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Abstract

A series of Cr-substituted hollandite solid solution BayCsyCrayyTig-2xyO16 Over a broad
range of Cs content (x +y = 1.33, 0 < x and y < 1.33) were systematically investigated. A
monoclinic-to-tetragonal phase transition was induced by increasing Cs content in the tunnel

sites of the hollandite structure, and all members of the series show structure modulations
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related to the ordering of the Ba/Cs and vacancies along the tunnels. The thermodynamic

stability of the Cr-substituted hollandite samples was measured via high-temperature oxide
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melt solution calorimetry which included making the first measurements of the enthalpies of
drop solution for Cs,O and BaO in sodium molybdate solvent at 800 °C. Thermodynamic
stability increased with increasing Cs content for the series of Cr-substituted hollandite,
which also exhibited a greater thermodynamic stability compared to other substituted
hollandite analogs including Zn, Ga, Fe, and Al variants. The leaching performance, also
known as aqueous durability, demonstrated that the fractional Cs release in the Cr hollandite
samples is much lower than in other hollandite systems. After seven days of leaching at 90
°C, the lowest Cs release was observed in the sample with the highest Cs content,
approximately 22 wt.% Cs. The Cs release could be further suppressed, by approximately 3x
if the sample was further densified and sintered. The Cs release results correlated inversely to
the thermodynamic stability, suggesting that the thermodynamic stability may be used in

future materials design for nuclear waste immobilization.

1. Introduction

Currently, borosilicate glass is the most accepted waste form for the long-term
disposition of high-level waste (HLW).' Borosilicate glass can effectively immobilize a broad
range of radioactive (and non-radioactive) elements present in HLW and exhibits excellent
chemical durability in an aqueous environment. While borosilicate glass is the standard waste
form, one limitation to its expanded use is the relatively inferior thermal stability of glasses to
crystalline materials. During the decay of radionuclides with short half-lives (e.g., *’Sr and
137Cs),2 heat is released, which, if those radionuclide concentrations are sufficient, can raise
the internal temperature of the glass causing it to potentially devitrify or exhibit increased
elemental release, especially when several thousand HLW glass canisters are aggregated in

an underground repository.” In practice, the decay heat is controlled during the vitrification
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process through limits placed on the watt output per canister. In addition, self-irradiation that
occurs in nuclear waste glasses can also induce potential devitrification.® These drawbacks
place a limitation on the application of borosilicate glass.
Several crystalline ceramic candidates have been proposed as alternatives to vitreous nuclear
waste forms for their relatively higher thermal stability. In the late 1970s, Ringwood and
coworkers’ developed a multiphase ceramic, SYNROC, to immobilize high-level waste
(HLW). SYNROC is designed using existing mineralogy and knowledge of durable
crystalline materials found in nature. The hollandite mineral group is one of the most studied
as a template for SYNROC materials which include the titanate mineral forms of hollandite,
perovskite, and zirconolite. For example, in a multi-phase waste form designed to immobilize
a mixed waste stream, hollandite is targeted to accommodate fission products such as Cs, Ba,
and Rb, perovskite is targeted to capture Sr, and various actinides (e.g., U and Th) and Zr can
be incorporated into zirconolite.” * '° The difficulty to incorporate and immobilize Cs in a
phase that is durable at elevated temperatures and in aqueous conditions, has been the
foundation for significant research efforts to design and fabricate hollandite materials with
improved performance.

The long-term (e.g., millennia) stability of a waste matrix is directly related to its
thermodynamic stability and resistance to elemental dissolution. According to previous

studies on hollandite-type materials,'' "

thermodynamic stability was found to be correlated
to the Cs content and increased with increasing Cs content. Moreover, the higher stability
compositions exhibited correspondingly less Cs release after exposure to accelerated leach
testing. Recent results indicated that Cr-substituted hollandite forms with high phase purity
and exhibits lower Cs release rates relative to other substituted hollandites.'®'® Although

numerous hollandite series with different substitutions (e.g., Zn2+, Al3+, Ga3+, and Fe3+) have

been investigated, thermodynamic and leaching data of the Cr-substituted hollandite is
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limited. In this work, a series of single-phase Cr-substituted hollandite samples with varying
Cs content were synthesized. Structural evolution, thermodynamic stability, and elemental
leaching rate were measured as a function of the Cs content and compared to Zn-, Ga-, Fe-,
and Al-substituted hollandite series. These results are discussed in the broader context of
available data for the other hollandite systems to provide a comprehensive perspective and
help guide future materials design of crystalline ceramic materials for nuclear waste

immobilization.

