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Abstract

Titanate-based hollandite ceramics are promising nuclear waste forms for Cs immo-
bilization. In this work, a series of Al-substituted hollandite (Ba Cs); 33(ALTi)gO ¢
was investigated across a broad compositional range with varying Cs content. Powder
X-ray diffraction showed that all samples exhibited a tetragonal hollandite phase.
Enthalpies of formation determined by high-temperature melt solution calorimetry
indicated enhanced thermodynamic stability with increased Cs content, which gener-
ally agreed with sublattice-based thermodynamic calculations. Moreover, enthalpies
of formation of the samples were primarily affected by three factors: (a) relative
sizes of cations on the A-sites and B-sites, (b) tolerance factor, and (c) optical basic-
ity. Fractional element release revealed that Cs retention was significantly improved
for the high Cs-containing hollandite compositions, which were supported by the
evolution of microstructure of the pre and postleach particles. Elution studies of Al-
substituted hollandite spiked with radioactive 137Cs indicated that transmutation of
Cs to Ba in the hollandite was accompanied by an increase in the retention of the

Cs decay product, suggesting long-term stability of Al-substituted hollandite phase.

Titanate-based hollandite has been considered as one of
the most promising host matrices for Cs immobilization due

to its structural® and thermodynamic stability‘l’7 as well as its

ing China, United States, France, and Japan provide efficient
and emission-free electricity as compared to traditional fossil
fuels. However, challenges remain concerning the re-process-
ing and treatment of radioactive wastes from nuclear reactors
in advanced nuclear fuel cycles. Cesium (Cs) is one radio-
nuclide of concern for contemporary immobilization efforts
due to its high toxicity and mobility in the environment which

may impact the biosphere.'*

chemical durability.&m These hollandites are described by the
general formula (Ba,”"Cs, (M. Ti*")30,6 (0 < x + y < 2),
where M is a trivalent or divalent cation (M = AI’", Ga’*,
Fe’*, Zn®*, Mg?*, etc).*”'1? In a unit cell, the hollandite
structure consists of eight (M,Ti)O4 octahedra which are
linked by corners and edges to form tunnels. The positions
in the tunnels occupied by Ba®*/Cs™ are A sites, whereas the
sites occupied by M/Ti*" in the octahedra framework are B
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sites. Al-substituted hollandite (Ba,”"Cs,")(AI’*,Ti*")s0,4
has previously been investigated, including synthesis,13
crystallography,g’14’15 durability,&16 thermochemistry,‘"5
radiation resistance.'”'® However, there remain significant
questions concerning the impact of Cs stoichiometry on the
thermodynamic stability and chemical durability. This work
presents a systematic investigation of Al-substituted hollan-
dite across a broad compositional range, which will benefit
future design and optimization of waste forms.

A series of Ba; 33_,Cs, Al 6, Tis 33,06 (0 < x < 1) with
a broad compositional range of Cs content was successfully
synthesized. High-temperature oxide melt solution calorimetry
was utilized to determine the effect of Cs content on thermo-
dynamic stability, whereas calculations based on a reoptimized
sublattice model were used to verify experimental results. The
principal factors that impact the thermodynamic stability are
discussed along with performance-based leaching tests in order
to investigate the effect of Cs content on chemical durability.

and

2 | EXPERIMENTAL PROCEDURE

2.1 | Sample synthesis

Five hollandite samples were studied: Ba; 33Al, 47153304
(HI), Ba 16,Csg.166A12.50Tis 50016 (H2), BaCsg33Al,53Tis 6
7016 (H3), Bay 667Cs0 667A1,TiO15 (H4), and Ba 33Cs Al ¢
Tig 3304 (HS). Samples were synthesized via a solid-state re-
action route for the majority of measurements. Samples with
low Cs content were difficult to obtain without trace amounts
of secondary phase and therefore select samples were syn-
thesized via a solution combustion synthesis (SCS) route in
order to complement the calorimetry measurements and to
prepare samples spiked with radioactive 7Cs for leaching
studies.

2.1.1 | Solid-state synthesis

Stoichiometric amounts of reagent oxides and carbonates
were added into a 100 mL polyethylene (PE) bottle with zir-
conia grinding media and deionized (DI) water to fill < 80%
by volume and mixed in a Turbula® mixer for approximately
20 minutes. The resultant slurry was rinsed from the milling
media and dried overnight in laboratory oven at < 90°C. For
each composition, the dried material was transferred to a cov-
ered crucible (Pt 10%Rh) and heated to 1000°C from room
temperature. After 1 hour, each crucible was removed from
the furnace and air cooled. The material was ground in a ring-
pulverizer (Angstrom), returned to the crucible, placed into
a furnace preheated to 1000°C, and heated to 1200°C. After
a 6 hours isothermal hold, the crucible was removed and air
cooled. The grinding and reheating steps were then repeated
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with a 24 hours isothermal hold at 1200°C. The phase purity
of the resulting material was confirmed by powder X-ray dif-
fraction (XRD).

