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ABSTRACT

Thermodynamic properties of refractory materials, such as standard enthalpy of formation, heat content, and enthalpy of reaction, can be
measured by high temperature calorimetry. In such experiments, a small sample pellet is dropped from room temperature into a calorimeter
operating at high temperature (often 700 °C) with or without a molten salt solvent present in an inert crucible in the calorimeter chamber.
However, for hazardous (radioactive, toxic, etc.) and/or air-sensitive (hygroscopic, sensitive to oxygen, pyrophoric, etc.) samples, it is neces-
sary to utilize a sealed device to encapsulate and isolate the samples, crucibles, and solvent under a controlled atmosphere in order to prevent
the materials from reactions and/or protect the personnel from hazardous exposure during the calorimetric experiments. We have developed
a sample seal-and-drop device (calorimetric dropper) that can be readily installed onto the dropping tube of a calorimeter such as the Setaram
AlexSYS Calvet-type high temperature calorimeter to fulfill two functions: (i) load hazardous or air-sensitive samples in an air-tight, sealed
container and (ii) drop the samples into the calorimeter chamber using an “off-then-on” mechanism. As a case study, we used the calorimetric
dropper for measurements of the enthalpy of drop solution of PuO, in molten sodium molybdate (3Na,0-4MoO3) solvent at 700 °C. The
obtained enthalpy of —52.21 + 3.68 kJ/mol is consistent with the energetic systematics of other actinide oxides (UO,, ThO,, and NpO;). This
capability has thus laid the foundation for thermodynamic studies of other Pu-bearing phases in the future.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5093567

I. INTRODUCTION pelletized sample is dropped from room temperature into the molten

salt solvent in the calorimeter, see Fig. 1) pioneered by Navrot-

High temperature reaction calorimetry has versatile applica-
tions in studying the thermodynamic properties of materials, such
as standard enthalpy of formation, heat capacity, heat content, and
enthalpy of reaction. In particular, oxide melt solution calorimetry
(in which a sample is equilibrated within a calorimeter at 700 or 800
°C and then stirred into a molten salt solvent) developed by Kleppa
et al.' and, later, oxide melt drop solution calorimetry (in which a

sky' © provide accurate measurements of enthalpies of reactions for
a variety of materials important to many research fields including
chemistry, materials science, and geosciences.” ** Recently, a com-
prehensive database of high temperature drop solution enthalpies
(AHgs) of oxide compounds has been published, based on decades-
long calorimetric experiments of phases that contain elements across
about 40% of the periodic table.” These values can be used to
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FIG. 1. Schematic of a high-temperature twin Calvet calorimeter and assembly for
drop solution calorimetry in a molten oxide solvent.®

determine the enthalpies of formation from oxides (AHgo) and
standard enthalpies of formation (AH®f) from elements of ternary
or more complex oxide systems.

Currently, there are two common solvents used in oxide melt
drop solution calorimetry: sodium molybdate (3Na;0-4MoO3) and
lead borate (2PbO-B,03). Although lead borate solvent can read-
ily dissolve silicates, its use for other systems has been hampered
by slow dissolution or limited solubility of oxides of large highly
charged cations, potential reduction and deposition of Pb during
calorimetric experiments involving reactions under reducing con-
ditions, the toxicity of lead, and the need to use expensive crucibles
(platinum or gold) to contain the solvent. At the same time as the
lead borate solvent system was developed,’ a molten sodium molyb-
date solvent was also explored. 19 Tts lower toxicity, lack of corrosion
of silica crucibles, and facile dissolution of a variety of oxides of large
trivalent, tetravalent, and pentavalent cations has made it very useful
for calorimetric studies involving these elements.”*”**® The sodium
molybdate solvent is also catalytic in oxidizing nitrides and sulfides
to form dissolved oxides and sulfates, permitting determination of
their enthalpies of formation.”*”*!

The use of oxide melt drop solution calorimetry with the
sodium molybdate solvent has proven to be a valuable tech-
nique in promoting lanthanide and actinide research, especially
on light actinides (uranium, thorium), in terms of fundamental
understanding of actinide bonding,”**"” probing the thermochem-
istry of uranyl minerals,”””*""* interpreting nuclear fuel alter-
ation,'?"**?* and predicting the long-term stability of actinide-
immobilized solid waste matrices.'””>”"*>** These studies rely
on accurate measurements of drop solution enthalpies of binary
light-actinide-containing oxides, such as ThO,, UO;, U3Os, and
U, 024247 Recently, AHys values of NpO, and Np,Os in
molten 3Na;0-4MoQO; have been reported.3 ° However, no AHy,
value is available for PuO, in the literature, partly due to the
safety (radiotoxicity) concerns and limited accessibility associated
with Pu.