2. Materials and methods
2.1 Sample synthesis

The series of Cr-substituted hollandite BayCsyCrax+yTig-2xyO16 (0 <x<1.33;x +y =
1.33) was synthesized via solid-state reactions. For simplicity, they are denoted as HCy in
this manuscript. “H”, “C”, and the value of “y” refer to “Hollandite”, “Cr”, and “Cs content”,
respectively. For example, the target formula of the sample HCO0.33 is
Ba;Cs(33Cr;33T1567016. The target stoichiometries and the short names of the Cr-substituted
hollandite samples are listed in Table 1.

Two sample sets were synthesized: one at Clemson University (CU) and another at
Savannah River National Laboratory (SRNL). General experimental procedures are described
as follows: Reagent-grade powders of barium carbonate, BaCOj3, cesium carbonate, Cs,COs,
chromium (III) oxide, Cr,O3, and titanium oxide (anatase), TiO,, were used as starting
materials without drying. Stoichiometric amounts of raw materials were placed into high-
density polyethylene (HDPE) bottles. Ethanol or DI water and spherical yttrium stabilized

zirconia (YSZ) grinding media (diameter: 5 mm and/or 10 mm) were added into the bottles to

mix the powders. Ball-milling was performed for more than 20 min to obtain a homogenous
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slurry, subsequently dried in an oven. The resulting batch material was further processed
according to the following:

For the samples synthesized at CU, the batch material was cold-pressed into pellets at
~250 MPa. Multiple heat treatment processes were completed in a high-temperature box
furnace as follows: (1) the pellets were heated to 1000 °C for 5 h to decompose the
carbonates; (2) the post-calcination pellets were crushed, ground, and wet ball-milled; (3) as-
obtained slurry was dried in an oven at 80 °C; (4) as-dried powders were ground, pressed and
fired between 1200 °C - 1250 °C for 10 h. Alumina crucibles were used and covered with
alumina lids.

For the samples synthesized at SRNL, the batch material was calcined in covered
Pt/10Rh crucibles at 1000 °C for 20 min and then removed from the furnace to cool down to
room temperature (RT). After cooling, the materials were ground in a pulverizer (Angstrom)
for 2 min, returned to the same crucible with the lid, and heated from RT to 1450 °C. After 20
min dwelling at 1450 °C, the crucible was removed from the furnace to air cool.

2.2 Characterization

Powder X-ray diffraction (XRD) measurements were performed to analyze the phase
purity and crystal structures of as-synthesized samples. A Rigaku Miniflex600 diffractometer
(40 kV and 15 mA) with monochromatic Cu Ko radiation (A = 1.5406 A) was used to collect
the diffraction patterns for phase ID, and a Bruker D8 with Lynxeye XE detector was used to
collect the wide-range data for Rietveld refinements and modulated structure analysis.

Synchrotron-based powder XRD was also used to characterize a subset of samples,
with the data reported herein collected at the Advanced Photon Source beamline 11-ID-B at a
wavelength of 0.1430 A. The samples were contained in 1.1 mm diameter polyimide

capillaries and measured under ambient conditions using a Perkin Elmer amorphous Si 2-D
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detector and Debye-Scherrer geometry. The sample-to-detector distance used for the PXRD
measurements was 950 mm, yielding a d-spacing range of ~19 to 0.55 A.

The microstructure of samples was observed by SU6600 scanning -electron
microscopy (SEM). Elemental compositions were analyzed by energy-dispersive X-ray
spectroscopy (EDS) using Aztec software (Oxford Instruments). The EDS compositions
listed in Table 1 were determined by averaging the compositions of at least eight
representative sites over the surfaces of the samples. Chemical compositions of the samples
and leachate solutions were measured with inductively coupled plasma-mass spectroscopy
(ICP-MS). A lithium metaborate fusion preparation with nitric acid digestion was used to

dissolve solid samples for ICP-MS.

Table 1.

2.3 High-temperature oxide melt solution calorimetry
Formation enthalpies are fundamental thermodynamic properties that define phase
stability. The standard enthalpy of formation, as well as the enthalpy of formation from
oxides, is the energy associated with the reaction to form the compound from its component
elements or oxides. Calorimetry provides the only direct method by which formation
enthalpy is experimentally measured. The total heat effect (AHgs) includes the heat of solution
(AHgpn) and the heat content of the sample (AHrt). Calibration is done against the known heat
content of trace metal grade alpha-alumina (Sigma Aldrich, 99.999%). The calibration and
experiment methodologies are described in detail elsewhere.'®*°
In this work, calorimetric measurements were done using high-temperature oxide melt
solution calorimetry with an AlexSYS 1000 (Seteram Inc.) isoperibol Calvet twin calorimeter.