2.1.2 | Solution combustion synthesis

A solution combustion synthesis (SCS) method was devel-
oped to synthesize phase pure hollandite in small quantity
with minimal Cs loss. Precursor metal nitrate solutions were
mixed with appropriate ratios of urea and glycine based on
the target stoichiometry and metal cation. Titanyl nitrate was
prepared separately as meta-titanic acid from hydrolyzed
and rinsed isopropoxide, to which nitric acid was added. The
meta-stable titanyl nitrate solution was used within 2 hours
of preparation. Urea, glycine, the metal nitrates (excluding
Ti) were dissolved in a minimal volume of deionized water,
generally 2-4 mL. Mild heating on a hot plate was used to
facilitate complete dissolution. That solution was transferred
to a 50 mL Erlenmeyer flask to which the titanyl nitrate was
added. The resulting solution exhibited a yellow tinge and
was swirled to encourage mixing. The flask was placed in a
furnace and heated to 500°C at a rate of approximately 20°C/
min. Typically, combustion occurred between 400°C and
500°C shortly after the water boil off. Following the combus-
tion reaction, samples were heated to 900°C and immediately
cooled upon reaching maximum temperature. This methodol-
ogy, with only minor modifications, was also used to synthe-
size hollandite doped with B¢, Specifically, a mixture of
Cs/"7Cs nitrate, was added to the meta-titanic acid to form
the titanyl nitrate. Additional nitric acid was added based on
stoichiometric reaction calculations; generally, about 1 mL
of nitric acid was needed for each reaction and yielded ap-
proximately 1 g of material. The 137Cs was extracted with
a resorcinol formaldehyde-based extraction from dissolved
used nuclear fuel (UNF) being reprocessed in the Savannah
River Site H-Canyon radiological separation facility. Three
hollandite samples, referred to as H4, H4-plus, and HS, were
prepared as compositions corresponding to their respective
prefix. The phase purity of the resulting material was con-
firmed by XRD.

Caution! ''Cs is radioactive and emits a
high-energy gamma emission through its decay
processes. s poses potential serious health
risks and should be handled at properly licensed
facilities with proper engineering controls.

2.2 | Characterization

Powder X-ray diffraction (XRD) measurements were conducted
by Rigaku Ultima IV diffractometer with monochromatic Cuk,
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Sample Target composition

HI Ba, 33A15 6611534016

H2 Ba, 167Cs0.163AL2.50Ti5.50016
H3 Ba,Cs 33Al,33Tis 67016

H4 Bay 667Cs0.667A12TigO 6

H5 Bag 33Cs Al 67Ti6 3306

Analyzed composition

TABLE 1
compositions of the samples®

Target and analyzed

Ba, 53A1554Tis 3,016

Ba, 5Cs,16AL.44Ti5 50016
Ba, 1pCs.32Al, 3 Tis 6706
Bay 67Cs0.72Al 95 Tic016
Bay 34Csy g7Al) 64 Ti6,63016

*Compositions were normalized to Ti and oxygen contents were corrected to achieve charge balance.

radiation (4 = 1.54 A) to analyze the crystal structure of hol-
landite samples. The data were collected from 10° to 80° 20
with a 0.02° step size. Microstructure of hollandite samples
was investigated by a Hitachi SU6600 scanning electron mi-
croscopy (SEM) equipped with energy dispersive X-ray spec-
troscopy (EDS) analysis (Oxford). Chemical compositions of
the hollandite samples were determined by energy dispersive
X-ray spectroscopy (EDS) analysis and inductively coupled
plasma-mass spectroscopy (ICP-MS). These analyzed compo-
sitions are given in Tables 1 and S1. Elemental concentrations
in leaching solution were measured by ICP-MS and inductively
coupled plasma-atomic emission spectroscopy (ICP-AES).
Details about instrument and experimental procedure can be
found by prior studies.®”"!?

2.3 | High-temperature oxide melt solution
calorimetry

High-temperature oxide melt solution calorimetry was per-
formed using an AlexSYS 1000 calorimeter operating at
702°C. In a drop solution calorimetry experiment, approxi-
mately 5-10 mg weighed samples were loosely pressed into
pellets and dropped from room temperature into the molten
sodium molybdate (3Na,0-4Mo0O;) solvent in a platinum
crucible in the calorimeter. The calorimeter assembly was
flushed with dry air at ~60 mL/min, whereas dry air was bub-
bled through the solvent at ~7 mL/min to stir the melt and aid
sample dissolution. Measurements were performed at least
six times for each composition to acquire statistically reliable
data. The calorimeter was calibrated utilizing the heat content
of a-alumina (99.995%). This methodology has been well es-
tablished and described pre:viously.19’20

2.4 | Sublattice-based thermodynamic
calculations

A series of thermodynamic functions to describe equilib-
rium behaviors of hollandites in a high-level radioactive
waste system was developed by Utlak et al’! Based upon
that effort, a sublattice model was further developed using
the compound energy formalism (CEF)***’ to represent the

nonstoichiometry of hollandite compounds. AI’" is the only
dopant in this work, so a new four sublattice CEF hollandite
model was defined as:

(Ba®*,Cs*,Va), [Ti** AP*], {Ti**}, (0%),

where Va represents vacancies along tunnels. Detailed descrip-
tion of the sublattice model and its feasibility to derive Gibbs
energies of hollandite solid solution can be found by Utlak et
al”!