The lack of fundamental thermochemical parameters has hin-
dered in-depth studies on thermodynamic properties, thermal
stabilities, and environmental reactivities of Pu-containing com-
pounds, which are critically needed for Pu research relevant to many

ARTICLE scitation.orgljournal/rsi

aspects of the nuclear enterprise. The knowledge gap in Pu ther-
modynamics motivated us to conduct drop-solution calorimetric
measurements on Pu-bearing phases, starting with PuO,.

To safely perform Pu calorimetric measurements, we designed
and fabricated a sample seal-and-drop device (which we call a calori-
metric dropper) with two main functions: (i) loading and containing
radioactive samples (and also for other hazardous or air/moisture-
sensitive materials) in the sealed sample compartments; and (ii)
dropping samples into the calorimeter chamber using an off-then-
on mechanism after its installation onto a normal calorimetric setup
(Fig. 1). Using two calorimetric droppers on the twinned Setaram
AlexSYS calorimeter operating at 700 °C, we successfully conducted
drop solution calorimetry of three well characterized PuO, samples
into molten 3Na,0-4MoO3 at the Los Alamos National Laboratory
(LANL). These experiments not only demonstrated the feasibility of
the designed calorimetric dropper but also generated the AHg; value
for PuO; in the sodium molybdate solvent, which can be used for
future calorimetric studies on other Pu-containing, more complex
oxides.

Il. DESIGN OF THE SAMPLE SEAL-AND-DROP DEVICE
AND PROCEDURES FOR PU CALORIMETRIC
EXPERIMENTS

A. Calorimetric dropper design

The assembled calorimetric dropper is shown in Figs. 2 and 3,
and its components (shell, core, cap, shaft, and handle) are shown in
Fig. 4. The shell, core, and cap can be made from various materials
(e.g., steel, glass, ceramics, and plastics). Polyamide was used here
as a raw material to fabricate the dropper by 3D printing. The shaft
and handle are made of steel. The joints between components are
connected and sealed using O-rings, particularly the one inside the
cap that wraps the shaft and the other situated between the cap and
shell so that the cap can be screwed onto the shell to seal the inside
core. The O-rings are key components to ensure that the dropper is
air-tight once assembled. One core has two spherical sample cham-
bers (5 mm inner diameter), enough for holding a sample pellet or
chuck (~2 mm in diameter). Figure 5 shows two functional modes
of the device: one is the “off” mode for sealing the dropper and the
other is the “on” mode to enable sample dropping. The dropper in

FIG. 2. Three-dimensional views of the assembled calorimetric dropper.
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FIG. 3. Three views of the calorimetric dropper.

the “off” mode has the handle pointed up, which is the default posi-
tion. The “off” mode is used when a sample-loaded dropper is in
storage, during transportation, and when it is being installed on the
dropping tube of a calorimeter. A safety fork is inserted into the cap
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to lock the handle in the default “off” position (Fig. 3, front view),
which is a safety feature that prevents accidental release of the loaded
sample(s) from an unintended turning of the handle. The sealing
mechanism of the dropper is realized by hooking the dropping tun-
nel with a commercially available two-way ball valve. Closing the ball
valve makes the whole dropper air-tight. The final installation of the
dropper to a calorimeter comes after attaching the other side of the
valve to the dropping tube of the calorimeter, followed by opening
the two-way ball valve so that the calorimeter can be connected to
the core of the dropper via the dropping tunnel. To drop the samples
into the calorimeter chamber (one at a time), guided by the drop-
ping tunnel and the calorimeter dropping tube, one simply switches
the handle to the “on” mode, as shown in Figs. 2 and 5. In the “on”
mode, the handle is exactly at one of the terminal positions, beyond
which it cannot pass (Fig. 5). Because the dropper is far outside
the calorimeter, its manipulation has no effect on the calorimetric
signal.

B. PuO, sample preparation and characterization

High purity PuO, powder (see Ref. 48 for synthesis and char-
acterization details) was used as the starting material for creating a
sintered PuO; pellet. The pellet was formed using a manual press
with an internal diameter of 1/8”. The extracted pellet was then
sintered in a Netzsch 402C dilatometer under an ultrahigh purity
(UHP) Ar atmosphere at 700 °C for 15 min. Once cooled, the

Shell

\

FIG. 4. Three-dimensional views of individual components
of the calorimetric dropper.