Hand-pressed sample pellets weighing between 4-6 mg were dropped from RT into a

platinum crucible containing 20.00 + 0.05 g molten sodium molybdate solvent
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(3Na,0-4Mo0O3) at ~800 °C within the calorimeter. Oxygen was flushed through the
glassware assembly at 30 mL/min and bubbled through the solvent at 2.5 mL/min. Flushing
ensures constant vapor pressure above the solvent while bubbling aids dissolution. To obtain
the mean enthalpy of drop solution (AHgs), experiments were replicated at least eight
experiments per sample composition to achieve statistically reliable data. Uncertainties were
computed as twice the standard deviation of the mean. Measurements were only performed
on the CU sample set based on thermodynamically similar states considering ceramic
crystallization kinetics.

The values of AHg, of the binary oxides (e.g., BaO, Cs,0, Cr,03, and TiO,) that form
the Cr hollandite samples are required to apply the appropriate thermochemical cycle used for
the calculation of the formation enthalpies from the constituent oxides. Cr,O; and TiO; have
been previously measured and reported, however, the AHgys of BaO, Cs,O were unknown.
Cs,0 and BaO are very hygroscopic making them unstable resulting in inconsistent drop
solution data. For this reason, Cs,CO3; and BaCOj; (99.99 %, Sigma Aldrich) were dried and
then maintained at 300 °C before calorimetric measurements.

2.4 Leaching tests

Aqueous leaching tests following the ASTM C1285 Product Consistency Test (PCT)
Method-B standardized protocol were performed to measure elemental release.”’ Samples
were ground and sieved to —100/+200 mesh, washed with water and alcohol, and then dried.
Before the leaching test, sub-samples of the washed particles were dissolved and measured
for chemical composition with ICP-MS. For the leaching test, 10 mL of deionized water
(leachate) for 1 g of sample was prepared to maintain a constant Vyaer/Mgample ratio of 10
mL/g. Samples and one reference were prepared in triplicate along with two blanks. Tests
were performed in stainless-steel (SS) vessels, closed, sealed, and placed in an oven at 90 + 2

°C for seven days. Once cooled down to room temperature, the leachate solution was
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analyzed by mass spectrometry. The fractional release of element i in the measured samples,

was calculated using Equation 1:

c;v

msf;

FRi =

(1
where FR; = fractional release of element i (dimensionless), C; = concentration of element 7 in
the leaching solutions (g/L), V' = volume of the leaching solution (L), m; = mass of the
measured sample (g), and f; = mass fraction of element i in the measured sample

(dimensionless).

3. Results and discussion
3.1 Phase, microstructure, and composition

The X-ray diffraction patterns and lattice information refined by the Rietveld method
are given in Figure 1 and Table 2 for the series of the Cr-substituted hollandite samples
synthesized as BayCsyCray+yTig-24—yO16. As shown in Figure 1a, all samples are either pure or
nearly pure hollandites with a minor Cs,(CrO4) phase identified in HCO0.67. The Ba end
member (y = 0) adopts monoclinic symmetry (space group: /2/m), whereas the hollandite
samples with y > 0 exhibit tetragonal symmetry (space group: /4/m). The composition-driven
monoclinic-to-tetragonal (M-T) phase transition as a function of the Cs content is related to
the relative size of average B-site cations to A-site cations. The boundary of this M-T phase
transition was effectively predicted by Zhang and Burnham.”* As illustrated in Figure lc,

smaller B-site cations (e.g., R, 3+ = 0.535 A) help the hollandite remain tetragonal over the

entire compositional range.'* ** In contrast, the M-T phase transition would occur when
larger B-site substitutions are selected (e.g., R, >+ =0.74 A and Ry 3+ = 0.645 A).>> The

results for the Cr hollandite (R 3+ = 0.615 A) presented in this work, along with Zn and Fe
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hollandite analogs reported in previous studies, agree well with the Zhang and Burnham

prediction.' %%

Figure 1

Table 2.

It is well-documented that hollandites display structure modulations, which cause

24-26

additional superstructure reflections in electron and X-ray diffraction patterns, generally

of weak intensity and although they can be sharp and well-defined, it is common to find
broad and diffuse modulation peaks.*”

It i1s widely agreed that the additional peaks arise from the ordering of the A-site
cations along the tunnel, described by a modulation vector (0,y,0) for monoclinic or (0,0,y)

3932 When described in terms of an occupancy modulation, the breadth

for tetragonal systems.
of the superstructure peaks is claimed to arise from the intergrowth of domains with different
multiplicities, m, where

2

1
m=-=
14

24.25.33.34 "and is related to different repeat distances of the vacancy ordering. Alternatively,
the A-site can also be thought of as a separate but interpenetrating lattice with identical lattice
parameters orthogonal to the tunnel direction but a separate lattice parameter along the
tunnel.” When modeled in terms of interpenetrating lattices we define both a B-site

framework and an A-site substructure. The two models are related by

— (b;—b;) (3)