Although Utlak et al*! reported enthalpies of formation
of Al-substituted hollandite in their original work, it was
necessary to incorporate the new enthalpic data generated in
this work and accordingly adjust relevant model parameters
to maintain good agreement between model calculations and
experimental data. Consequently, the Gibbs energies of hol-
landite end members as well as Ba and Cs titanate end mem-
bers were adjusted based on the new experimentally derived
AH;, values in Table 2, and the adjusted Gibbs energies
were listed in Table S2. The adjustment of the reoptimized
data was too small to affect the original calculated composi-
tions,21 so it was not reproduced here. In addition, all other
model parameters used in the original study were retained in
this work.?!

2.5 | Chemical durability

2.5.1 | Aqueous leaching tests

As-synthesized hollandite samples were prepared for ac-
celerated leaching measurements following the guidelines
in ASTM C1285-14 product consistency test (PCT).”® The
synthesized powders were not amenable to grinding due to
their friable nature. Therefore, the samples were not ground;
instead a representative sample was collected as a sieve frac-
tion (ie, —100/4-200) to obtain an initially consistent particle
size across all leaching tests. Sieved particles were washed
in water and alcohol yielding enough material to perform du-
plicate testing with approximately 1 g of particles per test.
Particles were added into ~10 mL of water in stainless steel
vessels, sealed with threaded enclosures, and placed in an
oven at 90°C for seven days. A reference material and two
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blanks were run in parallel with the samples. Following the
test duration, pH was measured, and the leachates were fil-
tered and diluted with nitric acid in a ratio of 6 mL of acid to
4 mL of leachate. The leachates were stored refrigerated prior
to elemental analysis. The fractional release rate of element i
in the sample (FR;) was calculated using Equation 1:

cv
FR,=——, 1
mf;
where FR; = fractional elemental release (unitless), C; = con-
centration of element i in the leachate (g/L), V, = leachate vol-
ume (L), m, = sample mass (g), and f; = fraction of element i in
the unleached sample (unitless).

2.5.2 | Elution studies of "*’Cs-doped Al-
substituted hollandite

Three samples of hollandite, referred to as H4, H4-plus, and
HS5, were tested and correspond to compositions H5 and H4,

(A) J

Intensity (a.u.)
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1 1 | 1 || 1 ||

panl et viey
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4105 — 30 BEE £ iy el 95
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the latter of which was tested in duplicate. Hollandite sam-
ples were subjected to a deionized (DI) water leaching study
measuring the leaching rates of the *’Cs (t;» = 30 y) bound
in the hollandite versus the '*""Ba daughter (typ, =2.552 m).
37mBa emits a 662 keV gamma ray when it decays to the
ground state. As-synthesized hollandite was loaded into
a 2 mL bed volume BIO-RAD Poly-Prep chromatography
column mounted on a twelve-position vacuum box (Eichrom
Technologies). Samples were washed between 10 and 20
times with DI water in 5 to 50 mL aliquots. Each aliquot was
analyzed after contact with the hollandite for the character-
istic 662 keV gamma ray using a lanthanum bromide (LaBr)
gamma spectrometer with a 2” X 2” LaBr crystal. The LaBr
gamma spectrometer was powered with a Mirion Industries
digital multichannel analyzer (MCA). Subsequently, each
aliquot was analyzed by gamma after ¥7Cs and "*"™Ba had
come into radiological equilibrium. Each aliquot was counted
30 times; twenty-five 10-second counts were made initially,
followed by five 60-second counts. A subset of aliquots was
analyzed by ICP-MS and XRD was performed on the materi-
als after washing.