3

Dropping Tunnel

Off:

On:

FIG. 5. The “off’ and “on” modes of the calorimetric dropper
in perspective views.
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sintered pellet was broken with a razor blade and small fragments -26.1
were selected for drop-solution calorimetry.
-26.2 -
C. Preparation in the calorimetry lab for Pu -
calorimetry -26.3 |
High temperature oxide melt drop solution calorimetry on s - 54.8 kI/mol
PuO, was a four-day experiment conducted with a commercial = 264 4.5mg
Tian-Calvet twin microcalorimeter (Setaram Alexsys-800) operating £ /
at 700 °C at LANL.”>”**° Prior to the experiment, regular glass- 3 65
ware setups for the calorimeter (Fig. 1) were assembled using two o
silica-glass sample crucibles with each containing ~15 g of sodium -26.6
molybdate solvent. The 3Na,0-4MoO3 powders first melted in the
calorimeter at 700 °C and then were removed and cooled to form a 26.7
dense mass of solidified solvent prior to reinsertion in the calorime-
ter. All the glassware parts were hooked and sealed by vacuum 26.8 P S RS SR S S
grease; the gas ports on both glass liners, which normally serve as 340 350 360 370 380 390 400
the exits for flushing gas, were closed by two high-efficiency par- Reaction time (mins)
ticulate air (HEPA) filters to prevent potential release of airborne
radioactive particles. The assembled glassware sets were inserted 264 |-
into the calorimeter, which became gradually stabilized over a period
of ~12 h prior to the calorimetric experiment. Radiation protection -26.5 |-
and monitoring were set up around the calorimeter, including taping r
out an isolated radiological control area (RCA), monitoring the RCA 266 - ~53.8Kkl/mol
with a real-time continuous air monitor (CAM), and implementing — r )
other safety protocols as stated in a detailed radiological work permit 3 o >-2mg
(RWP). P i
c -26.8
3 L
D. PUuO, sample transportation and loading O %9
into calorimetric droppers
Since the PuO, sample was prepared in a distant radiologi- -27.0
cal facility, a triple-contained PuO, sample package was shipped to I
another radiological laboratory close to the calorimeter. The pack- Gl . | ‘

age was unpacked, and the inner container containing PuO, sample 460 ' 470 ' 480 ' 490
fragments was transferred within a negative pressure UHP helium
atmosphere glovebox designed for handling transuranic samples.
The PuO, fragments were weighted by a semimicro balance and

Reaction time (mins)

sequentially loaded into the sample compartments of two calori- 268 | I SECT L
metric droppers (Fig. 4). The two sample-loaded droppers were 2.4 kerkir 77777 7 e

prewrapped with a parafilm prior to introduction into the glove- L

box to protect the exterior surfaces of the dropper from radiological 265 L

contamination. After sample loading, the droppers were removed L

from the glovebox into an adjoining transuranic fume hood and 266

the parafilm was removed followed by careful radiological surveys
to ensure that the surfaces were free of contamination before exit-
ing the radiological lab. Finally, the two contamination-free drop-

267 | / -48.0 kJ/mol
| / 6.3 mg
pers were transferred to the calorimetry laboratory using designated AR /

containers for radioactive sample transportation. 269 I f/

Counts (uV)

27.0
TABLE I. Enthalpies of drop solution of PuO, in the molten sodium molybdate solvent . 1 . 1 . L . L . I .
at 700 °C. 1550 1555 1560 1565 1570 1575 1580

Reaction time (mins)

Compound Weight (mg) AHg (kJ/mol)
FIG. 6. Drop-calorimetric profiles of three PuO, pellets in the molten sodium molyb-
4.5 —54.82 date solvent at 700 °C. The first two profiles were produced from the reaction
PuO; (Mass = 271.1 g/mol) 52 _ 5381 chamber in the left side of the calorimeter while the third profile was from the
6.3 _47.99 right. Signals collected from these two sides are opposite in sign so noise can be
minimized to achieve high signal stability.
Rev. Sci. Instrum. 90, 044101 (2019); doi: 10.1063/1.5093567 90, 044101-4
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TABLE II. Enthalpies of drop solution of simple actinide oxides in the molten sodium
molybdate solvent at 700 °C.