)4 :
b
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where b; and bj are the reciprocal lattice parameters of the B-site framework and A-site
along the tunnel direction, respectively. Here, the A-site cations lie on the points of the lattice
with minimization of the electrostatic repulsion between A-site cations determining the
ordering scheme down the tunnel. In this model, the wide peak breadth has been attributed to
the limited extent of the 3-D ordering of the A-site between adjacent tunnels.*> 23> 3

As shown in Figure la, the most intense superstructure reflection falls around 26-27°
20 and is visible for all compositions, as is another peak around 22° 260. To understand the
data further, the synchrotron powder XRD in Figure 1b was performed on a sample
(Ba;Csp3Cr,3Tis 701¢) prepared in the same manner as those in Figure 1a to better define the
structure modulation. The details of the A-site cation ordering along the tunnel are the subject
of a separate study, but Figure 1b shows the Rietveld fit with the superstructure peaks
included. Table S1 shows the structure parameters derived, demonstrating large anisotropic

displacement parameters for the Cs/Ba tunnel cations in the direction along the tunnel.

The superstructure peak locations can be used to define the occupancy of the tunnel

) b ) . . )
sites as b—f. With two tunnels per unit cell and formula unit Bay,CsyCrax+yTis-2x—yO1s, the

a

overall occupancy becomes:
bt
x+y=2 P 4)
This occupancy calculation has frequently been reported in the literature,”’ typically

in terms of the multiplicity m, where

x+y=2(1—$) ®))

The equivalence of Equations 4 and 5 follows directly from Equations (2) and (3).
Despite the peaks being diffuse, the occupancy values determined from the refinement of b,
agree well with the chemical compositions for all samples as shown in Table S1 and Table 3.

Comparing the values of b, and x + y for the Cs and Ba end members, it is apparent that the
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Cs packs more closely along the tunnel. This observation is consistent with the reports in the
literature of the Cs end member having a higher upper limit on tunnel occupancy than the Ba
end member for hollandites of many B-site compositions.™

Uniformity of the structure modulations within the polycrystalline materials, as
observed in the superstructure peak widths, is in some cases a function of the cooling rate but
generally can be described as a “crystallite” size or coherent domain size where the limits are
along the tunnel direction or across tunnels, or both. It is clear for the Cr-substituted
hollandite series in this work, where a single cooling rate was used for all samples (Table 3),
that the coherent domain size of the A-site is strongly dependent on the A-site composition,
with the Ba end member remaining coherent over approximately 90 A compared to 20-30 A

for the other compositions.

Table 3.

The microstructures of the Cr-substituted hollandite specimens are displayed in Figure
2. A rod-like grain shape is exhibited in all hollandite samples HCO, HC0.33, HC0.67, and
HC1.33, which agrees with previous studies of similar hollandite analogs.'**” No distinct
secondary phases were visible in the BSE images in Figure 2. The EDS compositions of these
hollandite samples were analyzed and are summarized in Table 1. The results indicate that

the compositions in the samples are close to the target stoichiometries. "

Figure 2.
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3.2 Thermodynamic stability

Tables S2 and S3 present the two thermochemical cycles used to compute the value of
enthalpy of drop solution (AHgs) for CS20.38’ 3 The value of AHy, for BaO was obtained in
the same way. This methodology has been validated by Ushakov et al.** Table 4 summarizes
the thermochemical cycles applied to calculate room temperature enthalpies of formation for
the Cr-substituted hollandite samples from the constituent oxides (e.g., BaO, Cs,0, Cr,0s3,
and TiO;) and the constituent elements. Table 5 lists the calculated and measured

thermodynamic parameters with the number of experiments given in parentheses.

Table 4.

Table 5.

The thermodynamic stability of the Cr-substituted hollandite series was evaluated
based on the enthalpies of formation which were measured using high-temperature oxide melt
solution calorimetry in molten sodium molybdate (3Na,0-4Mo0Qs3) solvent at 800 °C under
oxygen atmosphere. Using appropriate thermochemical cycles, the enthalpies of drop solution
enthalpies (AHgs) of the measured samples and their constituent binary oxides form the basis
to calculate the enthalpy of formation from the oxides (AH¢ox) and the elements (AHg,) at
RT. The measured heat effect (i.e., AHgs) includes the heat content of the sample pellet as it
travels from RT to the calorimeter temperature plus the enthalpy of solution (AHgy) of the
sample in the solvent. Measurements were repeated to achieve statistically reliable data.
Additionally, AH45(Cs,CO3) and AH4(BaCO3) were measured in this work, not having been

previously measured under these conditions, but necessary to the thermochemical cycles used
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to calculate the enthalpies of drop solution of the constituent binary oxides, AHgs(Cs;O) and
AHg4(BaO).