FIGURE 1
[Color figure can be viewed at wileyonlinelibrary.com]

(A) XRD patterns of hollandite samples with varying Cs content; the microstructure and morphology of (B) HI, (C) H3, (D) HS
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3 | RESULTS AND DISCUSSION
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3.1 | Characterization

XRD patterns of as-synthesized samples H1-HS are displayed
in Figure 1A using Ba; 54 Al 4g4Ti5 5160, (PDF#78-0013,
I/4m) as the reference. In Figure 1A, all samples exhibit te-
tragonal hollandite structure (space group: [4/m) across the
wide range of Cs content, with a small amount of the second-
ary phases (eg, Al,05 corundum and TiO, rutile) present. The
actual chemical formula of the hollandite phase was given in
Table 1. The amount of the secondary phases were reported
in Table S1. These analyzed results were used to calculate en-
thalpies of formation. In order to investigate the effect of Cs
content on the microstructure, as-synthesized samples without
ball milling and grinding were used. As shown in Figure 1B-
D, back-scattered electron (BSE) images of the select sam-
ples show that all samples exhibit microrods along with a few
smaller chunks. Moreover, both length and width of those hol-
landite rods increases with increasing Cs content increases.
This structural feature has been previously observed in Ga-
substituted hollandite systems.29

3.2 | Thermodynamic stability

3.2.1 | Experimentally derived
enthalpies of formation

Enthalpies of formation of hollandite samples were deter-
mined by high-temperature oxide melt solution calorimetry.
The enthalpies of drop solution (AH,,) of hollandite samples
and a-Al,O5 (Inframat Advanced Materials, 99.995%) meas-
ured in the molten 3Na,0-4MoO; solvent at 702°C are given in
Tables 2 and 3, respectively. Using these values and previously
reported AH, and the enthalpies of formation at 25°C from the
elements (AH;,) of BaO, Cs,0 and TiO, (in Table 3), the en-
thalpies of formation at 25°C from constituent oxides (AH; )
and AH;, were calculated using thermochemical cycles.
Table 4 serves as an example to use thermochemical cycles to
obtain AH; . and AH;, values.”*** Analyzed compositions of

the major hollandite phases and the minor secondary phases in
Tables 1 and S1 were used to refine the enthalpies of forma-
tion. It is notable that as-synthesized samples were further ball
milled and ground well by agate mortar and pestle to obtain
fine and relatively homogeneous powder samples before drop-
ping experiments to aid in dissolution. Although the postground
powder has different-sized micrometer-scale particles, the ef-
fect of surface area and particle size on the enthalpy of forma-
tion is insignificant unless the particle size of the measured
oxides is smaller than 100 nm.>*% Therefore, the impact of the
particle-size effect is negligible in this work comparing to the
relatively large experiment errors.

In Figure 2, the AH; , values of all samples are exothermic,
and are close to the previously reported AH;, values of Al-
substituted hollandite with different compositions,“’5 indicating
that they are thermodynamically stable relative to their binary
constituent oxides. Moreover, the AH;,, value becomes more
negative and thus more enthalpically stable as the Cs content
increases, which generally agrees with the trend calculated by
Wen et al*® using density functional theory (DFT) methodol-
ogy. In addition, significantly negative enthalpy dominates the
Gibbs free energy as little entropic changes would occur below
700°C, ensuring that the Al-substituted hollandite with higher
Cs content is also more energetically stable.**” The increased
energetic stability with higher Cs content could be explained
as follows. First, increasing Cs content decreases the distortion
of octahedral framework to preserve the maximum symmetry
of the hollandite 3¢ Moreover, the amount of Al dopants on
the B-sites is reduced in the higher Cs-containing hollandite to
maintain charge neutrality. The synergistic effect of increased
Cs content and reduction of Al dopants enhances the capacity
for disorder in the octahedral framework and subsequently sta-
bilizes the hollandite phase.6 In addition, the strongly basic char-
acter of Cs,O also makes hollandite formation exothermic with
relatively acidic oxides.®

3.2.2 | Calculated enthalpies of formation

Calculated AH;,, values from the sublattice model are listed
in Table 5. Minor deviations of computed compositions

TABLE 2  Enthalpies of drop solution (AHy) in 3Na,0-4MoOj solvent at 702°C and enthalpies of formation from constituent oxides (AH )
and from the elements (AH; ) of the hollandite compositions at 25°C. (Uncertainty is two standard deviations of the mean and the value in

parentheses is the number of experiments.)

Sample AH, (kJ/mol) AHf’ox (kJ/mol) AHf,el (kJ/mol) AH . (kJ/mol)
H1 364.1 +£3.6 (9) —199.1 +£8.0 —8196.9 +9.8 =334 +129
H2 394.2 +8.2 (8) —200.6 + 10.4 —8149.7 £ 11.7 102+ 13.6
H3 4200+ 7.5 (8) -207.4+£9.5 —8117.1 £10.8 52.1+10.5
H4 444.3 + 13.7 (8) —2332+ 145 —8047.9 + 154 131.1 + 10.5
H5 452.6 +10.2 (9) -237.9 +£10.8 —7958.9 + 12.0 186.1 +5.4
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TABLE 3 Enthalpies of drop solution in 3Na,0-4MoOj solvent
at 702°C (AHy,) and enthalpies of formation from the elements (AH; )
at 25°C of related binary constituent oxides. (Uncertainty is two
standard deviations of the mean and the value in parentheses is the
number of experiments.)