Actinide oxides AH g (kJ/mol)

ThO; 0.89 + 0.48"
U0, —140.40 + 2.67”
—136.29 + 2.34"°
U304 —79.02 + 5.64"
y-UO; 9.49 + 1.53"
am-UO3 —0.77 + 0.06”"
am-U,0; 5.54 + 1.52"
NpO, 7.81 £ 1.227
Np,Os 3422 + 534"
PuO, —5221 + 3.68"

),50,56

*This value was obtained based on thermochemical data from the literature. "
"This work.

E. Sealed high temperature drop solution
calorimetry of PuO,

The two sample-loaded calorimetric droppers were each
installed on the top of one of the two dropping glass tubes of
the calorimeter (Fig. 1) using the click-lock feature of the two-
way ball valve (part of the dropper, see Sec. II C). After about
a 1 h wait for calorimeter baseline stabilization, PuO, fragments
were dropped sequentially (and alternately on the two sides of
the calorimeter) from 25 °C into the calorimeter chambers at 700
°C using the “off-then-on” mechanism. The reaction and disso-
lution of the sample fragments in the sodium molybdate solvent
produced three consistent AHqs values of PuO, (Table I). Return-
ing to the calorimeter baseline after ~30 min following each drop
(Fig. 6) was a good indication that complete dissolution of PuO,
was achieved. Full dissolution of the oxides of other actinides (U,
Th, and Np) in the sodium molybdate solvent at 700 °C was
reported previously, and their drop solution enthalpies were suc-
cessfully obtained'*'*?*%*1% (Table 11). The calorimetric peaks
obtained with the dropper device were normal in all respects. In
addition, no noticeable difference was observed in the obtained
enthalpy value when the dropper was used in a monthly calorime-
ter calibration or in a drop solution calorimetric experiment on
UsSiz.™

ARTICLE scitation.orgljournal/rsi

F. Pu waste disposal after the calorimetric experiment

Upon completion of the calorimetric measurements, the two
glassware/dropper sets were pulled out from the calorimeter in
sequence. After each removal, the hot glassware/dropper set was
immediately inserted into an Inconel waste cylinder, which was then
sealed by an Inconel screwcap. Sealing of the two capped cylin-
ders had been confirmed earlier by hydraulic tests. Alumina wool
inside the cylinder serves as an insulation and buffering material
to mitigate potential thermal and mechanical shocks upon inserting
the glassware. The low thermal expansivity of silica glass minimizes
thermal shock effects in the calorimetric assembly. During the entire
process, the glassware/dropper sets remained intact. Finally, the
two sealed, waste-loaded cylinders were shipped off-site for disposal
under approved waste procedures.

lll. RESULTS AND DISCUSSION

Calorimetric curves for the three PuO, fragments are plotted
in Fig. 6, and the derived drop solution enthalpies (AHg;s) are listed
in Table I. The mean AHy, with the standard deviation is —52.21 +
3.68 kJ/mol. For comparison, representative experimentally deter-
mined AHgys values of simple actinide oxides are listed in Table II.
Note that each AHg;s is a sum of several enthalpic components: (i)
AHp,, the heat content from 25 to 700 °C; (ii) AHox, the enthalpy
of oxidation if the dissolved state has a different oxidation state
from the initial solid (ThO,, which does not have a AHox compo-
nent); and (iii) AHln, the enthalpy of dissolution in the molten
sodium molybdate at 700 °C. Determination of the contribution
of AHgln to AHygs is needed to investigate whether the dissolving
behavior of PuO, is consistent with those of other AnO, phases.
First, AHy. values of AnO; can be calculated from available high
temperature heat capacity data (Table III). Second, determination
of the enthalpy of oxidation requires the knowledge of the final
state of the dissolved actinide species. The final valence states of
U and Np in molten 3Na,0-4MoQ; are hexavalent'””” and pen-
tavalent,” respectively. Thus, AHox(UO,) is derived to be —138.89
+ 3.08 kJ/mol, based on the oxidation reaction of UO; to y—UO327
at 700 °C, while AHo«(NpO,) is —3.85 kJ/mol, estimated from oxi-
dizing NpO, to szOs.I‘ The less exothermic AHox(NpO3) com-
pared with AHx(UQ,) is consistent with the observation that from
Uto hgi»gll}er actinides, the high oxidation state has a destabilization
trend.””"

