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a b s t r a c t

In this study, volcanic ash was used as raw material to prepare waste forms with different silicon/
aluminum (Si/Al) molar ratios to immobilize sodium-salt waste (SSW) containing simulated 137Cs. Effects
of Si/Al molar ratios (3:1 and 2:1) and sodium salts on sintering behavior of waste forms and immobi-
lization mechanism of Csþ were investigated. Results indicated that the main mineral phase of sintered
waste-form matrixes was albite, and the formation of major phases was found to depend on Si/Al molar
ratios. Si/Al molar ratio of 2 was favorable for the formation of pollucite, and the formation and crys-
tallization of mineral phases were also decided based on physicochemical characteristics of sodium salts.
Furthermore, product consistency test results indicated that the immobilization of Csþ was related to Si/
Al molar ratio, types of sodium salts, and glassy phase. Waste forms with Si/Al molar ratio of 2 exhibited
better ability to immobilize Csþ, whereas the influence of sodium salts and glassy phases on the
immobilization of SSW showed more complicated relationship. In waste forms with Si/Al molar ratio of 2,
Csþ leaching concentrations of samples containing Na2B4O7$10H2O and NaOH were low. Na2B4O7‧10H2O
easily transformed into liquid phase during sintering to consequently achieve low temperature liquid-
phase sintering, which is beneficial to avoid the volatilization of Csþ at high temperature. Results
clearly reveal that waste forms with Si/Al molar ratio of 2 and containing Na2B4O7‧10H2O show excellent
immobilization of Csþ.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

With the development and utilization of nuclear energy, which
has become the focus of research attention [1e8], many radioactive
elements such as 137Cs produced by nuclear power plants and
nuclear equipment have been released into the nuclear waste
liquid. 137Cs has the characteristics of long half-life, easy combina-
tionwith human body, and strong migration ability [9e12]. In 2011,
a large amount of 137Cs was found in the nuclear waste liquid
leaked from Fukushima nuclear power plant, thereafter the treat-
ment of 137Cs in nuclear waste liquid has been paid progressively
more attention to Refs. [13,14].

Sodium-salt waste (SSW) containing 137Cs is a common waste
liquid after spent nuclear fuel treatment, which can be immobilized
with glasses or ceramics [15e19]. However, many sodium salts are
and Engineering, Southwest
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not conducive to the chemical stability of the glass. Currently,
geopolymers have been extensively used to synthesize hydro-
ceramics under hydrothermal conditions in order to immobilize
sodium-salt wastes. Nonetheless, the limitation of hydroceramics is
that they are not able to immobilize large amount of NO3

�, NO2
�, Cl�,

and SO4
2� [20e32]. However, sintering processes involve the pro-

motion of the decomposition of sodium salts during sintering, and
some sodium salts can also successfully achieve the formation of
stable cesium compounds such as pollucite, by a liquid-phase sin-
tering approach, which consequently achieves the immobilization
of 137Cs. Ortega et al. studied the immobilization of Cs by mixing
bentonite and other silicon oxides, and Csþ could be immobilized
through the formation of pollucite. However, the process was
limited only to NO3� and the sintering temperature reached
1200 �C or even higher [33,34]. As a type of aluminum-silicate
mineral phase, pollucite consists of the tetragonal crystal struc-
ture, which is characterized by tetragonal bi-crystal. However, as a
sodium unit mineral with triple inclined plane framework, albite
forms tetrahedron with silicon or aluminum atoms as the center
which could combine with oxygen atoms. All the top angles are
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shared and connected to form a framework along the three-
dimensional space. Larger pores generated in the backbone can
be filled with cations [35]. The structures of pollucite and albite are
unique and exhibit good immobilization ability for Cs [36e38].
Moreover, sintering processes can also effectively reduce the vol-
ume of waste liquids. However, sodium salts inevitably interact
with Al2O3, SiO2, or other mineral phases that exist in active sources
(e.g., volcanic ash, fly ash, and slag powders) during sintering [17].
Based on the sintering methodology, the complicated immobiliza-
tion mechanism of sodium-salt wastes containing 137Cs still needs
further systematic explorations. Furthermore, volcanic ash, as a
natural cost-effective and high-activity aluminosilicate material, is
widely distributed, which is one of the ideal raw materials for
ceramic immobilization of SSW.

