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A low-temperature, one-step synthesis for monazite
can transform monazite into a readily usable advanced

nuclear waste form

Yunping Zhoujin1'2, Hunter B. Tisdale'?, Navindra Keerthisinghez,
Gregory Morrison'?, Mark D. Smith?, Joke Hadermann?, Theodore M. Besmann',
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It has been demonstrated that monazite-type materials are excellent candidates for nuclear waste forms, and
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hence, their facile synthesis is of great importance for the needed sequestration of existing nuclear waste. The
synthesis of monazite, LaPO,, requires inconveniently high temperatures near 1000°C and generally involves the
conversion of the presynthesized rhabdophane, LaPO,4+nH;0, to the LaPO, monazite phase. During this structure
transformation, the rhabdophane converts irreversibly to the thermodynamically stable monoclinic monazite
structure. A low-temperature (185° to 260°C) mild hydrothermal acid-promoted synthesis of monazite is described
that can both transform presynthesized rhabdophane or assemble reagents to the monoclinic monazite structure.
The pH dependence of this reaction is detailed, and its applicability to the LnPO,4 (Ln = La, Ce, Pr, Nd, Sm-Gd),
Cap5Tho5PO4, and SrgsThg sPO, systems is discussed. The crystal growth of CagsThosPO4 and SrgsTho sPO;, is de-
scribed, and their crystal structures were reported. In situ x-ray diffraction studies, performed as a function of
temperature, provide insight into the structure transformation process.

INTRODUCTION

Novel nuclear waste forms can have a transformative effect in reduc-
ing the environmental and financial costs of sequestering certain
types of nuclear waste (I, 2). A waste form’s performance is of criti-
cal importance as it is the barrier between the radiological (or chem-
ical) hazard and the environment. Discovering and tailoring waste
forms that can perform as good as or better than high-level waste
(HLW) glasses but that require less energy to produce or that incor-
porate greater concentrations of radionuclides have the potential to
reduce the long-term financial and environmental cost of process-
ing and immobilizing nuclear wastes.

The vast majority of the 380,000 m of the nation’s HLW has been
stored in tanks at the Savannah River Site (SRS) in South Carolina
and the Hanford Site in Washington State for decades (3) where it is
being converted (or awaiting conversion) into glass before final dis-
posal. Although more than 4000 canisters of HLW glass have been
produced at SRS since production began in the 1990s, that mission
is only about half completed, and no glass has been produced at
Hanford. These missions are decades long and as the anticipated
time and cost of processing the US Department of Energy’s legacy
tank waste continue to increase, waste form alternatives that provide
the requisite performance and quality but that can be produced at
greater rates or reduced costs are increasingly of interest.

While alkali borosilicate glasses dominate efforts to convert
HLW to a durable waste form, they do have limitations including
(i) limited concentrations of certain radionuclides and (ii) requir-
ing relatively high temperatures to process. The former leads to
lower waste loadings and concomitant high costs driven by the gen-
eration of greater volumes of glass. The latter can also drive costs as
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the potential for volatilization of some waste elements requires the
process to preseparate or capture the evaporated radionuclides.

Actinide series elements, for example, are one area where alkali
borosilicate glasses are limited in waste loading, typically 10 to 20
times lower than in ceramics (4, 5), and where new waste forms are
hence desirable. This is in line with a 1996 National Academy of Sci-
ences workshop (6), which noted that alternatives to glass waste
forms could be needed for containing exceptionally long-lived ra-
dionuclides, e.g., actinides. The current work is an investigation of a
lower temperature route to a crystalline monazite waste form that
permits high actinide waste loading in a potentially environmen-
tally stable form.

One reason to consider crystalline structures for nuclear waste
forms, such as monazite, is their ability to contain the radioactive
elements in specific crystallographic locations that can create ex-
tremely stable coordination environments and, furthermore, can al-
low for specific elemental substitutions to accommodate elements in
different oxidation states and ionic radii (7). The use of phosphates
as potential single- or multiradionuclide-containing ceramic waste
forms has been previously considered and continues to be of interest
(8), as the phosphates sinter well, have good environmental stability,
and exhibit high radiation tolerance (9).

The considered monazite-based phosphate phases can host a va-
riety of actinide elements, including U, Pu, and the minor actinides,
such as Np, Am, and Cm (10). In nature, the mineral monazite has
been found to contain up to ~15% U and ~50% Th. Despite the
significant internal radiation dose from the U and Th isotopes over
hundreds of millions of years, the mineral samples retained crystal-
linity (11), which has been the reason for interest in these structures
for crystalline waste forms. The radiation resistance is believed to be
due to low temperatures self-healing (12), as its observed low critical
amorphization temperature of 200° to 300°C (9) promotes lattice
relaxation at modest temperatures. These attributes make these
monazite-type materials excellent candidates for waste forms, par-
ticularly for sequestering high concentrations of actinides.
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An extensive literature exists (8, 12) that discusses monazite as a
nuclear waste form and its adaptation for use with diverse waste
streams (12). Nonetheless, there is limited information on the crys-
tal chemistry of monazite-type materials, partly due to the difficulty
of growing single crystals of the more complex compositions for
precise structure determination. Growing and analyzing monazite
and cheralite crystals can help us to better understand the crystal
chemistry of actinide containing monazite-type materials.

