0.33 -34.240.7
GdO; 5 9.754£0.92(4) 48.3 —-38.610.92 -36.3+1.7
YO, 18.2740.75(6) 473 —29.0+0.75 -30.9+0.6

*Measured; "From literature tabulations [41]; “Calculated as AHy—(Hg75—Ha93); YMeasured by solution
calorimetry at 976 K [35]

Table 4

Solution enthalpies, AH;, for REEO 5 calculated from enthalpies of drop solution, AH s,
976

and heat content, J.deT, calculated using reference C, data (solvent: 3Na,0-4MoO; at
298

976 K). Reference data for AH; REEO, 5 using 2PbO-B,0; at 976 K are reported for

comparison (Takayama—Muramachi and Navrotsky, 1993) [35]. Letters designate the

REEOQ, 5 structure type where A=hexagonal (P3m1), B=monoclinic (C2/m), C=cubic

([a3), F= (iubic (Fm3m). Numbers of experiments are reported. All values are reported

in kJ mol™

976

Phase Structure AHgs J' C.dr AH; AH;
type (3N2,0-4M005) o (3N2,0-4M00O3)  (2PbO-B,05)

YO C -60.37£0.47(9) 40.7 -101.1£0.5 -30.9+0.6
LaO, s A —95.35£1.23(8) 42.1 —137.5£1.3 —63.0£2.2
NdO, 5 A —81.68+1.72(8) 443 -126.0£1.7 -44.612.8
SmO, 5 B —76.81£1.43(8) 45.8 -122.6+1.4 -39.7+2.1
EuO, 5 C —64.62+1.06(8) 47.6 11224101 34.240.7
GdO, 5 C —74.27+0.80(10) 41.7 —116.0£0.8 -36.3%1.7
TbO, 5 C —62.79£1.20(11) 44.5 —-107.3£1.2 -
DyO, s C —57.44£1.11(9) 43.5 -100.9£1.1 -25.540.6
HoO 5 C —55.86%1.84(8) 42.1 -98.0+1.8 -25.142.8
ErO, 5 C —52.63£1.24(10) 38.3 -90.9£1.2 -23.840.9
TmO, 5 C —48.56£1.19(10) 31.3 —79.9£1.2 -23.6x1.4
YbO, 5 C —49.23£1.59(12) 434 -92.6£1.6 —19.8£1.0
LuO, 5 C —48.4540.95(8) 40.3 —88.8+1.0 —17.240.6
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trends that describe more than 95% of the variation in the data. AH, for LaO, ; is the
most exothermic and AH for LuO, ; the most endothermic within each trend. All
heats of solution are strongly exothermic.

There is excellent agreement between the AH, values measured using
2PbO-B,0; at 976 K and the AH, values calculated from AH, from 2PbO-B,0;, at
1078 K and heat contents (Fig. 5, filled circles). The only discrepancy is for NdO, .
The AH, value for NdO, ; calculated using our AH, data and the calculated heat con-
tent was 4.3 kJ mol™' more exothermic than the data of Takayama—Muramachi and
Navrotsky [35]. The drop solution experiments for NdO, ; yielded very small heat ef-
fects (—0.5 kJ mol ') and were consequently considered less reliable. The ‘airgun’ so-
lution calorimetry technique was used to check whether the previously reported value
for AH, of NdO, ; (-44.6 kJ mol ™) [35] was reproducible. Our measured AH, value of
—43.743.2 kJ mol ' is equal, within error, to this (Table 3). These results suggest that

the AH_for REE,O, remains constant between 976 and 1078 K and that calculating a
1078

value for AH, using the AH_ and I C,dT is valid and may be used in a thermody-

298
namic cycle using other AH, data.

Thermodynamic cycles and cross-checks: previous studies of
REE-materials

Typically two types of thermodynamic cross-checks are employed to ensure the accu-
racy of calorimetric data [27, 29, 34]. The first compares enthalpies of formation,
AH,, calculated using measured data to reference values; thus, providing direct evi-
dence of data accuracy by independent means. This type of cross-check is only as

Lanthanide solution frend (LnOx1 5)

Yb Lu
= YHoErTm
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Fig. 5 Solution enthalpies for REEO, s in three solvents: 3Na,0-4Mo0O; at 975 K
(open squares), 2PbO-B,05 at 975 (open circles) and 1078 K (filled circles) and
water at 298.15 K (filled squares)
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good as the reference data it relies on. Comparisons must always be made carefully
and sources of reference data must be checked for accuracy [39]. Our experience is
that tabulated data are not always as reliable as one might, at first glance, assume. The
second technique used to cross-check calorimetric data relies on the different chemi-
cal/structural properties of the two oxide solvents. Parallel studies are conducted us-
ing borate and molybdate solvents. If there is consistency of calculated AH, values us-
ing two independent thermodynamic cycles, this is taken as evidence that the final
states of the materials studied within each solvent are reproducible and their use in
thermodynamic cycles is valid.