The results from the two thermochemical cycles applied to calculate the drop solution
enthalpies of corresponding oxides from their measured carbonates are AHgy(Cs>CO3) =
97.65 £ 0.76 kJ/mol and AHy(BaCO3) = 128.84 + 1.52 kJ/mol. The first thermochemical
cycle calculated the enthalpy of formation from the oxides (AHgo) of the carbonates
AHsox(Cs2CO3) = —400.2 + 1.20 kJ/mol and AHg(BaCO3) = —271.4 £ 2.10 kJ/mol. Then,
the second used this value, along with other auxiliary thermodynamic parameters, to calculate
the drop solution enthalpy of the oxides, AHg(CsyO) = —339.96 + 1.42 kJ/mol and
AHg(BaO) = —179.97 + 2.59 kJ/mol. To complete these calculations, the needed standard
heats of formation and heat content of auxiliary oxides and carbonates were obtained or
computed from thermodynamic data reported by Robie and Hemingway,*® unless otherwise
noted. These parameters include: AHr 25800 °«c)(CO7) = 37.41 kJ/mol, A°H{CO,) = —393.5 +
0.1 kJ/mol, A°H{Cs,0) = —346.0 £ 1.2 kJ/mol, and A°H{BaO) = —548.1 + 2.1 kJ/mol.
A°H{(Cs2CO3) = —1139.7 kJ/mol and A°H«(BaCO3) = —1210.90 + 2.2 kJ/mol are referred to
CRC Handbook of Chemistry and Physics.*

The trends of formation enthalpy as a function of the Cs content for the Cr-substituted
hollandite series is shown in Figure 3. The thermodynamic stability is gradually increased
when higher Cs content is introduced into the tunnel sites of the hollandite structure, which
agrees with the previous finding on other hollandite systems with various framework cation
substitutions such as Zn, Ga, Fe, and Al. However, the values of AH¢ for the Cr hollandite
samples are much more exothermic compared with other substitutional cations indicating
greater thermodynamic stability. Moreover, the significantly improved stability could act to
suppress the elemental Cs release of hollandite waste forms demonstrated in the aqueous

leaching tests.
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To simulate practical waste disposal, the relative phase stability between the
hollandite and potential competing phase assemblages (i.e., BaTiO; perovskite phases and
binary oxides) were also assessed thermodynamically by a series of chemical reactions as
previously demonstrated."' > *** Figure S1 shows that the reaction to form the competing
perovskite phase from any of the hollandite compositions in this study is thermodynamically
unfavorable. Moreover, the thermodynamic favorability of the hollandite structure increases
with Cs substitution for Ba in the tunnels, which agrees well with previous studies of

hollandite waste forms with different B-site dopants.''°

Figure 3.

33 Fractional element release

Fractional release (FR) is presented to highlight the trends in the elemental release as
a function of the Cs content. The absolute normalized element release (NR), measured in
g/m”, is not an appropriate manner to report the leaching data in this work because the surface
area of the particles was not measured. Microscopic observation and previous Brunauer—
Emmett-Teller (BET) results indicate that a solid sphere approximation for the hollandite
sample particle will incorrectly estimate the surface area.'"'> Nevertheless, the ASTM 1285
PCT protocols were followed to maintain a consistent particle size fraction across the series
of samples to enable reasonable comparisons. The fractional release of Cs (FR¢;), the element
(i.e., Cs-137) of the most interest with respect to hollandite waste forms, for each Cr-
substituted hollandite composition was measured and reported in Figure 4. As mentioned in

Section 2.1, ground and sieved particles for the leach measurements was prepared from two
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sample sets: one set consisted of particles from sintered pellets (CU), while the other set
consisted of particles from compacted powder (SRNL). In both data sets, the FR¢, decreased
with increasing Cs content. The Cs end member of the sintered pellet set was not included
due to the existence of some secondary phases (e.g., TiO; rutile and Cs-Al-Ti-O phases),
which would affect the leaching results. Nevertheless, the lowest Cs release was observed in
the composition with the highest Cs content in both data sets, and was in the range of 1 to 4 X
107 (Zteachate/gsample) after seven days of aqueous leaching at 90 °C. The trend in lower Cs
release with increasing Cs content is in an agreement with the thermochemistry

measurements and suggests a correlation with thermodynamic stability (Figure 3).

Figure 4.

A comparison of FR¢ across the data sets indicates the sintered pellet samples
released 2-3 times fewer Cs compared to the compacted powder set across all compositions.
The predicted FR¢s could be reduced to less than 1 X 107 (Zleachate/ sample) after seven days of
leaching based on a linear fit to the data in Figure 5a. While not understood at this time, the
results indicate that pressing and sintering pellets are beneficial to the measured chemical
durability in this system.