A barrier to the consideration of phosphate materials as waste
forms has been the high processing temperature necessary to remove
water from the hydrated precursors. Assuming that the rare-earths
can reasonably represent actinides, the hydrated forms adopt two
distinct structural types: the hydrated rhabdophane, LnPO4enH,0
(Ln = La-Gd), and the churchite (Ln = Gd-Lu, Y) forms, which are
precursors to the anhydrous monazite and xenotime structures, re-
spectively (table S1). The direct synthesis of monazite, LnPO,, or
cheralite, Cag 5Thg 5POy, is thus complicated by the ready formation,
in aqueous synthesis, of rhabdophane or grayite, respectively, the
hydrated form of monazite, LnPO4en(H,0) (Ln = La-Gd), and Cag s
Tho5PO4en(H,0), the hydrated form of cheralite. As it is essential
that water be excluded from the transuranic-containing waste form
to avoid water radiolysis that results in reactive species such as H,O,
and Hy, it is necessary to convert the hydrated forms to the anhy-
drous monazite-type structures (13). This transformation can readily
be achieved; however, it requires very high temperatures (Fig. 1)
(14-16). For this reason, finding synthetic routes that can lead to
crystalline monazite and cheralite materials under mild conditions,
either directly or via the rhabdophane and grayite precursors, is im-
portant for the development of phosphate based multi-element ce-
ramic waste forms.

The monazite structure, LnPO,4 (Ln = La-Gd) (Fig. 2), is mono-
clinic and crystallizes in the P2,/n space group, where the rare earth
cation is in a low-symmetry LnOy coordination environment with
nine different Ln—O bond lengths. The LnOg polyhedra share edges
with each other resulting in a 3D structure that is further connected
via corner and edge sharing PO, units (Fig. 2). The 9 unique Ln—O
bond distances make the monazite structure compositionally very
versatile as the extremely distorted rare earth polyhedra readily

A

accommodate a variety of cations with oxidation states of +2, 43,
and + 4 and different ionic radii. The closely related xenotime struc-
ture, LnPO4 (Ln = Gd-Lu, Y), is tetragonal, space group I4,/amd,
contains LnOg polyhedra, and crystallizes in the ZrSiOy structure
type. This modification forms for the smaller rare earths where the
GdPO,4 composition is at the border between the two structural
modifications and, depending on the synthetic conditions used, can
crystallize in either polymorph.

The synthesis of rhabdophane has been described in detail in the
literature, focusing on hydrothermal (15) and microwave synthesis
routes of rhabdophane, primarily for optical applications (17, 18).
Typically, these reactions use LnClzenH,0O, Ln(NO3);, and NH,H,PO,
or H3POj, as starting materials to obtain nanorods that are ~10 nm
in size. Larger crystallites of rhabdophane can readily be synthesized
using a hydrothermal route by combining LnCl; with H;PO4 and
holding the mixture at 100° to 150°C for multiple days (14, 19),

LnPO,-0.5H,0
semi-hydrated
rhabdophane " Il;r‘l’PO;I
Monoclinic >220° rhabdophane
0.167 H,0 Hexagonal
o
A2
2
LnPO,-0.667 H,O
hydrated rhabdophane
monoclinic LnPO,
monazite
Monoclinic

Fig. 1. Schematic of rhabdophane to monazite conversion. Heating the mono-
clinic hydrated phase of rhabdophane leads to water loss and transformation to
the anhydrous hexagonal rhabdophane structure. This phase can rehydrate and
revert to the monoclinic hydrated rhabdophane phase. Heating the hexagonal
rhabdophane to temperatures near 1000°C leads to the irreversible conversion to
the anhydrous monoclinic monazite phase. [Modified after Neumeier et al. (8)].

Fig. 2. Crystal structure of monazite and local coordination environments of monazite, xenotime, and rhabdophane. (A) Crystal structure of LnPO4 monazite.
POg4-tetrahedra, gray; LnOg polyhedra, dark green; O, red. Coordination environment of the central atom in (B) monazite and (C) xenotime and the two coordination envi-
ronments in the (D) anhydrous and (E) hydrated rhabdophane structure. Green, central atom; gray, POy; red, oxygen.
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which may not be cost effective for a large-scale operation processing
nuclear waste (9). As shown in Fig. 1, thabdophane (LnPO4¢0.67H,0)
undergoes a sequential water loss starting at 80°C to form the hemi-
hydrate and further loss starting at 220°C to form the anhydrous,
hexagonal rhabdophane. This phase can rehydrate, and hence, it is
necessary to thermally convert it to the denser monoclinic monazite
structure, which is an irreversible structure transformation (20); the
monoclinic monazite structure does not hydrate.

Here, we describe the low-temperature synthesis of rhabdo-
phane and grayite and their respective low-temperature, acid-promoted
conversion to monazite and cheralite, as well as the direct low-
temperature synthesis of monazite and cheralite, including the pH depen-
dence of their formation. Furthermore, we present a successful crystal
growth approach and the resultant single-crystal structures of NdPOy,
Cag5ThgsPOy, and Sro5ThysPOy via a high-temperature flux route.
Last, an in situ x-ray diffraction (XRD) hydrothermal study is de-
scribed that allows us to propose a mechanism for the rhabdophane
to monazite structural transformation.