Several recent studies examined the energetics of REE-bearing compounds and
provided thermodynamic cross-checks that validate our calorimetric techniques for
REE,O, [38—41, 43]. We discuss here calorimetric studies of two classes of materials,
REE orthophosphates, and REE silicate-oxyapatites.

Rare earth orthophosphates

The REE-orthophosphates, REEPO,, are widely used in technical applications as
scintillators for gamma-ray detection [44-47], thermophosphors and hosts for
microlasers [22—-24]. A recent study was conducted to derive enthalpies of formation,
AH_, for several REEPO,, where REE= Sc, Y, La-Nd, Sm-Lu. Enthalpies of drop
solution, AH,, using 3Na,0-4MoO, at 975 K were measured and used with the data in
Table 1 in thermodynamic cycles to calculate enthalpies of formation from the ox-
ides, AH.  , and from the elements, (Table 5) [39]. One representative thermody-
namic cycle is shown to illustrate the process (Table 6). A plot of the AH, for the
REEPO, samples as a function of ionic potential (Z/r) reveals that CePO, falls off the
trend in an exothermic direction (Fig. 6). This is consistent with oxidation of Ce(III)
to Ce(IV) in 3Na,0-4MoO; solvent because oxidation reactions are strongly exother-
mic. The enthalpies of formation from the oxides when plotted vs. the ionic potential
(Z/r) of the REE cation define a linear trend (Fig. 7). LaPO, has the most exothermic
AH| , and LuPO, the least All REEPO, samples are energetically stable with respect
to their oxides.

Two types of thermodynamic cross-checks were used to verify the accuracy of
the REEPO, enthalpy data [39]. The first was a parallel study using 2PbO-B,0, sol-
vent at 976 K. Three orthophosphates, LuPO,, YPO, and LaPO,, were used in the
lead borate study and their enthalpies of formation from the oxides, AH, _ , were cal-
culated and compared to the data derived using 3Na,0-4MoO, (Table 7). There was
excellent agreement among the data. The second type of thermodynamic cross-check
involved a comparison of the Ushakov et al. data [39], derived from high temperature
oxide melt calorimetry, to previously reported values.These values for standard
enthalpies of formation, AH fO, for REEPO, were calculated from their solubilities in
aqueous acid and one value was obtained using acid solution calorimetry. They de-
fine a roughly parallel but more endothermic trend compared to the Ushakov et al.
data (Table 8) [39]. Such an effect may reflect discrepancies in the thermodynamic
properties of aqueous species used in the derivation of standard state properties from
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Table S Enthalpies of drop solution, AHg, in 3Na,0-4MoO; at 976 K and enthalpies of forma-
tion from the oxides, AH; _, and from the elements, AH/, for REEPO, (Ushakov et al.,

f—ox>

2001) [39]. Number of experiments are reported

Phase AHy/kJ mol™ AH? _ /k] mol™ AH /K] mol™!
YPO, 139.97+1.13(7) —282.6%1.3 —1987.7+1.7
LaPO, 143.73+0.89(11) —321.4%1.6 -1970.7+1.8
CePO, 112.28+0.84(10) —317.244.8 ~1967.842.4
PrPO, 137.20+1.13(7) —312.245.0 ~1969.543.7
NdPO, 147.98+1.33(9) —312.042.2 ~1968.442.3
SmPO, 142.66+1.54(8) -301.842.1 ~1965.7+2.4
EuPO, 139.87+1.43(6) —286.8+1.8 ~1870.642.6
GdPO, 139.65+0.92(9) -296.2+1.3 ~1962.2+4.4
TbPO, 140.98+1.39(9) —286.1%1.9 —1971.1+4.6
DyPO, 144.14+1.23(10) —283.9+1.7 ~1967.942.6
HoPO, 140.64+1.43(13) —278.842.4 ~1971.6+3.4
ErPO, 140.62+1.35(7) —275.6%1.9 -1976.942.1
TmPO, 137.10+1.59(9) —268.042.0 —1964.7+4.7
YbPO, 138.05+1.69(10) —269.6+2.4 ~1929.4+4.9
LuPO, 133.1441.55(10) —263.9%1.9 —1955.4+4.2