This study proposes the sintering behavior of volcanic ash based
on different Si/Al molar ratios and their immobilization behavior
toward SSW containing simulated 137Cs. The influences of sodium
salts on the structure of waste forms and their immobilization of
Csþ were investigated accordingly.
2. Experimental

2.1. Raw materials

The volcanic ash used in the experiment was obtained from
Linzhi, Tibet, and its main components are listed in Table 1. The
starting materials including analytical reagent grade NaOH, NaCl,
Na2B4O7$10H2O, Na2CO3, NaNO2, aluminum hydroxide (Al(OH)3),
silicic acid (H2SiO3), and CsOH$H2O were purchased from Chengdu
Chron Chemicals Co., Ltd., China.
2.2. Sample synthesis process

With reference to the chemical composition of albite (Na2O-
$Al2O3$6SiO2) and leucite (K2O$Al2O3$4SiO2), H2SiO3 and Al(OH)3
were added to match the designed compositions of matrix samples
with high Si/Al ratio (Si:Al ¼ 3:1) and low Si/Al ratio (Si:Al ¼ 2:1).
Cs-containing samples were prepared by introducing CsOH$H2O to
the matrix samples. Chemical composition of all the samples is
listed in Tables 2 and 3.

The starting materials were mixed according to the proportions
summarized in Tables 2 and 3. The resulting powders were
weighed, and then ball-milled with deionized water to form slur-
ries. The weight ratio of water to solid was about three. After ball-
milling, the slurries were dried overnight at 80 �C. The dried
powders were ground again by manual grinding, and compressed
to cubic samples with a size of 10 mm � 10 mm � 10 mm under a
molding pressure of about 318 MPa.

All samples were sintered through a continuous sintering pro-
cedure, which can be described as follows: green samples were first
sintered at 600 �C for 3 h in order to remove binder, and then
sintered at target temperatures for 2 h. Due to the difference in
sodium salts and Si/Al molar ratios, the sintering temperatures of
samples are different accordingly. The sintering temperatures of
each sample are listed in Tables 2 and 3

The samples were examined by scanning electron microscopy
Table 1
Chemical compositions of volcanic ash.

Component SiO2 Al2O3 Na2O K2O CaO Fe2O3

Content(%) 59.254 18.426 7.3 2.78 3.357 5.634
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(SEM) and X-ray diffraction (XRD). The XRD data were recorded
using a PANalytical Empyrean Series 2 XRD System (PANalytical
B.V., Holland) with CuKa radiation at 40 kV and 40 mA at the
scanning rate of 2�/min from 5 to 80� (2q). SEM images were ac-
quired using a JSM-7800F microscope (JEOL, Japan) with HV at
10 kV and a magnification of 1000 times.
2.3. Product consistency test

Product consistency test (PCT), based on PCT-A (ASTM C1285-
14), was performed for investigating ion leaching. In order to
investigate the immobilization of waste forms containing Cs, the
ion leaching rates during the PCT were exploited to evaluate the
influences of sintering temperature, sodium salts, and mineral
phases on chemical stability and immobilization.

In order to accomplish PCT leaching experiments, PCT powder
samples with particle size of 74e149 mm (�100 to þ200 mesh)
were prepared by crushing and grinding sintered samples. Subse-
quently, powder samples (1 g) were mixed with deionized water
(10 mL, electrical resistivity of 18.2 MU$cm at 25 �C, TOC < 20 ppb,
UPH-I-40L water purification system, ULUPUR Ultra-pure Tech-
nology Co., Ltd., China) in a Type 304L stainless steel vessel, the
mass ratio of water to solid was 1:10 (Vsoln/
msolid ¼ 10 ± 0.5 mg L�1). The steel vessel was weighed and placed
in an oven for 7 � 24 h (±2 h) at 90 �C. Upon treatment, the vessel
was air-cooled and reweighed, and then the mixtures were sepa-
rated centrifugally. The pH of an aliquot of the leachate was
measured and temperature of the aliquot at the time of the pH
measurement was also recorded. The ion concentrations in
leachate were determined by inductively coupled plasma emission
spectrometry (ICP-OES, Agilent-720, Agilent technologies, USA).
According to the data processing method described in ASTM
C1285-97, the ion concentrations in leachates are processed in light
of the following steps:

CiðSampleÞ¼
�
CiðnÞ:Vf ðnÞ

ViðnÞ
�
� CiðblankÞ (1)

where:

Ci(n) ¼ concentration observed in the test with nth waste form
sample, g L�1

Vf(n) ¼ final volume of leachate measured in the test with the
nth waste form sample, L
Vi(n) ¼ initial volume of leachate measured in the test with the
nth waste form sample, L
n ¼ total number of replicate waste form sample tests
performed
Ci (blank) ¼ average blank concentration, gi L�1.