Oxide AH, (kJ/mol) AH;  (kJ/mol)
BaO —184.61 £ 3.21° —548.1 + 2.1
Cs,0 3489 + 1.7° —346.0 + 1.2¢
a-ALO; 96.6 + 4.1 (6) -1675.7 + 1.3¢
TiO, 60.81 +0.11° —944.0 + 0.8°

# Ushakov et al.*

® Ushakov et al.*!
¢ Putnam et al.*?

4 Robie and Hemingway.33

from measurements are a necessary compromise to acquire
good agreement to both compositional data and AH;, val-
ues. AH;,, values were calculated by subtracting the sum
of the AH;, values of constituent oxides in Table 3 from
the computed AH;, values in Table 5. It is notable that the
AH;,, value of each constituent oxide in Table 3 was multi-
plied by a coefficient prior to being summed. As indicated
by Figure 2, the calculated AH;, values using the sublattice
model overall agree well with the experimental data in this
work and prior DFT calculations.*® More importantly, the
general trend that the hollandite composition with higher Cs
content possesses higher thermodynamic stability is reflected
in Figure 2.

3.2.3 | Potential factors
impacting thermodynamic stability

Size effects of framework cations and tunnel cations

The average ionic radius for A-site (R,), B-site (Ry), and
Rg/R, was calculated and listed in Table S3 using the ef-
fective ionic radii reported by Shannon: Ba*t = 1.42 A
and Cs™ = 1.74 A in eightfold coordination, whereas
AIP* = 0.535 A and Ti** = 0.605 A in sixfold coordi-
nation.”” As shown in Figure 3A, thermodynamic stabil-
ity increases as Rg/R, decreases agreeing with previous
studies.!*%

Tolerance factor

Thermodynamic stability of hollandite structure can also be
evaluated by tolerance factor #; which is defined by the fol-
lowing e:><pre:ssion:4‘12’40

1

|(Ry+RoP — 2Ry +RoY |’

tH = 5
V2 Re+Ro)

Jjournal 1=
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FIGURE 2 Experimentally derived and sublattice-based

model calculated AH;, for hollandite samples as a function of Cs

content.*>3¢

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Thermochemical cycles used for calculation of the

enthalpy of formation of H4 from constituent oxides (AH ) and from

the elements (AH; ) at 25°C

Enthalpy of formation of H4 from its constituent
oxides at 25°C (AHj,,)

Ba 7Cs( 7oAl 9gTigO01¢ (5,25°C) — 0.67 BaO AHy
(sIn,702°C) + 0.36 Cs,0 (sIn,702°C) + 0.99 a-Al,04
(sIn,702°C) + 6 TiO, (sln,702°C)
0.67 BaO (s,25°C)—0.67 BaO (sln,702°C) AH,;
0.36 Cs,0 (s,25°C)—0.36 Cs,0 (sIn,702°C) AH,
0.99 a-Al,05 (5,25°C)—0.99 a-Al,05 (sln,702°C) AH;
6 TiO, (s5,25°C)—6 TiO, (sIn,702°C) AH,
0.67 BaO (s,25°C) + 0.36 Cs,0 (5,25°C) + 0.99 a-AL,O;  AH;
(5,25°C) + 6 TiO, (5,25°C) — Bag 47Cs.70Al; 93 TigO 6
(5,25°C)
AH; o = Y AH; (i =1-4) — AHy,
Enthalpy of formation of H4 from the elements at 25°C
(AHf,el)
0.67 BaO (s,25°C) + 0.36 Cs,0 (5,25°C) + 0.99 a-Al,0;  AH;,,
(5,25°C) + 6 TiO, (5,25°C) = Bay 57Cs 70Al; o TigO
(5,25°C)
0.67 Ba (s,25°C) + 0.335 O, (g,25°C) — 0.67 BaO AHj{
(s,702°C)
0.72 Cs (5,25°C) + 0.18 O, (g,25°C) — 0.36 Cs,O AHg
(s,702°C)
1.98 Al (s,25°C) + 1.485 O, (g,25°C) — 0.99 a-AlL,0; AH,
(5,702°C)
6 Ti (s,25°C) + 6 O, (2,25°C) — 6 TiO, (5,702°C) AHg
0.67 Ba (s5,25°C) + 0.72 Cs (5,25°C) + 1.98 Al AH;

(5,25°C) + 6 Ti (5,25°C) + 8 O, (8,25°C) — Bay4;Cs 7
1Al 98 Tig0 44 (5,25°C)

AH; = AH;,, + > AH, (i =5-8)
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where R, (Rp) is the average ionic radii of A-site (B-site) cat-
ions and R, is the oxygen ion radii. !4 ty values were reported
in Table S3. In general, the thermodynamic stability of Al-
substituted hollandite increases as #; increases, which agree
with the results of Fe-substituted hollandite reported by Zhao
et al.”?