Table 6 A representative thermodynamic cycle for calculating for REEPO, using data derived
using 3Na,0-4MoO; solvent at 976 K

Reaction AH/kJ mol™
(1) AHg, LaPOy (s, 208y—>La01 5 (sin, 976) 71/2P205 (s1n, 976) 143.73+0.89
(2) AHy, LaO; 5 s, 205y—>LaO 5 (sin, 976) -95.35+1.23
(3) AHy P50s5 (5, 208=>P2O05 (sin, 976) -164.60+0.85
(4) AH] LaOy s (s.298) T1/2 P2Os (5.295) = LaPOy (s, 298 —321.4£1.6

AH(4) = —AH()+AHQ2)+1/2AH(3)

Table 7 Thermodynamic cross check of the enthalpies of formation from the oxides, AH

0
f—ox>

for

three REE-orthophosphates. Data were derived using two solvents, 3Na,O-4MoO; and
2Pb0O-B,0; at 976 K (Ushakov et al., 2001) [39]

Phase AH_ /kJ mol™ 3Na,0-4MoO; AH? . /kJ mol™' 2PbO-B,0;
LaPO, —321.4+1.6 —325.942.6
YPO, —282.6%1.3 —280.4+1.5
LuPO, —263.9+1.9 —262.7+1.6
J. Therm. Anal. Cal., 69, 2002
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Fig. 6 Enthalpies of drop solution, AHy, in 3Na,0-4MoO; at 975 K vs. ionic potential
(Z/r) for REEPO,. The trend is approximately linear with CePO, falling off the
trend in an exothermic direction. This is consistent with oxidation of Ce(III) to
Ce(IV) in 3Na,0-4MoOs

-240

-250

-260 -

=270 1

-280 -

-290

-300 -|

-310 4

-320

-330 . . T \ ;
25.0 26.0 27.0 28.0 29.0 30.0 31.0
lonic potential /Z r~"

-1

Lu

Enthalpy of formation/kJ mol

R? = 0.9686

a

Fig. 7 Enthalpies of formation from the oxides, AH{ _, vs. ionic potential (Z/r) for

REEPO,. Data derived using 3Na,0-4MoOs; solvent at 975 K. The linear trend
accounts for nearly 97% of the variation in the data

aqueous data. The Ushakov et al. values for of La-, Ce- and PrPO, are, within error,
equal to those derived using acid solubility data [48—51]. Vaporization studies of
REEPO, using mass spectrometry combined with Knudsen effusion were also re-
ported [52, 53]. The only data point from the Ushakov et al. study that is consistent
with the vaporization data is of LuPO,. In order for the vaporization studies to yield
accurate results, complete sample decomposition must be achieved according to the
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reaction: 2REEPO,—REE,0,+2P0,+1/20,. However, the formation of oxyphos-
phates upon P,O, vaporization at high temperatures can not be ruled out [54, 55]. The
error introduced by not achieving a reproducible final state is expected to be more
significant for the light REEPO, because they are more refractory [56, 57]. For this
reason the discrepancies between the Ushakov et al. data and the vaporization studies
is not surprising [39].

Table 8 The standard enthalpies of formation, AH/, for three orthophosphates. All values are re-
ported in kJ mol ' (Ushakov et al., 2001) [39]

Phase AH /K] mol™ Reference, method of determination
LaPO, —1913£10 mass spectrometric plus Knudsen effusion'
—1949+4 LaCl;+H;PO, reaction calorimetry”
196248 calculated from solubility in HCI*?
-1970.7£1.8 high temperature oxide melt calorimetry*
CePOy4 —1897+31 mass spectrometric plus Knudsen effusion’
—1955 calculated from solubility in HCI®
—1963 calculated using solubility data®’
-1967.8+2.4 high temperature oxide melt calorimetry®
YPO, —1953+8 calculated from solubility in HCI
—-1966+8 YCl3+H3PO, reaction calorimetry2
—1987.7+£1.7 high temperature oxide melt calorimetry*