The authors have previously reported the elemental FR values for the Ga-, Fe-, Al-,

and Zn-substituted hollandite series.'' "> Figure 5(a-c) compares the FR results of the Cs, Ba,

Accepted Article

and the B-site substitutions from the Cr-substituted hollandite series with those of the Ga, Fe,
Al, and Zn analogs. The data collectively show approximately three orders of magnitude
difference in the FR among the different hollandite series. Recall that NR was not calculated,
but the ASTM C1285 PCT protocols?' were employed to ensure a consistent particle size

fraction (and by extension surface area) across each hollandite series. The trend in FR¢g as a
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function of the nominal Cs content for a given hollandite series is generally consistent with
the thermochemical results illustrated in Figure 3. Specifically, the lowest Cs release is
observed in the Cr hollandite series which is consistent with the most negative enthalpies of
formation (higher thermodynamic stability).

Figure 5.

The elemental release behavior reveals there is inconsistency in the congruency of
elemental release across the analogs. For example, Ga and Fe analogs exhibit a minimum in
the Cs release (at 0.67 Cs) and these analogs have a corresponding congruency in the release
of the B-site cation, but not the Ba cation, with Cs. In contrast, the Al, Cr, and Zn analogs
exhibit the minimum Cs release from the Cs end member (at 1.33 Cs), and Ba and Cs exhibit
congruent release from the Cr and Zn analogs, whereas Al does not. This incongruent
leaching might be attributed to the weaker Cs-O bond due to its higher coordination number,
longer bond length, and lower bonding energy.” ' *" **** Similar incongruent leaching
phenomena for the elements in different lattice sites have also been reported in a variety of
crystalline ceramic wasteform systems, including hollandite, pyrochlore, and perovskite
structure materials.*® ***°* Moreover, incongruent leaching is often associated with matrix
dissolution accompanied by diffusion-controlled processes.”’ However, the data presented
reveals that the congruency (or incongruency) of the leaching behavior is also a function of
the Cs content. This suggests a complex leaching mechanism might result from the variable
Cs content that could alter the local bonding environment of the tunnel sites and the
octahedra in the framework. Further studies are necessary to understand the elemental
release. It is also noted that the leaching behavior would appear to be confined to the B-site
substitution framework cation (and the A-site) as evidenced by the Ti leaching rate, which is

profoundly lower than Cs, Ba, and any of the B-site cations (Figure S2).>°
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Figure 6.

4. Conclusions

A series of the Cr-substituted hollandite solid solutions with a broad compositional
range of Cs content were synthesized. The Ba end member was monoclinic while Cs-
containing phases were tetragonal. All phases had superstructure modulations as evidenced
by broad but easily discernable XRD peaks. Experimental results of high-temperature oxide
melt solution calorimetry established the thermodynamic stability of the Cr hollandite series
to be significantly greater compared to other hollandite analogs. The superior stability of Cr-
substituted hollandite samples was accompanied by relatively lower fractional Cs release as
compared to other hollandite systems, which exhibit lower thermodynamic stability. Thus, a
general relationship between the thermodynamic stability and elemental release was
established in hollandite-based materials, which affords a new materials design parameter for

hollandite-type waste forms.
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Figure Captions

Figure 1. (a) Rietveld refinement of the (BaxCsy)(Crax+yTi3-2xy)O16 hollandite samples with

data collected using Cu Ka radiation. Data are plotted as square root of intensity to highlight

compositional differences in the superstructure ordering. (b) Rietveld refinement of

Ba;Cso3Cry3Ti5 706 with data collected at the 11-ID-B beamline at the Advanced Photon

Source using 0.143 A wavelength radiation. (c) the average ionic radius of A-sites (Ra) and

24
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B-sites (Rp) cations of the Zn, Ga, Fe, Al, and Cr hollandite series. The dashed line is referred
to Zhang and Burnham’s model for hollandite systems where tetragonal symmetry is

expected above the dashed line.'' '+ **

Note: Ycalc is the calculated intensity from the
hollandite atomic model, A-site mod is the calculated intensity from the A-site superstructure,

Diff is the difference between experimental and calculated data, Rwp is the residual weight

percent, GOF is the goodness of fit, Q is the scattering vector.
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Figure 2. The microstructure of Cr-substituted hollandite samples: (a) HCO, (b) HCO0.33, (c¢)

HCO0.67, and (d) HC1.33. The scale bar is 10 um for each composition. Note- SEM images of

Accepted Article

CU samples looked similar.
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Figure 3. Variations of AHs as a function of Cs content for various hollandite systems with

different substitutions.'' ">
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Figure 4. The averaged fractional Cs release (FRcs) from compacted powder (blue) and
sintered pellets (orange). The averaged FR¢s values of the replicates are reported in the form

of a histogram. Note: The Cs content is based on nominal stoichiometry.

1E-01
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3
o
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Cs content (mole)

Figure 5. Fractional release (FR) of (a) Cs, (b) Ba, and (c) B-site substitutions for the Cr-, Ga-

, Fe-, Al-, and Zn-substituted hollandite samples. The ARM value is reported for comparison.