RESULTS AND DISCUSSION
To accelerate the process of forming rhabdophane, we pursued a
microwave-assisted method using a mixture of Ln,O3 + H3PO, that
resulted in phase-pure rhabdophane in only 30 min in a microwave
reactor at 100°C, producing highly crystalline rhabdophane samples
(Fig. 3A). Heating the rhabdophane sample prepared via the micro-
wave method in air to high temperatures (800° to 1400°C) results in
complete dehydration and a structure conversion to the stable mona-
zite phase (Fig. 3B). Depending on the temperature used, the crystal-
lization takes less than 30 min to over 12 hours (table S2 and fig. S1).
Numerous studies have been performed on the conversion of
rhabdophane to monazite, all generally using high temperatures
(800° to 1400°C) to achieve the structural transformation. A recent
paper by Enikeeva et al. (21) found that it was possible to convert
nanosized rhabdophane to nanosized monazite under hydrother-
mal conditions in a conventional or microwave oven at much lower
temperatures and earlier work by du Fou de Kerdaniel et al. (22)
indicates the ability to use precipitation to obtain rhabdophane and
monazite phases after a few hours to several months, with yields

ranging from 60 to 84% for the trivalent elements. The authors heat-
ed a mixture of La(NO3)3¢6H,0 and NH,H,POy in an autoclave to
210°C and studied the effect of time on product composition and
particle size. They observed the initial formation of nanocrystalline
rhabdophane that converted to nanocrystalline monazite upon lon-
ger heating. We have expanded upon this work by studying the ef-
fect of pH on the formation of monazite and by extending the
synthesis technique to other lanthanides (Ln = Ce-Gd) and cheralite.

The CEM Discover 2.0 Microwave Synthesis System is capable of
creating and maintaining hydrothermal reaction conditions to 300°C,
allowing us to prepare the rhabdophane compositions at 100°C
followed by a second heating cycle to temperatures in excess of 210°C
to prepare polycrystalline monazite-type materials. Either heating
Ln,03 + H3PO, at low temperatures in a first step to prepare rhabdo-
phane (fig. S2) and, in a second step, heating at 210° to 260°C to trans-
form the rhabdophane to monazite or heating Ln,0; + H3PO4 in a
single step to 210° to 260°C directly creates phase-pure monoclinic
monazite as shown in (Fig. 4A). We observed that as the rare-earth
ionic radii decrease, higher temperatures are needed to achieve the
monazite phase. This aligns with the findings of du Fou de Kerdaniel
et al. (22), who reported similar results using over-saturation processes
to prepare phosphate ceramics. In addition, the use of higher synthe-
sis temperatures, 260°C versus 210°C, results in sharper diffraction
peaks (Fig. 4B), most evident for the peaks around 42° 26.

The crystallinity of the monazite product, as determined by the
change in the peak width in the powder XRD (PXRD) pattern, can
be enhanced by increasing the time of microwave heating as shown
in Fig. 5, approaching the extremely high crystallinity observed
upon heating these samples to 1200°C. Based on PXRD, it is evident
that prolonged heating at temperatures ranging from 210° to 260°C
improves the crystallinity. To establish the material origin of this
change in crystallinity, we collected transmission electron micros-
copy (TEM) data. Bright-field images were taken from the samples
treated at 210°C for 1 and 24 hours. A clear difference is visible
between the morphologies of the particles at these two conditions
(Fig. 6). A 1 hour treatment results in particles that are mostly thin
needles a few 10 nm in width and 100 to 500 nm in length (Fig. 6A).
The few seemingly wider particles consist of several agglomerated
needles. The prolonged heating of 24 hours results in more isotropic
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Fig. 3. Powder XRD patterns of NdPO4.nH,O (rhabdophane) and NdPO,4 (monazite). (A) Powder XRD (PXRD) pattern of NdPO4:nH,0 (rhabdophane) prepared via
microwave synthesis in 30 min at 100°C. Rhabdophane phase markers shown in green. Titanium peaks from the sample holder are marked with a blue *. (B) PXRD pattern
of the same sample after heating to 1200°C to transform the sample to NdPO4 (monazite). Monazite phase markers shown in red.
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Fig. 4. PXRD patterns of microwave-synthesized monazite LnPO, [La-Nd, Sm-Gd]. (A) PXRD of monazite-NdPO,4 prepared by microwave processing at 210°C for
1 hour. Red lines represent the allowed Bragg reflections. (B) PXRD patterns of monazite-LnPO4 [La-Nd, Sm-Gd] prepared by treating rhabdophane-LnPO4 in H3PO4 (1 M)

at 210°C [La-Nd], 230°C [Sm], or 260°C [Eu-Gd] for 1 hour.
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Fig. 5. PXRD patterns of NdPO, monazite prepared using different microwave
heating times. Microwave synthesized monazite-NdPO,4 prepared using different
heating times at 210°C in H3PO4 (1 M) and, for comparison, a NdPO4+nH,0 (rhabdo-
phane) sample after heating to 1200°C for 0.5 hours.

particles with diameters ranging from 50 nm to a few hundred
nanometers. Elongated particles are still present, but with signifi-
cantly lower aspect ratio. This change in morphology agrees with the
XRD results that show increased sharpness of the peaks upon longer
heat treatments.