'Rat’kovskii et al., 1973 [52]; *Marinova et al., 1973 [48]; *Marinova et al., 1976 [49]; *Ushakov
et al., 2001 [39]; *Balducci et al., 1978 [53]; “Almendra and Ogasawara, 1996 [50]; "Firsching and
Brune, 1991 [51]

This study of rare earth orthophosphates is a good example of how to apply mul-
tiple thermodynamic cross-checks to calorimetric data in order to verify their accu-
racy. This study also illustrates the need to critically assess reference values to ensure
that a fair comparison is made. We conclude that the directly measured heats of for-
mation are more reliable than the earlier less direct estimates.

Rare earth oxyapatites

Rare earth oxyapatites, REE, ,,1, ,(Si0,),0,, where REE=La, Sm, Nd, Gd, 00 = va-
cancy, have many interesting technical applications. Rare earth oxides are used as
sintering aids during the processing of silicon nitride ceramics resulting in
REE-oxyapatite formation at grain triple junctions [25]. There is also interest in
Gd-bearing compounds because of their high luminescence efficiency when doped
with other rare earth ions [58—60]. Many of these properties can be attributed to the
oxyapatite structure that contains oxygen atoms isolated from the Si-tetrahedra.
These oxygen atoms occupy channels in the structure parallel to the c¢-axis and are
loosely bonded to REE cations in the framework [61]. Thermodynamic measure-
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ments are necessary for assessing the phase stability of the REE-oxyapatites in these
applications [43].

Enthalpies of drop solution, AH , for four REE-oxyapatites were collected using
2Pb0O-B,0; solvent at 1078 K (Table 9) [43]. These data along with data from Table 3
and the AH,_ value for SiO,, quartz, 49.8+1.0 kJ mol ™', were used in thermodynamic
cycles (Table 10) to calculate the enthalpies of formation from the oxides, AH. ,
and the standard enthalpy of formation, (Table 11). The absolute errors reported for
the AH values for the

Table 9 Enthalpies of drop solution, AHgs, for REE 3301 67(Si04)s0, in 2PbO-B,0; at 1078 K.
Values are reported in kJ mol ' and errors are calculated as two standard deviations of
the mean. Number of experiments are reported in (Risbud et al., 2001) [43]

Phase AHy/kJ mol™ Relative error/%
Gdy 3300.67(Si04)60, 837.2+21.4(10) 2.6%
Smyg 3300.67(Si04)60, 989.9+£17.1(7) 1.7%
Ndy 3300.67(S104)60, 1056.5£31.8(5) 3.0%
Lag 33010,67(S104)60, 933.2423.3(4) 2.5%

Table 10 The thermodynamic cycle used for the calculation of the enthalpies of formation from
the oxides for REE-oxyapatite (REE=Gd, Sm,Nd, La) (Risbud ez al., 2001) [43]

(1) AHgg REE,O; (crystal, 298 K) —REE,0; (sol, 1078 K)

(2) AHgg Si0, (crystal, 298 K) —3Si0, (sol, 1078 K)

(3) AHgs REEy 33 DO.67(SiO4)602 (crystal, 298 K) —> 14/ 3REE203(501, 1078 K)+ 6Si02(sol, 1078 K)
(4) AH? _ = 14/3AH(1) + 6AH(2)-AH(3)

Table 11 The and the standard enthalpy of formation, AH/, for REE-oxyapatite phases kJ mol .
Errors are propagated assuming linear combinations of independent variables (Risbud
etal.,2001) [43]

Phase AH? /K] mol™ AH /K] mol™
Gdy 3300,67(S104)s0, —446.9+21.9 —14402.7£28.2
Smy 33010,67(S104)602 —589.4+23.2 —14561.7£20.8
Ndy 3300.67(S104)60, —715.7£32.4 —14616.8432.2
Lag 33010.67(S104)60, —764.1£23.4 —14599.6+26.1