Optical basicity

Thermodynamic stability such as enthalpy of formation can
be affected by optical basicity as well #1242 If the stoichi-
ometry of mixed oxides is known, theoretical optical basic-
ity of mixed oxides or of any oxygen-containing solid can
be calculated using the optical basicity of cations (Ay,) in
their appropriate coordination and valence.* Thus, the ex-
pression of optical basicity (Ay) of Al-substituted hollandite

Ba, 33_,Cs, Al ¢6_,Ti5 33,01 can be developed as follows:

2:(133=0)Ag, + XA +3(2.66 =) Ay +4+(5.33+x) Ay,
W= .
32
(3)

Ay, values were reported by Leboutiller and Courtine:
Ba’" = 125 and Cs* = 1.70 in eightfold coordination,
whereas AI’" = 0.60 and Ti** = 0.75 in sixfold coordina-
tion.*” Consequently, Ay values are given in Table S3. As
expected in Figure 3C, thermodynamic stability is increased
as increasing Ay.

3.3 | Implications for radionuclide
immobilization

The significantly exothermic enthalpies of formation for
HI1-HS5 indicate that they are very stable relative to their
binary constituent oxides. However, in waste form appli-
cations, the hollandite phase is typically designed as one
component of a multiphase system. In order to evaluate the
suitability of Al-substituted hollandite as a waste form, sta-
bility must also be considered with respect to other potential
phase assemblages which contain ternary oxides.*> A phase
assemblage containing BaTiO; perovskite is likely to form in

synthetic rock (Synroc) systems, so the issue of stability can

-150

@ ®
175 T—ReRy 175
° | Lo <] 1 S
§ 225 g l oo % 225 B
2 TRE=t LF 3| =
T 250 T 2504

-2754

-300

T
0.C

04
Cs Content (Moles)

-150

-300

be addressed directly by thermodynamics. Equations 4 and 5
were used to demonstrate a widely utilized method for using
the enthalpies of reaction (AH,,,) at standard conditions to

assess phase stability.4'7’12

Bay 34Cs, 07 Al o, Tig 630, =0.34BaTiO; +0.535Cs,0

4
+0.82a — Al,0;+6.29TiO, «@

AH s =0.34AH; o sarios) — AHf o (us) = 186.1£5.4 kI /mol (5)

where AH;, s, was given in Table 2 and AH;,
@aTion) = —152.3 +4.0 kJ/mol.** Thus, AH,, values of H1-HS
can be calculated and listed in Table 2.

Al,TiO5 was not considered as a decomposing phase due
to its poor stability at ambient conditions.” Moreover, Cs—
Al-O, Cs-Ti-O, Ba—Al-0, and Cs—Al-Ti—O phases are also
possible to form, but they have not been reported in Synroc
systems at ambient atmosphere. In addition, enthalpies of for-
mation are not available for many of these phases.’ Therefore,
they were neglected in the above-mentioned phase stability
analysis.s’6

As shown in Figure 4, it can be concluded that H2-H5
are energetically stable at room temperature with respect to
BaTiO; perovskite, Cs,0, a-Al,O5, and TiO, because of their
endothermic AH,,,. However, H1 is prone to decompose as
determined by the exothermlc AH_, . These analyses further
convince the trend that more Cs content stabilizes the Al-
substituted hollandite itself, which has been observed in Ga-,
Zn- and Fe-substituted hollandites.®”'? In addition, the rela-
tively low Cs-containing samples are more likely to decom-
pose and form soluble Cs-containing phases, which would
further affect chemical durability of Al-substituted hollandite
in aqueous solution.

3.4 | Chemical durability

3.4.1 | Aqueous leach testing

The fraction release of Cs, Ba, and Al from the hollandite
samples are summarized in Figure 5. Fraction release was
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FIGURE 3 Variations of AH;, and (A) Rp/R,, (B) ty, (C) Ay as a function of Cs content [Color figure can be viewed at wileyonlinelibrary.
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FIGURE 5 The fraction release of Cs, Ba, and Al from the

hollandite samples as a function of Cs content [Color figure can be
viewed at wileyonlinelibrary.com]

calculated as the fraction of the measured composition prior
to leach experiments. The reported leach data are the gross
total element fraction release and is not normalized to the
surface area. Instead, steps were taken during the prepara-
tion to ensure the sample surface area to leachate volume
was consistent. Less than one order of magnitude difference
in surface area across all samples is a reasonable estimate
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and would be consistent with measured values for similar
systems.12 The measured fractional Cs release was five to
seven times less in the H4 and HS5 samples compared to that
of the H3 sample, which supports the calorimetry measure-
ments indicating that thermodynamic and phase stability (ie,
Hi, and H,,,) of the Al-hollandite increases with increas-
ing Cs content. Moreover, increasing Cs content appears to
form particles that are increasingly physiochemically durable
under the leach conditions tested. This phenomenon can be
observed in representative SEM images of the particles taken
before and after leaching and shown in Figure 6 and Figure
S1. In Figure 6 and Figure S1, it is apparent that the par-
ticles were uniform in size before leaching but broke apart
into smaller particles after leaching. In general, the number
of the newly formed smaller particles decreased with increas-
ing Cs content. In Figure 6, the interfaces between hollandite
grains appear more discrete postleaching than preleaching.
The magnitude of this effect increases with decreasing Cs
content as evidenced by the visual difference among particles
before and after leaching in the H3 sample, which diminishes
in the HS5 sample. The behavior is reminiscent of leaching of
an intergranular phase and may be attributed to the formation
of less-soluble Cs-containing phases in samples with less Cs
content (eg, the H3 sample). Collectively, this analysis sug-
gests an enhanced structural stability may accompany the Al-
hollandite phase with increasing Cs content.