The normalized concentration for each replicate is expressed as
Eq. (2):

NCi ¼
CiðsampleÞ

fi
(2)

where:

NCi ¼ normalized concentration, gwaste form/Lleachant
Ci (sample) ¼ concentration of element “i” in the solution from
test with waste form, gi L�1

fi ¼mass fraction of element “i” in the unleached waste form, gi/
gglass



Table 2
Chemical composition of matrix and Cs-containing samples with Si/Al molar ratio of 3.

Sample Chemical Composition(mol) Sintering Temperature(�C)

VCL-1 Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaClþ0.7SiO2 1000
VCL-1-Cs 0.9(Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaClþ0.7SiO2)þ0.1CsOH‧H2O 1000
VNA-1 Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaOHþ0.7SiO2 1000
VNA-1-Cs 0.9Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaOHþ0.7SiO2)þ0.1CsOH‧H2O 1000
VNB-1 Na2O‧1.5Al2O3‧8.33SiO2þ0.25Na2B4O7$10H2Oþ0.7SiO2 750
VNB-1-Cs 0.9(Na2O‧1.5Al2O3‧8.33SiO2þ0.25Na2B4O7$10H2Oþ0.7SiO2)þ0.1CsOH‧H2O 850
VNC-1 Na2O‧1.5Al2O3‧8.33SiO2þ0.25Na2CO3þ0.7SiO2 1000
VNC-1-Cs 0.9(Na2O‧1.5Al2O3‧8.33SiO2þ0.25Na2CO3þ0.7SiO2)þ0.1CsOH‧H2O 1000
VNN-1 Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaNO2þ0.7SiO2 1000
VNN-1-Cs 0.9(Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaNO2þ0.7SiO2)þ0.1CsOH‧H2O 950

Table 3
Chemical composition of matrix and Cs-containing samples with Si/Al molar ratio of 2.

Sample Chemical Composition(mol) Sintering Temperature(�C)

VCL-2 Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaClþ0.5Al2O3 1050
VCL-2-Cs 0.9(Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaClþ0.5Al2O3)þ0.1CsOH‧H2O 1050
VNA-2 Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaOHþ0.5Al2O3 1000
VNA-2-Cs 0.9Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaOHþ0.5Al2O3)þ0.1CsOH‧H2O 1000
VNB-2 Na2O‧1.5Al2O3‧8.33SiO2þ0.25Na2B4O7$10H2Oþ0.5Al2O3 650
VNB-2-Cs 0.9(Na2O‧1.5Al2O3‧8.33SiO2þ0.25Na2B4O7$10H2Oþ0.5Al2O3)þ0.1CsOH‧H2O 800
VNC-2 Na2O‧1.5Al2O3‧8.33SiO2þ0.25Na2CO3þ0.5Al2O3 850
VNC-2-Cs 0.9(Na2O‧1.5Al2O3‧8.33SiO2þ0.25Na2CO3þ0.5Al2O3)þ0.1CsOH‧H2O 950
VNN-2 Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaNO2þ0.5Al2O3 950
VNN-2-Cs 0.9(Na2O‧1.5Al2O3‧8.33SiO2þ0.5NaNO2þ0.5Al2O3)þ0.1CsOH‧H2O 950
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3. Results and discussion

3.1. Structural analysis of volcanic ash-based ceramic samples with
different Si/Al molar ratios

Using volcanic ash as raw material, the waste form matrixes
were prepared by mixing five types of typical sodium salts (NaCl,
NaOH, Na2B4O7$10H2O, Na2CO3, NaNO2), the structure phases of
waste forms were studied in terms of different Si/Al molar ratios.
Fig. 1 shows the XRD patterns of volcanic ash. The main phases of
volcanic ash are quartz phase and a small amount of albite phase
(NaAlSi3O8), and also contains certain amount of hematite (Fe2O3),
sodium silicate (Na2SiO3), and muscovite [KAl2Si3AlO10(OH)2].