To investigate the unexpected low-temperature structural trans-
formation further and to determine, among other considerations, if
phosphoric acid is necessary to transform rhabdophane to mona-
zite, several experiments were performed. First, microwave heating
of rhabdophane in water at 210° to 260°C was carried out which,
however, did not result in the full conversion of rhabdophane to
monazite. To establish whether acidic conditions were needed for
the transformation, 1 M H3PO, was added and the mixture heated
to 210° to 260°C, which resulted in the complete transformation to
monazite. Clearly, the acidity plays a role. Last, to establish the im-
pact of the pH value on the structure transformation, a series of re-
actions were performed using identical temperature and heating
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times but varying different pH conditions. As seen in Fig. 7, the
structure transformation goes to completion most quickly at low pH
but does not reach complete conversion at neutral pH and does not
convert at all under basic conditions. This implies that the pH (hy-
dronium ions) is important in the mechanism of the transformation.

This approach can be extended from monazite to cheralite by per-
forming the reaction with a divalent alkaline earth metal cation, such
as Ca”* or Sr**, and a tetravalent cation, such as Th**, instead of a
trivalent lanthanide. Bulk samples of CagsThgsPO4/Srg5ThgsPOy
were obtained by using Th(NOj3)s, (NH4),HPOj, and Ca(NO3),/
Sr(NOs), as starting material and reacting them via microwave
heating at 220°C in nitric acid (107" to 107° M) for 1 hour. Under
highly acidic conditions, 1 M HNO3, Thy(HPO,)(PO4),(H,0) is ob-
tained. Reducing the acidity by using 0.1 M HNOs3, a mixture of
Cag5Thg 5POy, Thy(HPO,)(PO,),(H,0), and Th(PO,), was obtained.
The CagsThosPO4 and a small quantity of an unknown impurities
were obtained by using 107% to 107 M HNO; (fig. $3). The product
obtained by using 107> M HNOj was heated to 1000°, 1200°, and
1400°C for 0.5 hours, respectively, resulted in the formation of
Cag5ThosPOy (fig. S4). Further optimization of the reaction condi-
tions is being investigated.

In situ XRD: Rhabdophane to monazite transition

To better understand the structural transformation between rhabdo-
phane and monazite, we performed in situ PXRD (Fig. 8). Rhabdo-
phane powder, presynthesized via microwave heating, was inserted
into a fused silica capillary to which 1 M H3PO4 was added as the
hydrothermal reaction medium. Heating from room temperature to
210°C, we observe the diffraction lines for rhabdophane up to about
165°C. Over a temperature range of about 15°, the diffraction lines
disappear, and during that same temperature range, the diffraction
lines for monazite appear; no intermediate phase can be seen.
The crystallinity of the monazite increases during heating to 210°C.
Further heating at 210°C for 5 hours did not noticeably increase the
sharpness of the diffraction lines.

This low-temperature conversion can be contrasted with the ther-
mal conversion of rhabdophane to monazite (fig. S5). Heating the same
rhabdophane material as was used in the hydrothermal process in a hot
stage in air reveals the transition from rhabdophane to monazite at
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Fig. 6. Change in crystallinity of NdPO4 (monazite) prepared via microwave synthesis for 1 and 24 hours. (A) Bright-field TEM image of NdPO, treated at 210°C for

1 hour. (B) NdPQ4 treated at 210°C for 24 hours.
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Fig. 7. pH dependence of the monazite formation in microwave synthesis.
Rhabdophane and monazite phase percentages after synthesis at different pH re-
action conditions, where the lines are added to guide the eye.

700° to 800°C. An earlier phase transition at 200°C is due to the dehy-
dration of rhabdophane (fig. S6). Clearly, the hydrothermal structure
transition of rhabdophane to monazite is not purely thermally driven.
To help understand the process of the structure conversion, we
can look at zeolites, some of which are known to undergo a structure
transformation under hydrothermal conditions. Norby (23) studied
the hydrothermal conversion of zeolite LTA using LiCl(aq) to zeolite
Li-A(BW) using in situ synchrotron diffraction measurements. The
synchrotron data also exhibited the simultaneous presence of dif-
fraction lines belonging to both phases during the structure transi-
tion. Norby (23) considered several mechanisms for the structure
transformation, including an internal structure transformation, a
solution mediated transformation, and a surface mediated transfor-
mation. On the basis of an analysis of the kinetics of the phase trans-
formation and an scanning electron microscopy (SEM) analysis of
particles generated during ex situ reactions, Norby (23) concluded
that for this zeolite system the solution mediated mechanism was
the most likely, with only very small amounts of the aluminosilicate

Zhoujin et al., Sci. Adv. 11, eadt3518 (2025) 21 March 2025

in solution. Garcia-Martinez et al. (24) recently investigated the hy-
drothermal transformation of Faujasite (FAU) to beta-zeolite (BEA).
The authors analyzed the interzeolite transformation and found that
FAU completely loses its crystallinity before BEA starts to form. This
structure transformation via an amorphous precursor was postu-
lated to occur via a liquid phase-mediated mechanism, where the
authors believed that the base causes amorphization and partial dis-
solution, followed by reconstitution of the BEA structure.