The dynamic surface area behavior observed during the leach
testing is nontrivial to quantify and can complicate interpretation of
the element release results. Indeed, the intent of following the PCT
protocol was to ensure consistent samples were prepared to control
the particle size and corresponding surface area. On the one hand,
the observed trends in Cs release with Cs content in hollandite
could be attributed to a corresponding difference in surface area,
but the difference in surface areas, based on similarly prepared and
previously measured for the analogous Fe-substituted hollandite
series, ' indicates the magnitude of a similar effect would be insuf-
ficient on its own to explain this data. Another possible explana-
tion could be the prevalence of nondurable Cs-containing phases,
for which the propensity to form alongside hollandite would in-
crease with decreasing thermodynamic stability. In order to bet-
ter understand the underlying mechanisms and elucidate the Cs
release behavior, elution studies were performed on the hollandite
samples prepared with the SCS methodology and doped with ra-
dioactive '¥Cs. Specifically, the H4 and H5 samples were selected
because their physicochemical behavior during the leaching tests
was more similar compared to the H3 sample.

3.5 | Elution studies of 137Cs-doped hollandite

Elution studies of 137Cs-doped samples were performed on
the H4 and H5 compositions that exhibited excellent thermo-
dynamic stability and chemical durability. Figure 7 provides
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Pre-leach

Post-leach

FIGURE 6 SEM images of the preleach (top) and postleach (bottom) hollandite particles, showing the evolution of the morphology as a

function of Cs content [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 "Cs activity measured in eluate as a function of

cumulative wash volume. Power fits to the data are overplayed for the
1st wash set of each sample. Relatively long time delays between data
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a plot of the activity of 137Cs measured in the various washes
from the initial count and after radiological equilibrium was
reached for the three samples H4 and HS5 were prepared with
0.4 uCi (1.5E4 Bq) and 0.2 uCi (7.5E3 Bq) of *’Cs, respec-
tively. H4-plus was prepared with 18u Ci (1E6 Bq) of Cs,
approximately two orders of magnitude greater activity. For
each sample, two to three wash sets, separated by time, were
conducted. The '*'Cs activity as a function of wash volume
exhibited similar behavior for all samples, which appeared to
follow a power-law relationship, consistent with a chemical
desorption process. The amount of 197Cs eluted continued to
decrease with successive washes until the column was dried
and the washing began again. When washing commenced
after a time delay (eg, work interruption or start of a new

wash set) an increase in 137Cs was measured in the eluate,
relative to the previous, but never reaching the initial wash
concentration. This hysteresis-type behavior was reproduc-
ible and is indicated in Figure 7 by discontinuities in the data.

The significant majority, between 50% and 60%, of '*’Cs
was eluted with the first 5 mL of wash water for a wash set.
Greater than 90% of the total eluted '*’Cs occurred within
the first 15 or 30 mL of wash water for the H5 and H4
compositions, respectively. In order to compare the '*’Cs
release as a function of hollandite composition, the fraction
of ¥7Cs loss for each sample is presented for the first two
washes and as a cumulative percentage over all wash sets
in Table 6 and Figure 8, respectively. The results indicate
that the H5 composition, which has more Cs content than
the H4 compositions, released three to six times less B7cs
compared to the H4 compositions in the first 10 mL of
washing. Figure 8 shows the longer term behavior, which
is comparable and confirmed less 137Cs loss from the H5
composition than the H4 composition. Figure 8 also visu-
ally shows the more rapid approach to elution equilibrium
for the H5 composition compared to the H4 composition—
recall > 90% of the '*’Cs loss occurred within the first
15 mL for the H5 sample, compared to 30 mL for either H4
sample—which could be indicative of a higher order power
function for the HS composition. Taken together, these re-
sults support the premise that increased Cs concentration in
hollandite suppresses total Cs loss.