Fig. 2 shows the XRD patterns of Na-containing samples VCL-1,
VCL-2, VNA-1, VNA-2, VNB-1, VNB-2, VNC-1, VNC-2, VNN-1, and
VNN-2. Fig. 2 demonstrates that the major phases of NaCl-
containing sample VCL-1 with a Si/Al molar ratio of 3 are albite
and quartz, and the major phase of NaCl-containing sample VCL-2
with a Si/Al molar ratio of 2 is albite. Clearly, the diffraction peaks of
quartz for samples VCL-1 and VCL-2 are weaker than those for
volcanic ash; moreover, the diffraction peaks of albite in sample are
enhanced with the addition of NaCl. In this study, when the Si/Al
molar ratio for samples was 2, the target phase of samples was
expected to be a leucite phase; however, actually, the major phase
of VCL-2 was still an albite structure. It indicates that NaCl did not
positively participate in chemical reactions between SiO2, Al2O3,
and other constitutes for the formations of new mineral phases,
owing to higher melting point or decomposition temperature.

Fig. 3 shows the SEM images of matrix samples VCL-1, VCL-2,
VNA-1, VNA-2, VNB-1, VNB-2, VNC-1, VNC-2, VNN-1, and VNN-2.
Fig. 3 exhibits that the microstructures of samples VCL-1 and
VCL-2 are dense, and amounts of grains are almost covered with
glassy phases. The emergence of glassy phases is attributed to some
low melting point oxides such as K2O, Na2O, and Fe2O3. Through
liquid phase sintering, the dense microstructures could be
accordingly achieved.

Comparative analysis of the XRD patterns of NaCl-containing
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samples indicates that although the major phases of NaOH-
containing sample VNA-1 with a Si/Al molar ratio of 3 are still
albite and quartz, the diffraction peak of quartz is obviously weaker
than that of VCL-1 as shown in Fig. 2. It indicates that, due to the
existence of NaOH in the compositions, the amounts of SieO bonds
in SiO2 components can be easily broken and quickly connected
with Al2O3 and NaOH to form albite or cause the crystallization of
albite. Moreover, owing to the low melting point of NaOH (about
318 �C) [39], it can easily encourage the formation of a liquid phase,
which further easily promotes the dissolution of SiO2, consequently
the quartz diffraction peaks of sample VNA-1 become weaker.
Furthermore, the diffraction peaks of Al2O3 also appeared in the
XRD patterns of VNA-2 with a low Si/Al molar ratio of 2. It indicates
that, due to a Si/Al molar ratio of 2 for the sample VNA-2, surplus
Al2O3 [or Al(OH)3] components did not completely dissolve liquid
phase and participated in a solid-state reaction for the formation of
albite or other aluminosilicate compounds.

Fig. 3 shows that the samples VNA-1 and VNA-2 were well
sintered and dense microstructures were obtained. Obviously, after
liquid phase sintering, the residual glassy phases can be seen
clearly. It also indicates that the sintering behavior of samples VNA-
1 and VNA-2 is based on a liquid-phase sintering approach, which is
consistent with that of samples VCL-1 and VCL-2.

Fig. 2 shows the XRD patterns of Na2B4O7$10H2O-containing
samples VNB-1 and VNB-2. The major phase of samples VNB-1 and
VNB-2 is albite, and quartz and Al2O3 appear in the XRD patterns of
samples VNB-1 and VNB-2. It indicates that the addition of
Na2B4O7$10H2O to volcanic ash did not achieve the complete
dissolution of SiO2 and Al2O3 components to liquid phase during
sintering. Although Na2B4O7$10H2O has a melting point of 741 �C
and is usually used as a sintering aid to lower the sintering tem-
perature of ceramics [39], the melting temperature of
Na2B4O7$10H2O is very close to or even lower than the sintering
temperatures of samples VNB-1 and VNB-2 (750 and 650 �C). As a
result, it is difficult to supply a sufficient liquid phase to help in the
formation of new structure and dense microstructures during sin-
tering; moreover, the SiO2 and Al2O3 components cannot



Fig. 1. XRD patterns of volcanic ash.
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sufficiently react with each other to cause the crystallization of
albite. Fig. 3 exhibits porous microstructure because of the absence
of liquid phases, although glassy phases are present. Moreover,
Fig. 2 illustrates that a NaAlSiO4 phase also emerges in the XRD
patterns of the two samples. It suggests that the existence of a small
amount of liquid phase also leads to the formation slight NaAlSiO4
phase during sintering.