REE, ,,[], (Si0,),0, samples were large, ranging from 17 to 31 kJ mol . The
increased error is attributed mainly to the very large molecular mass of this com-
pound whose formula contains 26 oxygen atoms. Sample heterogeneity may also in-
crease the scatter. Because the AH,_ values for the REE, ,,[ ], ,(Si0,),0, samples are
also very large (>800 kJ mol™") the relative errors are acceptable and typical of
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slightly heterogeneous samples ranging (1.7 to 3.0%). When was plotted vs. the ionic
potential (Z/r) of the REE-ion a notably non-linear trend was observed (Fig. 8).
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Fig. 8 The enthalpies of formation from the oxides, AH,__, for REE-oxyapatites plot-

ted vs. the ionic potential (Z/r) of the REE-ion. The dotted line represents an ex-
trapolation of the fitted data (Risbud et al., 2001) [43]

Three conclusions were drawn. First, all of the REE-oxyapatites studied are sta-
ble with respect to their binary oxides. Second, the enthalpy trend as a function of
ionic potential (Z/r) indicated that the REE-oxyapatites become more energetically
stable as the ionic potential decreases, i.e. as the ionic radius of the REE-ion becomes
larger (Fig. 8). Conversely, decreasing the ionic-radii beyond Gd destabilizes the
oxyapatite phase allowing for the possible formation of competing REE-silicate
structures [43]. Third, the stabilization effect of increasing ionic radii of the REE ion
is not a linear function of radius. Relatively little additional stabilization of the
oxyapatite structure is gained by increasing the ionic radii of the REE-ion beyond Nd
as shown by a flattening of the enthalpy curve (Fig. 8). For the REE-oxyapatites, sub-
stituting Sm for Gd stabilizes the structure by, presumably, better satisfying the bond-
ing requirements of the REE-site in this complex silicate. This stabilization effect
may continue until the REE-site ion becomes too large and begins to destabilize the
structure. The eventual destabilization of the structure is not seen experimentally, as
there is no trivalent ion with ionic radius greater than lanthanum [43]. The importance
of this observation is that it reveals a potential pitfall with predictions of thermody-
namic properties by extrapolating linearly beyond experimental data [62].

Recommended techniques for high temperature oxide melt
solution calorimetric investigations of REE-materials

Our experience with REE,O, and REE ternary compounds suggest the following:
(1) 3Na,0-4Mo0O, solvent at 976 K is excellent for both solution and drop solution
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experiments for binary REE,O, and for multicomponent compounds containing other
highly charged cations (Ti, Zr, P), but it does not readily dissolve Al,O, and SiO,.
(2) 2PbO-B,0, near 1078 K works well in both solution and drop solution mode for
both binary and multicomponent REE,O, — containing compounds. (3) Dissolution
difficulties make lead borate somewhat problematic for REE,O, near 976 K, though
less refractory multicomponent oxides dissolve better. (4) When AH,_ is too small to
be measured accurately (because of compensation of endothermic heat content and
exothermic heat of solution), then solution calorimetric methods are appropriate. The
effect of stirring must be subtracted from the measured enthalpy as a correction. This
correction is about 0.6 to 0.8 J per experiment, so if the sample does not contribute
8—10 J, the stirring correction may contribute too much uncertainty. A recent advance
in the design of the solution sample holder, the so-called ‘airgun’ sample holder has a
much faster equilibration time (=1.5 h) and allows for the collection of four to six
data points per day. There is also no need to apply a stirring correction. The disadvan-
tage is that the sample must be pelletized. (5) The mixing of sample with a diluent to
aid its dissolution is to be avoided. A better way to deal with sluggish dissolution of
some samples in 2PbO-B,0, at 976 K is to perform experiments near 1078 K, or to
use 3Na,0-4MoO, at 976 K instead. (Note that the sodium molybdate solvent is not
recommended for use at 1078 K because of the high vapor pressure of MoO,.)

Conclusions

Whether using 3Na,0-4MoO, or 2PbO-B,0, solvent, each experimentalist must in-
vestigate the efficacy of the approaches recommended here as they pertain to specific
materials. Furnace tests and where possible, EMPA of quenched solvents, should be
conducted. Furnace tests give an indication of the dissolution characteristics of the
material in a given solvent at a given temperature. These tests must be conducted for
both binary and ternary compounds. The absence of undissolved particles or reaction
products in quenched 2PbO-B,0, solvent as detected by EMPA is excellent evidence
that dissolution is achieved. These recommendations should be taken as guidelines,
and not as a prescription, for calorimetry of REE-materials. Each new system re-
quires careful attention to technique.
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