In the case of the rhabdophane to monazite transformation, a
thermal transformation does not occur at reasonable rates below
800°C, suggesting that the observed transformation at ~165°C is not
simply be a thermal process. Furthermore, we do not observe the
disappearance of the initial rhabdophane phase followed by the ap-
pearance of the monazite phase but rather observe the coexistence of
both phases over a 15°C temperature window, ruling out a complete
dissolution-recrystallization mechanism. This is supported by the re-
ported solubility of rhabdophane, which is very low at pH = 1 and
298 to 343 K, with logK® ranging from —25 to —26 (25). For our
system, the process is pH dependent and proceeds best at very low
pH values, where the solubility of rhabdophane is very low, which
would not favor a dissolution-recrystallization mechanism. None-
theless, we cannot rule out either solution-mediated dissolution-
recrystallization mechanism or an internal structure transformation.

The channels of the rhabdophane structure contain water in the
hydrated form. Therefore, it is possible that the oxygens lining the
channels of the hexagonal rhabdophane structure (Fig. 9) become
protonated under the low pH reaction conditions, weakening the
polyhedral connectivity. The monazite (monoclinic) and rhabdo-
phane (monoclinic) structures share very similar structural units,
such as the chains of alternating metal (green) and phosphate (gray)
polyhedra. These chains (in both structure depictions they run into
the page) are connected lateral to each other via O—L#n bonds. One
can hypothesize that a protonation of oxygens involved in the O—Ln
bonds of the hexagonal rhabdophane structure could lead to a weak-
ening of the lateral bonding connections and allow the chains to
evolve into the denser monazite structure, which would be consid-
ered an internal structure rearrangement; however, the exact mecha-
nism remains to be determined.
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Fig. 8. Hydrothermal conversion of NdPO4-nH,0 rhabdophane to monoclinic NdPO4; monazite monitored by in situ PXRD. PXRD data of the in situ hydrothermal
conversion of rhabdophane, NdPO4+nH,0, to monoclinic monazite, NdPOy4, in 1 M H3PO4. The rhabdophane sample and 1 M phosphoric acid were sealed inside a capillary
tube and heated from room temperature to 220°C inside the furnace attachment to the powder diffractometer. The phase transition of the presynthesized rhabdophane
phase to the monoclinic monazite phase (~165° to 180°C) can be seen in the waterfall plot that covers the temperature range of 30° to 220°C.

Fig. 9. lllustration of the crystal structures and similarity of the chains of alternating rare-earth and phosphate polyhedra in monazite and rhabdophane.
(A) Crystal structure of monazite. (B) Crystal structure of rhabdophane. (C) lllustration of the alternating rare-earth and phosphate polyhedra chain in monazite.
(D) llustration of the alternating rare-earth and phosphate polyhedra chain in rhabdophane.

Chemical durability

Accelerated aqueous leach testing of powders of NdPO, was carried
out to assess their chemical durability. The measured concentration of
Nd in the leachates was <1.5 pg/liter, the detection limits of the meth-
ods used. The measured concentration of P in the leachates was ~3 to
9 mg/liter, which was used to compute a normalized loss (NLp) of
~7.2 X 107° g/m” for sintered samples and ~2.2 x 10™* g/m” for mi-
crowave samples. Leach tests were carried out in triplicate alongside

Zhoujin et al., Sci. Adv. 11, eadt3518 (2025) 21 March 2025

the approved reference material (ARM-1) (26), which were within ac-
ceptable control chart values for normalized B release, the HLW
benchmark value.

These leach tests were conducted at a significantly higher surface
area to volume ratios than nominally described in standard leach
tests for HLW glasses. It is known that exposed surface area, in com-
bination with the other test parameters, has a significant influence on
the leachate chemistry and subsequent analysis (27). In particular,
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actinide series and other 43 elements can adhere to the vessel walls
used during leach testing. Therefore, acid stripping and subsequent
analysis can be performed to ensure mass balance of the material
losses. Acid strip was not conducted here, but it is noted that the pH
of the leachate solutions at the completion of the test were low pH,
between 3.1 and 3.9. Although the powders were washed, the pH
change during the leach testing is attributed to phosphate, which is
evidenced in the chemical analysis and may also be from residual
reagents/reactions during the synthesis. If the measured P in the
leachate is residual, then the mass fraction of Nd loss, computed at
the detection limit, would be ~0.008 weight % (wt %) of the initial
mass of the powder(s). However, if Nd and P are assumed to leach
stoichiometrically, then the estimated fraction of Nd loss would be
~0.2 to 0.7 wt %, depending on the synthetic method. Together, these
test results indicate the excellent chemical durability of the NdPO4
phase and by extension its transuranic analogs.