Fig. 2 demonstrates that the major phases of Na2CO3-containing
sample VNC-1 are albite and quartz, whereas the major phases of
Na2CO3-containing sample VNC-2 are albite, quartz, Al2O3, Na2SiO3,
and sodium aluminosilicate. Besides quartz, albite, Na2SiO3, Al2O3,
and sodium aluminosilicates are only formed in sample VNC-2
during sintering, indicating that the formation of sodium silicate
or aluminosilicate compounds is attributed to solid-state reaction
between SiO2 and Al2O3 during sintering. The melting point of
Na2CO3 is 851 �C [39]; therefore, a densification temperature of
850 �C for sample VNC-2 could not achieve sufficient amounts of
liquid phases to accelerate the formation of new structure by
solution-precipitation mechanism. Consequently, excessive SiO2
and Al2O3 components are retained in sample VNC-2 owing to the
insufficient chemical reactions between SiO2 and Al2O3, and the
formation of phases also depends only on a solid-state sintering.
Fig. 3 shows that the microstructures of sample exhibit a porous
appearance due to the absence of liquid phase. In contrast, the
densification temperature of the samples VNC-1 is up to 1000 �C;
therefore, a liquid phase sintering can achieve dense microstruc-
tures for the samples VNC-1.

Fig. 2 shows that the main phases of NaNO2-containing sample
VNN-1 with a Si/Al molar ratio of 2 are albite and quartz, whereas
the main phases of NaNO2-containing sample VNN-2 are albite and
Al2O3. The results are very similar to those of samples VCL-1 and
VCL-2. NaNO2 undergoes a series of chemical reactions during
sintering. On the one hand, NaNO2 can be decomposed into Na2O,
NO, and O2 when sintered above 320 �C. On the other hand, NaNO2
can be oxidized to NaNO3 after contacting with O2 in the air, and
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NaNO3 gets decomposed into NaNO2 and O2 when heated above
380 �C. With the increase of sintering temperature, small amounts
of NO2 and N2O are also formed at 775e865 �C [39], until NaNO2 is
completely decomposed into Na2O at the sintering temperature of
samples (above 950 �C). Also, because of relative high sintering
temperature, NO2, N2O and Na2O in samples VNN-1 and VNN-2
containing NaNO2 could be released accordingly by the thermal
decomposition of NaNO2 during sintering, moreover, the released
Na2O component can be further connected with SiO2 and Al2O3 to
cause the formation of amounts of liquid phases, which conse-
quently more easily promote the crystallization of albite or the
precipitation of other compounds. In contrast to other salts, it is
very difficultly to immobilize NaNO3 and NaNO2 by mild immobi-
lization processes involving hydroceramics, cement, etc., by an
appropriate sintering approach. Not only can the NaNO2 be
decomposed completely, but also the Na2O component, as one of
heatedly decomposed product of NaNO2, can get well connected
with SiO2 or Al2O3 to form sufficient liquid phases during sintering.
Based on the liquid phase sintering, the formation of phases and
dense microstructure for waste forms is easier.

Fig. 3 shows the SEM images of samples VNN-1 and VNN-2. The
sintering temperature of VNN-2 at 950 �C is close to the releasing
temperature of NO2 and N2O at 775e865 �C. So, NO2 and N2O were
easily released and led to the formation of amounts of pores during
sintering, thus numerous pores are clearly seen in the SEM images of
sample VNN-2. On the other hand, although amounts of NO2 and
N2O could be also released from sample VNN-1 during sintering and
similarly led to the formation of pore structures, sintering temper-
ature (1000 �C) of the sample VNN-1 is higher that of the sample
VNN-2, the increasing sintering temperature can also cause suffi-
cient amounts of liquid phases to filled into amounts of pores in the
sample VNN-1 during sintering, and made the microstructure of the
sample VNN-1 relative denser than that of sample VNN-2.

In general, SiO2 and Al2O3 in the matrix tend to adhere to the
original albite in the rawmaterial volcanic ash after combiningwith



Fig. 2. XRD patterns of matrix samples containing sodium salts.
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Naþ in the sintering process. Therefore, irrespective of the Si/Al
ratio being high or low, all samples are inclined to the emergence of
albite phase. The effect of sodium salts on the structure of waste
3956
forms mainly depends on the amount of Naþ provided during the
sintering process. The mineral phases of all matrix samples are
listed in Table 4.
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3.2. Structure analysis of Cs-containing volcanic ash-based ceramic
samples with different Si/Al molar ratios

In order to further investigate the influence of volcanic ash-
based ceramic immobilization of Csþ, 10 wt% CsOH$H2O was
added to volcanic ash-based ceramic matrixes to study the immo-
bilization of ceramic waste forms on Csþ. The chemical composi-
tions of waste forms are listed in Tables 2 and 3