Because '*’Cs will transmute into Ba during its decay,
the retention of Ba and Cs in a hollandite structure as
the material ages is of technical and scientific value.
Therefore, a measure of the correlation between Ba and
Cs release was conducted using sample H4-plus, which
was the only sample with sufficient 137Cs concentration
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TABLE 5 Enthalpies of formation from constituent oxides
(AH; ) and from the elements (AH;) for Al-substituted hollandite
calculated from the thermodynamic database

Calculated Composition AH;,, (kJ/mol)  AH;, (kJ/mol)
Ba Al 44Tis 56016 -232.1+54 -8193.8
Bay ,Cs227A1528Tis 7,016 —242.1+53 —8150.4
Bag 926C80.345A12 20 Ti5.50016 —247.8+£5.2 —8128.5
Bag 65:Cs 675A1; 08Tl 02016 —-253.0+5.2 —8068.9
Bay 330Csy Al 66T1634016 —-255.0+5.3 —7984.7
Cs; 33Al1 33Tig 67016 -257.0+5.5 —7897.9
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FIGURE 8 Cumulative "’Cs loss combined for all wash sets
[Color figure can be viewed at wileyonlinelibrary.com]

to enable '*"™Ba measurements. Figure 9 provides a plot
of the activity of the '*"™Ba 662 keV gamma-ray from
the 3rd set of washes from the initial count (preradiolog-
ical equilibrium) and after radiological equilibrium was
reached. The preradiological equilibrium activity was
calculated from the first count and from the average of
the first five counts of each wash, which corresponded
to ~10 seconds and ~1 minute, respectively. The postra-
diological equilibrium activity was equivalent to and
labeled as '*’Cs. Radioactive Cs eluting from the hol-
landite during these experiments exhibited an average of
~7 times that of radioactive barium elution. The initial
13"TMBa activity measured was lower than the equilibrium

TABLE 6 Comparison of *’Cs
activity in the first two washes for each
sample

Hollandite sample
H4-plus

H4

HS

Jjournal 1=

i American Ceramic Society

Elapsed Elution Time (minutes)
0 20 40 60 80 100120 140 160 180200 220 240 260 280 300

106 | L L | L L L L | L L L L
—e— Cs-137

oy —— Ba-137m (1st count)

(3 Cs-137

s —— Ba-137m (avg. 1st 5)

E 10° —

2

2]

<

©

o 3

& 10* /

':U" Ba-137m (1% 10 seconds) \

o Ba-137m (1% minute)
I

80 100 120 140
Wash Volume (mL)

FIGURE 9 Comparison of *"™Ba activity pre and
postradiological equilibrium. Preradiological equilibrium is plotted
after ~10 s (1st count) and ~1 min (average of first 5 counts).
Postradiological equilibrium is equivalent to and shown as *Cs.
Elution studies performed on samples doped with '*’Cs provided
further evidence that increasing the Cs/Ba ratio increases Cs retention
in hollandite for the composition range studied. Furthermore,

these studies indicated that *’Cs preferentially elutes compared

to its daughter Ba in hollandite [Color figure can be viewed at
wileyonlinelibrary.com]

values measured, which indicates a preferential elution
of Cs compared to its daughter, 137TmBa. The concen-
tration of stable cesium in the Ist and 7th washes was
measured to compare with that of the radioactive cesium
concentration. For those two washes, a difference in sta-
ble cesium concentration of ~92% was measured with
ICP-MS, which was comparable, and within uncertainty,
to the radioactive cesium concentration measured by
gamma spectrometry of ~90%. Stable barium concentra-
tion was below the detection limit of ICP-MS in the 7th
wash sample, and therefore the direct comparison of bar-
ium concentrations across the two washes could not be
made. Nevertheless, the results of these radiological and
nonradiological cesium and barium analyses demonstrate
that radioactive cesium preferentially elutes compared to
its radioactive barium daughter.

137Cs Activity (1st Wash) 137Cs Activity (2nd Wash)

As % of in second As % of
In first eluate  loaded in eluate loaded in Ratio
(dpm/mL) sample (dpm/mL) sample (1st/2nd)
5.41E5 6.7% 2.26E5 2.8% 24
1.13E4 13% 3.41E3 3.8% 33
3.97E3 2.2% 1.44E3 0.8% 2.7
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CONCLUSION

A series of Al-substituted hollandite samples with varying
Cs content were synthesized. Calorimetric measurements
suggested that the composition with more Cs content exhib-
ited higher thermodynamic stability, which agreed well with
calculations from reoptimized sublattice model. Moreover,
enthalpies of formation of the samples were impacted by
various factors, such as Rp/R,, tolerance factor, and opti-
cal basicity. Results of aqueous leach testing revealed that
chemical durability was greatly improved for the higher
Cs-containing compositions, benefiting from less likely
formation of soluble Cs-containing phases. Elution studies
performed on samples doped with B provided further evi-
dence that increasing the Cs/Ba ratio increases Cs retention in
hollandite for the compositional range studied. Furthermore,
these studies indicated that '*’Cs preferentially elutes in hol-
landite compared to the Ba daughter decay product.
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