Crystal growth

The ability to grow crystals of target phases can greatly help in en-
hancing our understanding of their crystal structures, and furthermore,
these structure solutions provide us with precise atomic positions and
bond lengths (28-36) that can be used for Rietveld refinements. Our
group has pursued high-temperature flux crystal growth of mixed
metal phosphate compositions in the past and has been very success-
ful in obtaining compositions of the type A3;Ln(POy), (A = alkali
metals) using an alkali chloride/alkali fluoride flux (30). For a pre-
liminary exploration of the crystal growth of monazite phases, we
used several fluxes, including the Na,CO3/MoOj flux first published
by Cherniak et al. (37) that, however, requires a presynthesized mon-
azite powder. To improve upon this and to develop a more convenient
method, we decided to start with oxides and nitrates of the rare earths
together with (NH,4),HPOy, as the phosphate source and a CsCl/CsF
flux. As shown in Fig. 10, our results demonstrate that both ap-
proaches result in high-quality crystals. Other fluxes that are very
successful include Pb,PO; (11); however, because of the presence of
lead coupled with its poor water solubility that makes flux removal
difficult, Pb,POy is significantly less ideal to use than ACI/AF or A,0/
MoO; (A = alkali metal).

Crystals of NdPO, have been grown by Cherniak et al. (37);
however, no reports of single crystal structure solutions of Cags
Tho sPOy4 and SrgsThosPO4 can be found in the literature. A paper
by Podor et al. (38) reports the supercritical hydrothermal synthesis
of CagsThosPOy crystals, but only unit cells from PXRD data are
reported. The alkaline earth cation and the thorium cation occupy
the same crystallographic site in a 50:50 ratio to achieve charge bal-
ance with the phosphate groups. The structure can be thought of as
a monazite with Ca/Th or Sr/Th occupying the rare-earth site.

The ability to perform the low-temperature synthesis of mona-
zite via the described acid-promoted structure transformation be-
tween the rhabdophane and the monazite phase starting at ~165°C
demonstrates the feasibility of creating a waste form for containing
the actinides (Np, Pu, Am, and Cm). The monazite phase readily
achieves this via the ability to create both Ln(III)PO4 and M(II)/
Th(IV)POy, allowing this family of phosphates to be used as a du-
rable waste form with high waste element loading that can help in
the sequestration of existing and future high-level nuclear waste.

MATERIALS AND METHODS

Reagents

La,03(99.9%; Alfa Aesar), Ce(NO3)3-6H,0 (99.9%; BTC), Pr(NO3)3-
6H,0 (99.9%; Acros), Smy03 (99.9%; Alfa Aesar), Eu,O3; (99.9%;
Alfa Aesar), Gd,03 (99.9%; Alfa Aesar), Th(NO3),-4H,0 (JT Baker,
NA), Ca(NO3),-4H,0 (99.5%; Thermo Fisher Scientific), NH4;H,PO,
(99.9%; Sigma-Aldrich), (NH4),HPO, (VWR), Li,CO3 (Mallinckrodt),
Na,CO; (Thermo Fisher Scientific), MoO3; (99.9%; Strem), CsCl
(VWR, ultrapure), CsF (99.0%; Alfa Aesar), LaF; (99.0%; Thermo
Fisher Scientific), LaCl; (99.9%; Alfa Aesar), hydrochloric acid
(Thermo Fisher Scientific), and phosphoric acid (Thermo Fisher
Scientific, 85%) were used as received. Nd,O3 (99.9%; Alfa Aesar)
had transformed to the hydroxide [Nd(OH);] due to moisture absorp-
tion and was used as such.

Microwave-assisted reaction
The CEM Discover 2.0 Microwave Synthesizer, equipped with an in-
frared temperature sensor and advanced vent-and-reseal technology,

Fig. 10. Morphology and colors of flux grown monazite and cheralite single crystals. (A) NdPO, crystals grown in Na,CO3/MoOs. (B) NdPOj4 crystals grown in CsCl/
CsF fluxes. (C) Phase-pure NdPO, crystals grown in Li;CO3/M00Os. (D) CagsThosPO,4 crystals grown in Li;CO3/MoOs. (E) SrgsThosPO,4 crystals grown in Li;CO3/MoOs.

Scale bars, T mm.
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was used to prepare bulk products. It features a 300-ml single-mode
microwave cavity and is fully programmable.

Rhabdophane-LnPO4 (La-Nd, Sm-Gd) and monazite-LnPOy
(La-Nd, Sm-Gd) were obtained as bulk products by performing
hydrothermal reactions in the microwave-assisted heating system.
Ln,03/Ln(NO;3)3/Ln(OH); were combined in a 35-ml Pyrex tube, to
which diluted H;PO, (1 M, 8 ml) was added. The tube was placed into
the microwave system and heated under stirring to the selected tem-
peratures. Rhabdophane-LnPQO, (La-Nd, Sm-Eu) was obtained after
heating at 100°C for 30 min. Phase-pure GdPO, was obtained after
heating at 180°C for 30 min. Monazite-LnPO, (Ln = La-Nd, Sm-Gd)
is obtained by heating either the starting materials or presynthesized
rhabdophane-LnPQO,4 (La-Nd/Sm/Eu-Gd) at 210°/230°/260°C for an
hour, respectively. Monazite-LnPO,4 can also be prepared starting
with either LnCl; or LnF; by reacting with H3PO4 (1 M, 8 ml) at 230°C
for 1 hour (fig. S7). All products were collected by filtration and
washed with water and acetone.