Fig. 4 shows the XRD patterns of samples VCL-1-Cs, VCL-2-Cs,
VNA-1-Cs, VNA-2-Cs, VNB-1-Cs, VNB-2-Cs, VNC-1-Cs, VNC-2-Cs,
VNN-1-Cs, and VNN-2-Cs, which were prepared by the introduc-
tion of 10 wt% CsOH$H2O to matrix samples VCL-1, VCL-2, VNA-1,
VNA-2, VNB-1, VNB-2, VNC-1, VNC-2, VNN-1, and VNN-2, respec-
tively. Fig. 4 demonstrates that besides quartz and albite, the major
phase of samples VCL-1-Cs and VCL-2-Cs is pollucite. Pollucite
[Cs(AlSi2O6)] is a typical feldspathoid crystal structure, in the shape
of octahedron. The feldspathoid structures consist of regular holes
and channels. Pollucite can accommodate Csþ into its structures
and availably reduce the leaching rate of Csþ, thus pollucite is an
ideal carrier for the immobilization of Csþ.

In contrast to the XRD patterns of matrix samples VCL-1 and
VCL-2, the result indicates that the introduction of CsOH$H2O to
Fig. 3. SEM images of matrix sam
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matrix samples VCL-1 and VCL-2 led to the formation of pollucite.
The melting point of CsOH$H2O is 272 �C lower than that of NaCl
[39]; therefore, the addition of CsOH$H2O to samples more easily
led to the emergence of a liquid phase based on Cs2O-SiO2 or Cs2O-
SiO2-Al2O3 compositions. Based on the liquid sintering, a pollucite
phase could be precipitated accordingly from the liquid phases
during sintering. With the increase of sintering temperature, the
dissolution of albite to liquid phases could further supply sufficient
quartz and Al2O3 for the formation and crystallization of pollucite
crystals. Moreover, the compositions with a Si/Al molar ratio of 2
are closer to the chemical composition of pollucite than that with a
Si/Al molar ratio of 3, which is conducive to the formation of pol-
lucite. Accordingly, the high Si/Al molar ratio easily causes the
formation of excessive quartz in the liquid phases and thus pro-
motes the precipitation of SiO2 crystals, which is one main reason
that quartz phase emerges in the XRD patterns of sample VCL-1-Cs.

Fig. 5 shows the SEM images of samples VCL-1-Cs, VCL-2-Cs,
VNA-1-Cs, VNA-2-Cs, VNB-1-Cs, VNB-2-Cs, VNC-1-Cs, VNC-2-Cs,
VNN-1-Cs, and VNN-2-Cs. Fig. 5 shows that the microstructures of
samples VCL-1-Cs and VCL-2-Cs are completely compact, and
except the amounts of albite grains are seen clearly in the image of
sample VCL-2-Cs, the glassy phases almost cover all the grains. The
ples containing sodium salts.



Fig. 3. (continued).
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emergence of glass phase is attributed to the formation of a liquid
3958
phase during sintering, indicating the successful achievement of



Table 4
Mineral phases of matrix samples.

The Si/Al molar ratio is 3 The Si/Al molar ratio is 2

NaCl Silicon Oxide (SiO2)
Albite [Na(AlSi3O8)]

Albite [Na(AlSi3O8)]

NaOH Silicon Oxide (SiO2)Albite [Na(AlSi3O8)] Albite [Na(AlSi3O8)]Aluminum Oxide (Al2O3)
Na2B4O7$10H2O Silicon Oxide (SiO2)Albite [Na(AlSi3O8)] Silicon Oxide (SiO2)

Albite [Na(AlSi3O8)]
Aluminum Oxide (Al2O3)

Na2CO3 Silicon Oxide (SiO2)Albite [Na(AlSi3O8)] Silicon Oxide (SiO2)Albite [Na(AlSi3O8)]
Aluminum Oxide (Al2O3)
Sodium Silicate [Na2(SiO3)]

NaNO2 Silicon Oxide (SiO2)Albite [Na(AlSi3O8)] Aluminum Oxide (Al2O3)
Albite [Na(AlSi3O8)]

Fig. 4. XRD patterns of Cs-containing samples containing sodium salts.
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densification of ceramic waste forms based on a liquid-phase sin-
tering approach [40].

