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ABSTRACT

Ceramic matrix containing zirconolite, hollandite, and perovskite phases is

proposed as a potential host for HLW immobilization. Hollandite phase prin-

cipally immobilizes Cs, while perovskite phase mainly immobilizes Sr. In this

study, hollandite–perovskite composite ceramics are considered as a specialized

waste form for immobilizing the separated Cs and Sr from HLW streams and

synthesized by a solid-state reaction method at 1300 �C for 5 h. The phase

compositions of the synthesized composites were characterized by XRD and

BSE. The XRD results indicated that the as-prepared ceramics are composed of

tetragonal hollandite Ba0.8Cs0.4Al2Ti6O16, cubic perovskite SrTiO3, alongside a

lesser amount of TiO2. The BSE—EDX results confirm that Cs partitions into the

hollandite matrix, while Sr incorporates into perovskite host with homogenous

distribution. In addition, aqueous durability testing was carried out using the

MCC-1 static leach test method. The normalized release rates of Cs and Sr in

HP-3 sample (i.e., 75 wt% Ba0.8Cs0.4Al2Ti6O16 ? 25 wt% SrTiO3) were\ 10-2

g�m-2�d-1 after 42 days, exhibiting excellent chemical durability. These results

indicate that the hollandite–perovskite ceramic matrix could be considered as a

customized host matrix for immobilization of the separated Cs and Sr from

HLW streams.
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Introduction

Disposal of radioactive wastes, especially high-level

nuclear wastes (HLW) produced during the repro-

cessing of spent nuclear fuels [1, 2], is still a chal-

lenging task because of their high radiotoxicity [3–6].

Until now, borosilicate glass is the only waste form

applied at the industrial scale [7, 8]. Due to superior

stable nature, ceramic waste form materials may

improve the long-term aqueous performance in the

disposal environment, relative to vitrified matrices

[9, 10]. In order to properly dispose of the radioactive

hazards and diminish their effects on the environ-

ment, crystalline ceramics have been regarded as a

potential nuclear host to immobilize HLW [11–14].

On the atomic-scale, the radioactive waste elements

are usually incorporated into the lattices structure of

Synroc mineral phases, which would provide a more

secure immobilization barrier compared with that in

nuclear glasses. Previous results indicated that the

normalized release rates of Cs, Sr, Ca and U in

ceramic waste form are * 7.8 9 10–3, 7.0 9 10-4,

8.0 9 10-3,\ 10-4 g�m-2�d-1 respectively, which is

2 * 3 orders of magnitude lower than that of 1.03,

7.5 9 10-2, 6.8 9 10-2, 0.1 g�m-2�d-1 in borosilicate

glass [15–17]. In addition, 238Pu-doped Synroc-C

remains primary crystalline matrix for cumulative

radiation doses of 1019 alpha/g [18], illustrating

ceramic waste form is a satisfactory host for HLW.

Cesium (Cs) and strontium (Sr) are two of the

major fission products and commonly exist in the

nuclear waste stream from the reprocessing of spent

fuels and primarily responsible for the heat genera-

tion in the storage system during the first few cen-

turies [19, 20]. As two major concerned fission

products for disposal of HLW, separation of Cs and

Sr from spent nuclear fuel will reduce the nuclear

waste volumes and radioactivity of HLW, which can

simplify waste-handling operations and reduce the

thermal load of the HLW storage [21, 22]. Due to high

toxicity and solubility, the separated Cs and Sr must

be immobilized in a robust host for final disposal.

Previous results demonstrated that hollandite—type

are of great interest to act as a host for Cs, while

perovskite matrices are suitable to host Sr [23–25].

The general formula of hollandite is AxByC8-yO16 (x

B 2), A-sites are occupied by the large ions (i.e., Cs?,

Ba2?, Rb?), while small cations (i.e., Mg2?, Al3?, Ti4?,

Fe3? and Sb5?) are located at the B and C-site. In

AxByC8-yO16, the hollandite structure comprises cor-

ner and edge-sharing BO6 and CO6 octahedra form-

ing tunnels along the c-axis, and the large A-site ions

are located in these tunnels [26]. In perovskite

(ABO3), BO6 octahedra share corners to form a 3D

framework with large central cavities, the A cations

are located in these cavities [27]. The naturally min-

eral of perovskite is CaTiO3, which is easy to incor-

porate Sr in the perovskite structure due to the

similar ionic and the similar chemistry of Ca and Sr.