Cheralites, Cag5ThgsPO4 and SrgsThgsPO,, were obtained by
using Th(NO3),4 (0.2 mmol), Ca(NO3),/Sr(NO3), (0.2 mmol), and
(NH4),HPO, (0.4 mmol) as starting materials as well as 4 ml of 107!
M-10"° M HNOs/water as the solvent, reacted at 220°C for 1 hour
via microwave heating (figs. S3 and S8). All products were collected
by filtration and washed with water and methanol.

To investigate the impact of time and pH on the structure trans-
formation, the following reactions were performed in the micro-
wave system: The rhabdophane-NdPO, was placed into a 35-ml
Pyrex tube with phosphoric acid (1 M), sealed by a plastic cap,
placed into the microwave, and heated to 210°C. The slurries were
kept at 210°C for 1, 2, and 5 hours. The products were isolated via
filtration and structurally characterized by Rietveld refinement.
The phase transformation from rhabdophane-NdPO, to monazite-
NdPO, was studied in hydrochloric acid using different concentra-
tions. A 1 M HCI was diluted by adding distilled water, and the pH
was measured by using a digital pH meter. For each reaction, 100 mg
of rhabdophane-NdPO, was placed into a 10-ml Pyrex tube with
2 ml of hydrochloric acid, sealed by a plastic cap, placed into the
microwave, and heated to 210°C. The slurries were kept at 210°C for
1 hour in the microwave heating system and then structurally char-
acterized by Rietveld refinement.

Flux reaction

Monazite crystal growth using monazite precursor powder

The rhabdophane-NdPO, obtained by microwave synthesis was
dried at 200°C overnight followed by heating for 1 hour at 500°C,
followed by 1 hour at 800°C in an alumina crucible. The thus pre-
pared monazite powder was placed into a covered platinum crucible
containing either Na,CO3/MoOj3 or Li,CO3/MoOQ3 as the flux. The
molar ratio of phosphate to carbonate to MoO3 used was 1:5:15.
The mixture was held at 1000°C for 24 hours, cooled at 3°C/hour
to 750°C, and subsequently cooled to room temperature by turn-
ing off the furnace. Single crystals of NdPO,4 were isolated from
the residual flux by sonicating in distilled water and collected by
vacuum filtration.

Monatzite crystal growth from precursor reagents

Single crystals of monazite-NdPO, can also be obtained in a one-
step crystal growth reaction by using (i) Li,CO3/MoOj or (ii) CsCl/
CsF as the flux. (i) Nd(OH)3 (0.2 mmol, 33.6 mg) and NH,H,PO,
(0.2 mmol, 23.0 mg) were reacted in a Li,COj3 (0.4 mmol, 29.6 mg)
and MoOj3 (1.2 mmol, 172.7 mg) flux. The mixture was held at 1000°C
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for 24 hours, then cooled at 3°C/hour to 750°C, and subsequently
cooled to room temperature by turning off the furnace. Phase-pure
single crystals of NdPO,4 were isolated after removing any residual
flux by sonicating in distilled water (fig. S9). (ii) Nd(OH); (1 mmol,
195 mg), (NH4);HPO4 (1 mmol, 132 mg), CsCl (11 mmol, 1.85 g),
and CsF (9 mmol, 1.37 g) were mixed and added to a platinum cruci-
ble. The mixture was held at 875°C for 12 hours, cooled at 6°C/hour
to 400°C, and lastly allowed to cool to room temperature after turn-
ing off the furnace. Large (>2 mm) single crystals of NdPO, were
isolated from the flux via sonication in deionized water followed by
suction filtration.

The single crystals of cheralite-type Cag5ThysPO,4 and monazite-
type SrosThgsPO, were obtained by a modified one-step flux reac-
tion. ’H'I(NO3)44H20, Ca(NO3)24H20 or SI'(NO3)2 and (NH4)2HPO4
(1.0 mmol, 132.0 mg) were mixed in a 1:1:2 molar ratio and combined
with the flux consisting of Li,CO3 and MoOj3 in a 1:3 molar ratio. The
mixture was held at 1000°C for 24 hours, cooled at 3°C/hour to 750°C,
and subsequently cooled to room temperature by turning off the fur-
nace. The crystals were isolated from the residual flux by sonicating in
distilled water followed by vacuum filtration.

Structure determination

X-ray intensity data were collected at room temperature using a Bruker
D8 QUEST diftractometer equipped with a PHOTON-II area detector
and an Incoatec microfocus source (Mo Ka radiation, A = 0.71073 A).
The crystals were mounted on a microloop using immersion oil. The
raw area detector data frames were reduced and corrected for absorp-
tion effects using the SAINT+ and SADABS programs. Final unit
cell parameters were determined by least-squares refinement. Initial
structural models were obtained with SHELXT. Subsequent differ-
ence Fourier calculations and full-matrix least-squares refinement
against F* were performed with SHELXL-2018 using Olex2 (39-43).
The crystallographic data and results of the diffraction experiments
are summarized in table S3.

Powder XRD

PXRD data for all phases were collected on a Bruker D2 powder
x-ray diffractometer with Cu Ka radiation (30 kV, 10 mA, A = 1.5418
A) between 5.0° and 65.0° 26.

Thermal properties

Thermogravimetric analysis measurements were performed on
rhabdophane-NdPO, using a TA Instruments SDT Q600. The sample
was heated at 10°C/min to 1200°C and then cooled at 10°C/min to
100°C (fig. S6).