Fig. 4 shows that besides the appearance of a quartz phase in the
XRD patterns of sample VNA-1-Cs, the major phases of samples
VNA-1-Cs and VNA-2-Cs are pollucite and albite. The melting point
of NaOH is close to that of CsOH$H2O, thus both of them can
encourage the formation of a liquid phase earlier. As a result, pol-
lucite and albite could be precipitated from Cs2O-SiO2, Na2O-SiO2 or
Cs2O-SiO2-Al2O3, and Na2O-SiO2-Al2O3. The amount of pollucite
and albite in waste forms depends on the Si/Al molar ratios. The
XRD patterns of VNA-1-Cs and VNA-2-Cs reveal that the diffraction
peaks of pollucite in sample VNA-1-Cs with a Si/Al molar ratio of 2
is more obvious than that of pollucite in VNA-1-Cs with a Si/Al
molar ratio of 3. It indicates that the formation of pollucite phases is
more favorable in the sample VNA-2-Cs (the Si/Al molar ratio of 2),
which is closer to the chemical composition of pollucite. In general,
the formation of pollucite in ceramics waste forms is achieved
based on a solution-precipitation mechanism, which is usually
occurred at a liquid-phase sintering condition [41], i.e., because low
melting compounds (e.g. Cs2O, Na2O and Na2B4O7$10H2O) pro-
moted the occurrence of liquid-phase media and further resulted in
a liquid-phase flow around other oxide particles (e.g. SiO2 and
Al2O3) during sintering, the sintering behavior of pollucite-ceramic
waste forms can be understood to be controlled by a mechanism
through which liquid-phase flow, phase formation, and densifica-
tion are achieved along with the dispersion, rearrangement,
solution-precipitation, and solid-state sintering of crystalline par-
ticles [42]. Moreover, the precipitation of quartz grains in sample
VNA-1-Cs is still correlative with the high Si/Al molar ratio. Fig. 5
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shows that the microstructures of samples are completely dense.
NaOH and CsOH$H2O can encourage the formation of a liquid
phase; therefore, the densemicrostructures are also easily achieved
by the liquid-phase sintering.

Fig. 4, similarly exhibits that the major phases of samples VNB-
1-Cs and VNB-2-Cs are also pollucite and albite. Owing to the low
melting point of CsOH$H2O and Na2B4O7$10H2O, after the intro-
duction of 10 wt% CsOH$H2O to matrix samples VNB-1 and VNB-2,
pollucite is still easily formed based on liquid-phase sintering.
However, still a few amounts of quartz grains are observed in the
sample VNB-1-Cs with high Si/Al molar ratio. Fig. 5 exhibits that the
samples VNB-1-Cs and VNB-2-Cs were densely sintered by liquid-
phase sintering. In contrast, the SEM results of matrix samples
VNB-1 and VNB-2 reveal that Na2B4O7$10H2O cannot completely
promote a good liquid phase sintering for microstructure forma-
tion, and the dense microstructures of samples VNB-1-Cs and VNB-
2-Cs are achieved mostly due to the low melting characteristics of
CsOH$H2O. Moreover, noteworthy, because Na2B4O7$10H2O has a
melting point of about 741 �C, the sintering temperature of 850 �C
for sample VNB-1-Cs is higher than the melting point of
Na2B4O7$10H2O, so the relative high sintering temperature for
sample VNB-1-Cs can easily cause the volatilization of
Na2B4O7$10H2O, and further lead to the formation of amounts of
pores. As shown in SEM image of VNB-1-Cs, amounts of pores are
observed clearly.

Fig. 4 illustrates that the major phases of VNC-1-Cs are pollucite
and a variety of sodium aluminosilicates, whereas the major phase
of VNC-2-Cs is only pollucite. Noteworthy, the diffraction peaks of
albite do not appear in the samples VNC-1-Cs and VNC-2-Cs,
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indicating the complete consumption of starting albite in volcanic
ash for the formation and crystallization of pollucite or other so-
dium aluminosilicates during sintering. Therefore, CsOH$H2O can
easily chemically combine with quartz and Al2O3 to form pollucite
by liquid phase sintering. In particular, the formation of pollucite
phases is more favorable in the sampleswith the Si/Almolar ratio of
2 such as in VNC-2-Cs. In case of sample VNC-1-Cs, due to a high Si/
Al molar ratio, excess quartz inevitably participated in the reactions
between Na2CO3 and albite to form sodium aluminosilicates and
release CO2 during sintering [39]. As a result, the emergence of
sodium aluminosilicates is also based on the liquid phase sintering
way. Fig. 5 demonstrates that due to the release of CO2, the
microstructure of sample VNC-2-Cs is obviously porous, whereas
densification sintering was achieved for the sample VNC-1.