Importantly, in SYNROC-C, hollandite and per-

ovskite phases are specifically targeted to accommo-

date Cs and Sr, respectively [28]. Thus, hollandite–

perovskite composite ceramics are expected to be an

excellent host matrix for final disposal of Cs and Sr.

Motivated by merits of hollandite-type ceramics

and perovskite matrices above, we developed a hol-

landite–perovskite ceramic waste form for immobi-

lization of Cs and Sr simultaneously. The

Ba0.8Cs0.4Al2Ti6O16—SrTiO3 assemblage was synthe-

sized in our work by a solid-state reaction method.

The phase composition, microstructure and chemical

durability of the as-prepared ceramic waste form

were systemically investigated.

Experimental

Synthesis of hollandite–perovskite ceramics

The hollandite–perovskite composite ceramics were

designed and synthesized to immobilize Cs and Sr.

The nominal phase compositions are: 85 wt%,

80 wt%, 75 wt%, 70 wt%, 65 wt%, and 60 wt% for

Cs0.4Ba0.8Al2Ti6O16, and 15 wt%, 20 wt%, 25 wt%,

30 wt%, 35 wt% and 40 wt% for SrTiO3 (named them

as HP-1, HP-2, HP-3, HP-4, HP-5, and HP-6). In a

typical process, Analytical Reagent (AR) starting

materials of Cs2CO3 (99% purity, Aladdin Co. Ltd.),

BaCO3 (99% purity, Aladdin Co. Ltd.), SrCO3 (99%

purity, Aladdin Co. Ltd.), Al2O3 (98% purity, Aladdin

Co. Ltd.) and TiO2 (99% purity, mixture of rutile and

anatase, Aladdin Co. Ltd.) are used to prepare sam-

ples. All initial powders are pre-heated at 120 �C for

2 h in order to remove adsorbed water. The dried

powders were prepared according to Table 1 and

sufficiently homogenized by the agate mortar and

pestle in ethyl alcohol media for 2 h. The homoge-

nized mixtures were dried and pressed into pellets

(12 mm in diameter and 3 mm in thickness) at a
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pressure of 12 MPa. To explore an optimum sintering

temperature, a representative HP-3 sample (i.e.,

75 wt% Ba0.8Cs0.4Al2Ti6O16 ? 25 wt% SrTiO3) was

chosen and sintered at 1200–1350 �C for 5 h in

ambient atmosphere, with heating rate of 10 �C/min.

After that, the compacted HP-1 * 6 pellets were

sintered at the optimum sintering temperature.

Characterization

Simultaneous thermogravimetry and differential

scanning calorimetry (TG-DSC, SDT Q600) was used

to investigate the thermal behavior of hollandite–

perovskite ceramic from room temperature to

1350 �C with a heating rate of 10 �C/min and

100 mL/min air flow. The crystalline phases of the

sintered ceramics were characterized by X-ray

diffraction (XRD, X’Per PRO, Netherlands) with Cu

Ka radiation (k = 1.5406 Å). The data were collected

at 2 h = 10 * 90� with step size of 0.02�. The General

Structure Analysis System (GSAS) program was

employed to obtain the lattice parameters of targeted

hollandite and perovskite matrices in the synthesized

materials [29]. The refinements proceeded as follows:

the initial structural model for the Ba0.8Cs0.4Al2Ti6-

O16, SrTiO3 and TiO2 Rutile were taken from the

crystallographic data of Cs0.187Ba0.965Al2.115Ti5.885O16

(JCPDS card no. 78–0018, space group I4/m), SrTiO3

(JCPDS card no. 35–0734, space group Pm 3m) and

TiO2 (JCPDS card no. 73–1765, space group P42/

mnm). At the beginning of refinements, the scale

factor and background were firstly converged, then

the lattice parameters and phase fraction were added

and refined. Final, the peak profiles were fitted to

pseudo-Voigt convolution functions. On convergence

of the preceding parameters, the atomic coordinates

and atomic isotropic temperature factors were also

refined. The sintered HP-3 sample, as a representa-

tive of the sintered pellets was selected to investigate

phase distribution and aqueous durability of

hollandite–perovskite ceramics. The HP-3 sample

was polished by metallographic sandpaper to a

roughness of * 1 lm. The phase distribution of the

polished HP-3 sample was studied using backscat-

tering electron (BSE, Ultra55, Zeiss). Energy-disper-

sive X-ray spectroscopy (EDX, IE450X-Max80,

Oxford) attached to the BSE equipment was used to

collected elemental maps from multiphase regions

and identify chemical composition of the targeted

hollandite and perovskite matrices.

A leaching test was carried out using the static

leach test (Materials Characterization Center, MCC-1)

method [30]. The sample HP-3 was suspended in the

closed Teflon container with deionized water. The

sealed vessels were then placed in an oven main-

tained at 90 ± 2 �C for a period of 1–42 days. The

concentrations (Ci) of Cs and Sr in leachate were

analyzed by inductively coupled plasma mass spec-

trometry (ICP-Mass, Agilent 7700x, Agilent, USA).

The normalized leaching rates (NLi, g�m-2�d-1) of Cs

and Sr were calculated as the following equation:

NLi ¼
Ci � V

SA � fi � tn
where Ci (g�m-3) is the concentration of element

i = (Cs and Sr) in the leachate, V (m3) is the volume of

the leachate, SA (m2) is the surface area of leached

samples, fi (wt%) is the mass fraction of element i in

the leached ceramics and tn (days) is the leaching

time.

Results and discussion

Phase formation and crystalline structure

Figure 1 shows the TG-DSC curves of the precursor

powders used in the synthesis of HP-3 ceramic

sample. As shown in the TG-DSC graph, four weight

loss stages are distinctly observed from room tem-

perature to 1250 �C. For the first stage from room

Table 1 Contents of the raw

reactants in the designed

hollandite–perovskite ceramics

(H = Ba0.8Cs0.4Al2Ti6O16;

P = SrTiO3)

Sample Composition Cs2CO3(g) BaCO3(g) SrCO3(g) Al2O3(g) TiO2(g)

HP-1 85 wt% H ? 15 wt% P 0.4372 1.0590 0.7241 0.6840 3.6068

HP-2 80 wt% H ? 20 wt% P 0.4115 0.9967 0.9655 0.6438 3.5483

HP-3 75 wt% H ? 25 wt% P 0.3857 0.9344 1.2069 0.6036 3.4897

HP-4 70 wt% H ? 30 wt% P 0.3600 0.8721 1.4482 0.5633 3.4312

HP-5 65 wt% H ? 35 wt% P 0.3343 0.8098 1.6896 0.5231 3.3727

HP-6 60 wt% H ? 40 wt% P 0.3086 0.7475 1.9309 0.4829 3.3141
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temperature to 400 �C, a mass loss of 1.8% is ascribed

to the dehydration physisorbed and chemisorbed

water in the precursor powders [31], corresponding

to endothermic peak at 70.2 �C in the DSC curve. The

second stage with 2.4% mass loss between

400–570 �C could be due to the decomposition of

Cs2CO3 to Cs2O, homologizing the endothermic peak

at 534.3 �C in the DSC curve [32]. With regard to the

third stage between 570 and 840 �C, a weight loss of

1.6% was observed in the TG curve, accompanied by

an endothermic peak at 817.5 �C in the DSC curve,

which may be assigned to the decomposition of

SrCO3 [33]. The last stage with 4.6% mass loss in the

range of 840–1020 �C and the endothermic peak at

935.7 �C may be attributed to the decomposition of

BaCO3 [34]. Notably, the mass is almost unchanged at

1020–1250 �C, and the DSC curve displays a broad

exothermic peak due to the crystallization of hollan-

dite and perovskite phases. This result indicates that

the targeted hollandite–perovskite waste form could

be synthesized above 1020 �C.