TABLE Ill. Breakdowns of the enthalpy of drop solution of AnO, in the molten sodium molybdate solvent (AHys) at 700
°C into the heat content from room temperature to 700 °C (AHy.), enthalpy of oxidation (AHox), and enthalpy of solution

(AHsoln)-

AnO, AH g (kJ/mol)* AHjy, (kJ/mol) AH,x (kJ/mol) AHg,p, (kJ/mol)
ThO, 0.89" 49.50" _— —48.61
U0, —138.35" 52.80" —138.89” —52.26
NpO, 7.817 53.04" —3.85" —41.38
PuO, —5221" 57.85" —55.2° —54.86"

*Errors not shown.
" This work.
“Estimated based on the available literature data.

19,50
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FIG. 7. Enthalpies of solution of AnO, (An = Th, U, Np, and Pu) in the molten
sodium molybdate solvent at 700 °C as a function of the ionic radius of An**.

The oxidation state of plutonium in the sodium molybdate
solvent at 700 °C in air has not yet been determined. We suspect
that it may be between tetravalent and pentavalent since PuO, and
PusOo™ 77" are stable solid phases while Pu,Os’ is not. If Pu is
tetravalent in the molten oxide solvent, then no further oxidation
correction to the enthalpy of drop solution is needed. However,
it results in a strongly negative enthalpy of solution value (-103.0
kJ/mol), not consistent with those of other AnO, (see Table III).
If Pu is in mixed valence, we can take oxidation to PusO9 as a
reference reaction. The oxidation enthalpy of this reaction can be
approximated to be 0.575 eV/mol of Pu (or —55.2 kJ/mol of Pu),
based on a computation by Korzhavyi et al.,””" which was used in
this work for estimating AHox(PuO>). Subtraction of AH}(PuO,) 1
and AHox(PuO,)""" from AHg,(PuO,) then gives AHoln(PuO;) =
—54.86 + 3.68 kJ/mol. Enthalpies of solution of ThO,, UO,, and
NpO, are derived in a similar manner and listed in Table I1I. These
AHg,, values are plotted in Fig. 7, where the mean with standard
deviation of AH,, values of these four AnO, phases (—49.28 +
5.86 kJ/mol) is represented by a solid red line with upper and lower
dashed line limits. Notably, our estimated AH,(PuO;) falls well
within the two limits, indicating a general consistency of our mea-
sured AH4(PuO;) with all previously measured AHg, of lighter
actinide dioxides, supporting our assumption of the occurrence of
mixed valence Pu in molten 3Na,0-4MoQs3. To refine this value,
we plan to directly characterize the oxidation state of Pu in the
solidified solvent after the dissolution of PuO, using synchrotron
X-ray absorption spectroscopy.””**”"”* In addition, structural char-
acterization (e.g., by synchrotron X-ray scattering and Raman spec-
troscopy at high T/P”"°) will be conducted on AnO, series to
establish its structure-energetics relationship.

IV. CONCLUSIONS

In this study, we present high temperature oxide melt drop
solution calorimetric measurements of PuO, using our designed,

ARTICLE scitation.orgljournal/rsi

sample seal-and-drop device, along with a thorough protocol for
handling transuranic samples during the experiment. The utiliza-
tion of the calorimetric dropper enables a safe and reliable exe-
cution of such experiments with minimal risks of contamination.
Moreover, the application of the dropper allows separation of the
experiment into several tasks, which may be undertaken by differ-
ent institutions or different divisions at a single institution. Notably,
the application of the calorimetric dropper is not limited to the han-
dling of transuranic samples. In general, the sealing mechanism of
the dropper makes it possible to encapsulate samples that are haz-
ardous (radioactive, toxic, etc.) or air-sensitive (hygroscopic, sen-
sitive to oxygen, etc.) so that the personnel handling the samples
can be properly protected from hazardous chemicals or the sam-
ples themselves can be prevented from reacting with air and/or
moisture.

As an added outcome of the feasibility test of the calori-
metric dropper, we obtained the drop solution enthalpy of PuO,
in molten 3Na,0-4MoQ, solvent at 700 °C to be —52.21 + 3.68
kJ/mol, which provides imperative information for future calorimet-
ric studies of other Pu-containing phases and may serve as a bench-
mark value for related computational simulations. The approach
developed in this work has thus laid the foundation for future
drop-calorimetric measurements of the thermochemical parame-
ters of transuranic compounds to fill the knowledge gap in actinide
research.
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