Accepted Article

The averaged FR values of the replicates are reported, and the error bars indicate the

minimum and maximum measured values. Note: The Cs content is based on nominal

stoichiometry.“_15

27
This article is protected by copyright. All rights reserved.



Accepted Article

(a) 4 A, Zhao 2020 (b) O Cr_CU, this work
1E+01 - Ga; Zhao 2019 1E-02 O Cr_SRNL; this work

< Zn; Grote 2019 —o— AL Zhao 2020
& Fe. Zra0 2020 - Ga; Zhas 2013
O Cr_SRNL: this work - Fa; Zhao 2020
—— Cy_CU; this work Zn, Grote 2018
1E+00 - ARM; Zhae 2020 1E-03 4
A
e
1E-01 . 1E-04 a
— 3
& o
= ™ * 3
1E-02 ~— 5 1E05{
———— 3
o S— SN \_
3 [— v S
—s o~
1E-05 1E-06 o ®
1E-04 y y T T y T T d 1E-07 T T y y y
00 02 04 06 0B 10 12 14 0.0 0z 04 08 08 10
Cs content (mole) Cs content (mole)
C A Al; Zhao 2020
—0—Cr_CU; this werk
160 o CI_SRML; this work
< Fe; Znao 2020
. < zn; Grote 2018
1E-02 A < Ga; Zhao 2018
— % | ARM: Znao 2020
&
I
o - B
1E-07 T T T T T T T d
00 02 04 06 08 10 12 14
Cs content (mole)

Figure 6. Various ratios of measured elemental release (a) Cs/B-site cation, (b) Ba/B-site

cation, and (c) Cs/Ba after seven days of leaching. Note: the dashed bars indicate the
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Table Captions

Table 1. Target and Energy Dispersive Spectroscopy (EDS) measured compositions of the
Cr-substituted hollandite samples*.

Table 2. Lattice information of the (Ba,Cs,)(Crax+yTig2xy)O16 hollandite samples.

Table 3. A-site lattice information where by and b, are the lattice parameters of the
framework and A-site along the tunnel direction and x and y the stoichiometric values

of Ba and Cs, respectively.

Table 4. The general form of the thermochemical cycle applied with the EDS analyzed
stoichiometry of each (BayCsy)(CraxyTig2x-y)O16 hollandite sample to calculate the enthalpy

of formation from constituent oxides and elements at 25 °C.

Table 5. Measured mean AHgs for the Cr-substituted hollandite samples in sodium molybdate
solvent at 800 °C and summary of the enthalpies of formation from the binary constituent

oxides and the elements at 25 °C.

Tables

Table 1. Target and Energy Dispersive Spectroscopy (EDS) measured compositions of the

Cr-substituted hollandite samples .
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Sample name

Target composition

EDS composition

HCO

HCO0.2

HCO0.33

HCO0.67

HC1.33

Ba, 33Cr2.66 11534016

Ba; 20Cr2.69T1534016

Ba; 13Cs0.2Cr2.46T1554016 Ba; 15Cs0.19Cr2.45T15 54016

Ba;Cs33Cr233Ti5.67016
Bag 67Cs0.67Cr2TigO16

Cs133Cr1 331667016

Ba; 04Cs0.24Cr2.34Ti5 67016
Bag 73Cs0.51Cr2.01 TigO16

Cs135Cr132Ti6.67016

" Compositions were normalized to Ti with fixed oxygen content to achieve charge balance.

Table 2. Lattice information of the (Ba,Cs,)(Crax+yTig2xy)O16 hollandite samples.

Accepted Article

Space
Sample a(A) b (A) c(A) B () Vear (AY)
Group
HCO 12/m 10.1364(4)  2.9538(1) 9.9225(4) 90.744(4) 297.07(2)
HCO0.2 14/m 10.0568(9) 10.0568(9) 2.9534(2) 90 298.71(6)
HC0.33 14/m 10.0756(1)  10.0756(1) 2.9535(4) 90 299.842(9)
HCO0.67 14/m 10.1412(9) 10.1412(9) 2.9551(1) 90 303.90(2)
HC1.33 14/m 10.2434(5) 10.2434(5) 2.9581(1) 90 310.40(3)
30
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Table 3. A-site lattice information where by and b, are the lattice parameters of the

framework and A-site along the tunnel direction and x and y the stoichiometric values

of Ba and Cs, respectively.

x+y x+y A-site
Sample br (A) ba (A) Modulation (From  (From crystallite
vector y Eq.4) EDS) size (A)
HCO  2.9538(1) 4.57(1) 0355 129 129 89
HCO33  2.9535(4) 4.68(2) 0.369 126 128 28
HCO0.67 2.9551(1) 4.79(4) 0.383 123 1.24 17
HC1.33  2.9581(1) 4.25(4) 0.305 138 135 26

" The sum of x + y is based on the EDS composition in Table 1.

of formation from constituent oxides and elements at 25 °C.