It is well known that elemental Cs and most cesium

compounds are volatile at high temperature

([ 900 �C). An elevated sintering temperature could

lead to a severe Cs loss. As shown in Fig. 1, * 0.3%

of weight loss is observed at 1250 * 1350 �C, indi-

cating a poor Cs retention in sintered sample at ele-

vated temperatures. To explore an optimum sintering

temperature, HP-3 powder precursors were sintered

at 1200, 1250, 1300 and 1350 �C for 5 h, respectively.

Figure 2a presents the XRD patterns for HP-3

samples sintered at different temperatures (1200,

1250, 1300 and 1350 �C) for 5 h. It is found that the

hollandite–perovskite composite ceramics are formed

at 1200 �C with small amount of unreacted TiO2 and

the BaTi5O11 metastable intermediate phase [35].

With increasing sintering temperature, the

metastable BaTi5O11 phase disappears, indicating an

increasing sintering temperature plays a significant

role in improving the phase purity of the targeted

hollandite–perovskite ceramics. However, after sin-

tering at 1350 �C, TiO2 phase is still observable in the

synthesized sample. The TiO2 probably originates

from excess Ti, due to Cs volatilization at the high

temperature [36, 37]. It is worth noting that the peak

intensity of TiO2 phase in the XRD patterns of

1300 �C sintered sample is weaker than that of 1250

and 1350 �C, suggesting a lower TiO2 content which

can be verified by XRD refined compositions. As

shown in Fig. 2b-d, the calculated phase composi-

tions demonstrate that the weight fraction of TiO2 in

1300 �C sintered sample is lower that of 1250 and

1350 �C synthesized samples. This result indicates

that the hollandite–perovskite composite ceramics

with high phase purity can be considered to fabri-

cating at 1300 �C for 5 h; this was thus selected.

XRD patterns of the sintered hollandite–perovskite

ceramics at 1300 �C for 5 h are displayed in Fig. 3. As

observed in Fig. 3, all samples are major hollandite

and perovskite phases with little of TiO2, suggesting

the desired matrices have been formed.

To further investigate the phase compositions of

as-prepared samples at 1300 �C, XRD data are ana-

lyzed by the Rietveld method using the GSAS pro-

gram, the calculated phase compositions and unit-cell

parameters are listed in Table 2. From Table 2, the

refined results further illuminate that all samples are

composed of hollandite, perovskite and TiO2. In

addition, for the targeted hollandite and perovskite

matrices, the refined structural parameters fit well

with the tetragonal hollandite (a = b * 9.99 Å,

c * 2.92 Å) and cubic perovskite (a = b = c * 3.91

Å) phases. This is agreement with powder diffraction

data for Cs0.187Ba0.965Al2.115Ti5.885O16 (PDF# 78–0018)

and SrTiO3 (PDF# 35–0734). Combined with TG-DSC

analysis, the schematic of solid-state method for

hollandite–perovskite ceramic waste form synthesis

is summarized in Fig. 4.

Figure 1 TG-DSC curves of HP-3 powder precursors.
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Phase distribution and chemical
composition

The phase distribution and chemical composition are

identified using BSE-EDX analysis. Figure 5 shows

the BSE contrast images and EDX analysis of polished

HP-3 ceramic sample. It can be found in Fig. 5a that

three contrast discrepancies are clearly observed,

indicating these three phases coexist in the as-pre-

pared composite. In addition, these three crystalline

phases observed in the BSE image are verified using

EDX elemental mapping analysis (Fig. 5b–f). The

EDX element mapping collected on different matrices

reveals that the ‘‘light grey’’ region is rich in Sr and Ti,

‘‘grey’’ region is rich in Cs, Ba, Al and Ti, while ‘‘dark

grey’’ area is only rich in Ti. According to the result of

the EDX analysis, it can be confirmed that the light

grey, grey and dark grey phases correspond to per-

ovskite, hollandite and TiO2 matrices respectively, in

agreement with above XRD results (Fig. 3).