Transmission electron microscopy

For the TEM studies, the powder samples were dispersed in ethanol
without crushing. Then, a few drops of this solution were deposited
on copper grids covered with holey carbon to be used as TEM sam-
ples. Bright-field images of these TEM samples were taken at a Ther-
mo Fisher Tecnai G2 transmission electron microscope operated at
200 kV. Contrast was enhanced by using the microscope’s objective
aperture that limits the resolution of the diffraction patterns to 1 A.

Chemical durability

Powder samples of NdPO,4 were tested in their as-prepared physical
state. Powder prepared via the microwave assistance methodology
was tested along with powder prepared using conventional furnace

80of10

G20z ‘10 ARe|N uo diemuy Jo A1sieaiun e B108ousos mmmy/sdiy woly papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

heating for comparison. Aqueous leaching tests following the ASTM
C1285 product consistency test method-B protocol was used to
measure elemental release from the NdPO, phase. Before the leach
testing, all samples were washed with water and alcohol and dried.
Samples were measured alongside a reference (ARM-1) (26) in trip-
licate and two blanks. Tests were performed by combining ~10 ml of
deionized water (leachant) with 0.2 to 0.3 g of sample/reference in
sealed stainless-steel vessels at 90° + 2°C for 7 days. Once cooled
down to room temperature, the leachate solutions were sampled,
acidified, and analyzed by ICP mass spectrometry for elemental
concentrations. The Brunauer-Emmett-Teller surface area of the
sample powders after leaching was measured using an ASAP 2020
(Micromeritics) instrument.

Rietveld refinement

The Rietveld scans of selected samples were collected on a Rigaku
Ultima IV powder x-ray diffractometer with Cu Ka radiation (40 kV,
44 mA, A = 1.5418 A) between 10° and 120° (20) in steps of 0.02°.
The Rietveld scans of mixtures of rhabdophane and monazite phases
obtained by pH study were collected on a Bruker D2 powder x-ray
diffractometer with Cu Ko radiation (30 kV; 10 mA, A = 1.5406 A)
between 5.0° and 95.0° 26. Rietveld refinements were performed us-
ing the Bruker TOPAS commercial v5 software in launch mode us-
ing jEdit (v4.3.1) with macros for TOPAS (44). The default approach
consisted of refining the unit cell parameters, the Gaussian and
Lorentzian isotropic size parameters, scale factors, and Chebyshev
background parameters. Initial lattice parameters and atomic posi-
tions were taken from single-crystal structure solutions. The Riet-
veld plots were created using CrystalDiffract (figs. S10 to S26). The
percentages of rhabdophane and monazite phase after synthesis at
different pH reaction conditions were summarized in table S4. The
atomic positions of selected samples were summarized in tables S5
to S10. The crystallographic data for the Rietveld structure refine-
ment can be found in table S11.

Energy dispersive spectroscopy

Crystals were mounted on an SEM stub with carbon tape. Energy
dispersive spectroscopy (EDS) data of Cag 5ThysPO4 were collected
using a Zeiss FESEM instrument equipped with a Thermo EDS
attachment. The SEM was operated in low-vacuum mode with a
15-kV accelerating voltage and a 30-s accumulating time (fig. S27).
EDS data of Srg 5Thy sPO4 were collected using a Tescan Vega 3 SEM
instrument equipped with a Thermo EDS attachment. The SEM was
operated in low-vacuum mode with a 20-kV accelerating voltage
and a 30-s accumulating time (fig. S28).

In situ PXRD

Polycrystalline powder of rhabdophane-NdPO,4 and 1 M phosphoric
acid were loaded into a fused silica capillary (1 mm outer diameter,
0.8 mm inner diamter) which was then frozen using liquid nitrogen.
A micro-torch using a MAPP (methylacetylene, propadiene, and
propane)/oxygen mixture was then used to seal the capillary with a
final length of approximately 2.5 cm. This airtight capillary was then
inserted into the end of a thin and hollow copper pipe (7.25-cm long,
2.4-mm outer diameter) with the portion of the capillary intended
for measurement protruding from the end (fig. $29). The capillary
was held in place inside the copper pipe with modeling clay. The
now-extended capillary was then inserted into a rotating capillary
attachment of an Anton Paar HTK 1200 N high-temperature oven,
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controlled by an Anton Paar CCU 1000, attached to a Rigaku Smart-
Lab X-ray Diffractometer equipped with a D/teX Ultra 250-HE high-
resolution detector and rotating Mo (A = 0.709 A) anode operated at
45 kV and 200 mA (9 kW).

Variable temperature in situ XRD patterns were collected from
the capillary using cross-beam (convergent) optics in Debye-Scherrer
geometry from 4.5° to 25° 20 (djx = 0.84 to 4.5 A) at 1.6°/min. Tem-
peratures were measured using a Pt10%Rh-Pt thermocouple (type S)
with an accuracy of +2°C. Scans were performed at 30°C increments
from 30° to 150°C, at 5°C increments from 150° to 210°C, and lastly
every 15 min while holding at 210°C for an addition 11 hours.

Supplementary Materials
This PDF file includes:

Tables S1to S11

Figs. S1to S29
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