Table 4. The general form of the thermochemical cycle applied with the EDS analyzed

stoichiometry of each (BayCsy)(Crax+yTig2xy)O16 hollandite sample to calculate the enthalpy

Enthalpy of formation from constituent oxides (AH¢x) and elements (AHg,) at 25 °C

AHg (kJ/mol)

Accepted Article

Cs,0¢, 25 °c) 2 C520¢s1, 500 °C)

BaOs, 25 °c) = BaOgn, 500 °c)

Cr203(sln, go0°c) T (8—2x-y) TiOZ(sln, 800 °C)

Crzoz(s, 25 °C) > Cr203(sln, 800 °C)

TiOy, 25°¢) = TiOxsin, 300 °c)

Calculation of AHj,, (25 °C)

(BayCsy)(CraxiyTis 2xy)O16s, 25 °c) 2 X BaOgsin, 300 °cy + 0.5y CS:0(s1n, 500 °c) + 0.5(2x+y)

X BaO(s, 25 °C) + 05y CSzO(S, 25 °C) + 05(2X+y) Cr203(s, 25°C) + (8_2X_y) TiOZ(S, 25°C) >
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AH, = AHyy(Sample)

AH, = AH,(BaO)
AH; = AHgy(Cs,0)
AH, = AHg4(Cr,05)
AH; = AHg(TiO»)

AH6 = AHf, 0x



(BayCsy)(CraxiyTig2x—)O16s, 25 °c)

AHg = AHyox = XAH, + 0.5yAH; + 0.5(2x+y)AH, + (8—2x—y)AH; — AH,

(BayCsy)(CraxiyTig2x—y)O16s, 25 °c)

Bay, 250c) T 0.5 Oyg, 25 °c) 2 BaOys, 25 o)

2 Cs(s, 25oc) T 0.5 Oyg, 25 °c) 2 C520¢, 25 ¢
2 Cr(s, 25°c) 1.5 OZ(g, 25 °C) > CT203(s, 25 °C)
Tis,25°0) T Oag, 25°c) 2 TiOx, 25¢)

Calculation of AH;,, (25 °C)

(BayCsy)(CraxiyTig2x—y)O16s, 25 °c)

X BaO(s, 25 °C) + 05y CSzo(s’ 25 °C) + 05(2X+y) Cr203(5, 25 °C) + (8_2X_y) Ti02(s, 25°C) >

X Bag, 2500y Ty Cs¢s, 25 °c) T (2x+Y) Cr(s, 25 o) + (8=2x~Y) Tis 25 °c) + 8 Oxg, 25°¢) 2

AH,; = AH; = AHpo, + xAH; + 0.5yAH; + 0.5(2x+y)AH, + (8-2x—y)AHq

AH6 = AHf,ox

AH; = AH; 4(BaO)

AH; = AH; 4(Cs,0)
AHy = AH;(Cr,05)
AH o= AH;(TiO»)

AHy; = AHf,el

oxides and the elements at 25 °C.

Table 5. Measured mean AHgs for the Cr-substituted hollandite samples in sodium molybdate

solvent at 800 °C and summary of the enthalpies of formation from the binary constituent

Accepted Article

Mean AHdS AHf,ox AHﬁel
Analyzed sample composition

(kJ/mol) (kJ/mol) (kJ/mol)
Ba1,29Cr2.69Ti5.34016 464.61 + 5.95 (14) 28097 +£7.22 —7555.15+14.33
Ba; 15Cs0.19Cr2.45Ti5.54016 487.29 £ 6.25 (10) -297.99+7.32 —-7580.94 + 13.60
Bal.04CSo,24C1‘2,34Ti5,67016 519.37 £5.78 (8) -310.10 £ 6.82 -7601.73 £ 12.98
Bao.73CS().51CI'2,01Ti6016 554.81 £ 6.08 (8) -314.06 £ 6.84 -7606.77 £ 11.98
Cs1.35Cr;.32Ti667016 596.46 £6.26 (12) —323.68 £6.87 —7599.50=+10.34

BaCOs3 128.84 + 1.52 (5) -271.4+2.10 -1213.0°

Cs,COs 97.65 £0.76 (5) —400.2 +£1.20 -1139.7%
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BaO ~179.97 £2.59 - —548.1+2.1°

Cs,0 ~339.96 + 1.42 - ~346.0+1.2°
Cr,0; 16.54 +0.83¢ - ~1134.7 + 8.4°
TiO; (rutile) 73.70 + 0.39¢ - -944.0+0.8"
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