To investigate the chemical compositions of the

targeted hollandite and perovskite matrices in the

Figure 2 a XRD patterns of HP-3 sample sintered at 1200, 1250, 1300 and 1350 �C, (b-d) the fitted XRD diffraction pattern of HP-3

sample.
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mixture, the EDX spectra of the selected regions (la-

beled as ‘‘A’’ and ‘‘B’’ in Fig. 5a) are present in Fig. 5g,

h. As seen in EDX spectra, Cs L, Ba L, Ti K, Al K and

O K peaks exist in ‘‘A’’ zone while the ‘‘B’’ area con-

tains the peaks of Sr L, Ti K and O K, further con-

firming the ‘‘light grey’’ matrix is perovskite while the

‘‘grey’’ phase is hollandite. Intriguingly, the calcu-

lated formula of perovskite phase in the sample is

Sr0.96Ti1.02O3 (Fig. 5h), which is perfectly consistent

with the original designed constituent SrTiO3. How-

ever, in comparison with Sr-bearing perovskite, Cs-

bearing hollandite exhibits an obvious deviation from

designed stoichiometry (i.e., Cs0.4Ba0.8Al2Ti6O16),

only * 67.5% of the targeted Cs concentration is

retained within the prepared hollandite matrix

(Fig. 5g). The Cs loss is due to Cs vaporization during

sintering, and supported by previous results [38, 39].

It is worth to mention the previous investigations
Figure 3 XRD patterns of the HP-1 * 6 ceramics sintered at

1300 �C for 5 h.

Table 2 Identified phases and unit-cell parameters of synthetic hollandite–perovskite composite ceramic at 1300 �C
(H = Ba0.8Cs0.4Al2Ti6O16; P = SrTiO3; T = TiO2)

Phase composition Calculated phase composition Hollandite Perovskite v2 Rwp Rp

H P H P T a = b (Å) c (Å) a = b = c (Å)

85 wt% 15 wt% 80.4 wt% 11.45 wt% 8.15wt% 9.993(0) 2.924(5) 3.907(9) 2.160 12.07% 9.33%

80 wt% 20 wt% 75.75 wt% 16.23 wt% 8.02 wt% 9.985(3) 2.923(4) 3.906(7) 1.998 11.32% 8.84%

75 wt% 25 wt% 72.59 wt% 19.18 wt% 8.23 wt% 9.992(0) 2.924(3) 3.907(7) 1.963 10.87% 8.46%

70 wt% 30 wt% 64.8 wt% 26.68 wt% 8.52 wt% 9.992(0) 2.924(3) 3.909(4) 1.772 10.09% 7.95%

65 wt% 35 wt% 59.86 wt% 31.74 wt% 8.4 wt% 9.987(2) 2.922(3) 3.906(1) 1.797 9.86% 7.78%

60 wt% 40 wt% 55.25 wt% 36.23 wt% 8.52 wt% 9.988(2) 2.924(0) 3.909(0) 1.829 9.76% 7.65%

Figure 4 Schematic of the synthesis procedures of hollandite–perovskite ceramics by a solid-state reaction method.
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show the optimum sintering temperature for the (Cs,

Ba)-hollandite ceramics is around 1250 �C using high

temperature solid-state method [40, 41], thus it is

difficulty to improve the Cs retention in our work

using the same method. Accordingly, the hot pressed

sintering method will be further explored in our next

work due to its predominant property with shorter

sintering period and lower sintering temperature

[42], which may give rise to reduction of cesium

volatilization.

Chemical durability

To evaluate the chemical durability of hollandite–

perovskite ceramic, MCC-1 is performed on the

selected HP-3 composition. The normalized release

rates of Cs and Sr in HP-3 sample are measured over

a 42-day period, and the results are shown in Fig. 6. It

can be seen in Fig. 6 that the normalized leaching

rates of Cs and Sr decrease rapidly during the 14-day

test period and slowly decrease with increasing time,

then remain nearly constant after 14 days. This result

indicates that the leaching behavior of Cs and Sr in

hollandite–perovskite ceramics can be explained by

the interfacial dissolution-re-precipitation mecha-

nism [43, 44]. It should be noted that, after 42 days

leaching, the calculated NLCs and NLSr in the HP-3

sample (5.2 wt.% cesium ? 16.9 wt.% strontium

waste loading on an oxide basis) are respectively

7.83 9 10–3 g�m-2�d-1 and 4.32 9 10–5 g�m-2�d-1,

which is lower than that of 10–1 * 10 g�m-2�d-1 in

the borosilicate glass waste form with 1.09 wt.%

cesium oxide and 0.40 wt.% strontium oxide loading

[15, 30]. Moreover, the obtained data are also slightly

lower than the reported values of * 10–2 g�m-2�d-1

for Cs and Sr in synroc-C [45], exhibiting an excellent

leaching resistance to Cs and Sr.

Figure 7 presents SEM–EDS images and XRD pat-

terns of the prepared sample before and after leach-

ing. It can be seen from Fig. 7a that the pre-leaching

sample possesses a smooth and clean surface mor-

phology, while some floccules are observed on sur-

face of post-leaching sample after leaching 42 days

(Fig. 7b). The observed floccules could be ascribed to

the formation of precipitates with respect to the

released ionic species [46]. However, the precipitate

phases fail to be determined by EDS and XRD, owing

to their contents below the instrumental detection

limit [10, 47]. As observed in Fig. 7c, the elemental

mapping analysis reveals the homogeneous distri-

bution of Cs Ba, Al, and Ti in the ‘‘H’’ zone and the Sr

and Ti are distributed uniformly throughout the ‘‘P’’

area. Importantly, the EDS analysis indicates that the

chemical compositions of hollandite matrix is well

agreement between the pre-leaching and post-leach-

ing HP-3 samples (Figs. 5g and 7d), as well as per-

ovskite host (Figs. 5h and Fig. 7e ). Furthermore, the

additional peaks are not observed in the post-leach-

ing sample in the XRD patterns, in accordance with

the previous results [48]. It confirms that the aqueous

Figure 5 a Backscattered electron SEM micrograph of the polished HP-3 sample at 1300 �C, (b * f) elemental mapping images of Cs,

Ba, Al, Sr and Ti, (g, h) EDX spectra of the labeled two areas (A and B) of a.
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corrosion does not induce substantial structural

changes of the Cs- and Sr-bearing hosts. Therefore,

hollandite–perovskite ceramics are considered as a

promising waste form for safety immobilization of

the separated Cs and Sr from HLW streams.

Conclusions

In the present study, a hollandite–perovskite ceramic

matrix is considered as a promising host matrix for

Cs and Sr immobilization. The phase composition,

crystal structure and chemical durability of the

Figure 6 Normalized release rates of Cs and Sr in the HP-3 ceramics waste forms.

Figure 7 a SEM image before leaching, b SEM image after

leaching for 42 days, c corresponding elemental mapping images

of P and H zones in the b, (d, e) EDS spectra of the labeled two

areas (H and P) of b, f XRD patterns of HP-3 ceramic waste form

before and after leaching.
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synthesized composites are investigated. The results

show that hollandite and perovskite are the major

phases in the all samples along with a small amount

of TiO2. Moreover, Cs-bearing hollandite matrix

shows a tetragonal structure (I4/m) while Sr-bearing

perovskite exhibits a cubic structure (Pm 3m). The

42 days normalized leaching rates of Cs and Sr were

measured to be 7.83 9 10–3 g�m-2�d-1 and

4.32 9 10–5 g�m-2�d-1, respectively. Moreover, the

aqueous corrosion does not induce substantial

structural changes of Cs/Sr-bearing hosts. These

results suggest that the hollandite–perovskite waste

form is a promising candidate to safely immobilize

the separated Cs and Sr waste stream from HLW.
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