Fig. 4 exhibits that the major phases of VNN-1-Cs are pollucite
and nepheline, whereas the major phase of VNN-2-Cs is only pol-
lucite. Albite phase does not appear in the diffraction patterns of
the samples VNN-1-Cs and VNN-2-Cs, indicating the complete
consumption of the starting albite in volcanic ash for the formation
of other mineral phases such as pollucite during sintering. Owing to
the decomposing temperature of 320 �C, NaNO2 can be decom-
posed with increasing temperature resulting in the release of Na2O.
Fig. 5. SEM images of Cs-containing s
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Na2O can chemically combine with quartz and Al2O3 to form so-
dium silicate (e.g., nepheline), and amounts of liquid phases,
which is helpful to promote the precipitation of pollucite by the
liquid-phase sintering way. Fig. 5 shows that the microstructures of
the samples VNN-1-Cs and VNN-2-Cs are very compact and the
glassy phases are clearly seen, indicating that the liquid-phase
sintering successfully achieved the densification of the samples
VNN-1-Cs and VNN-2-Cs.

Table 5 lists the mineral phases of all Cs-containing samples.
Table 5 summarizes that the molecular formula of pollucite is
Cs2O$Al2O3$4SiO2; therefore, a Si/Al molar ratio of 2 for samples
more easily promotes the formation of pollucite. Moreover, the
samples with a Si/Al molar ratio of 3 can not only promote the
formation of pollucite, but also result in the emergence of sec-
ondary phases such as quartz and other aluminosilicates. Note-
worthy, owing to the lowmelting characteristics of CsOH$H2O, low-
melting compositions based on possible systems Cs2O-SiO2 and
Cs2O-SiO2-Al2O3 etc., as liquid-phase flow, can drive the dispersion
and combination of various particles to form thermodynamically
stable mineral phases during sintering. Consequently, pollucite is
easily precipitated by the liquid-phase sintering way. However, the
achievement of the liquid-phase sintering way also depends on the
amples containing sodium salts.
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Table 5
Mineral phases of Cs-containing waste forms.

The Si/Al molar ratio of 3 The Si/Al molar ratio of 2

NaCl Silicon Oxide (SiO2)
Pollucite [Cs(AlSi2O6)]
Albite [Na(AlSi3O8)]

Pollucite [Cs(AlSi2O6)]
Albite [Na(AlSi3O8)]

NaOH Silicon Oxide (SiO2)
Pollucite [Cs(AlSi2O6)]
Albite [Na(AlSi3O8)]

Pollucite [Cs(AlSi2O6)]
Albite [Na(AlSi3O8)]

Na2B4O7$10H2O Silicon Oxide (SiO2)
Pollucite [Cs(AlSi2O6)]
Albite [Na(AlSi3O8)]

Pollucite [Cs(AlSi2O6)]
Albite [Na(AlSi3O8)]

Na2CO3 Pollucite [Cs(AlSi2O6)]
Sodium Aluminosilicate

Pollucite [Cs(AlSi2O6)]

NaNO2 Pollucite [Cs(AlSi2O6)]
Sodium Aluminosilicate

Pollucite [Cs(AlSi2O6)]

Table 6
The normalized leaching concentration of cations in the PCT leaching solutions for
the Cs-containing samples.

Samples Element pH in leachate Normalized
concentrations (mg/L)

1# 2# 3# 1# 2# 3#

VCL-1-Cs Al 7.5 7.2 7.6 0.44 0.45 0.44
Na 2.17 2.14 2.18
Cs 2.29 2.22 2.09

VCL-2-Cs Al 7.4 7.7 7.3 0.44 0.42 0.41
Na 2.62 2.64 2.54
Cs 0.8 0.76 0.82

VNA-1-Cs Al 8.3 8.5 8.6 0.36 0.35 0.35
Na 3.24 3.23 3.22
Cs 5.05 4.96 5.25

VNA-2-Cs Al 8.1 8.8 8.6 0.67 0.67 0.65
Na 2.95 2.94 2.93
Cs 0.33 0.28 0.34

VNB-1-Cs Al 8.3 8.1 7.8 0.64 0.61 0.61
Na 1.05 1.02 1.06
Cs 0.54 0.51 0.48

VNB-2-Cs Al 7.9 7.9 8.2 1.38 1.38 1.41
Na 10.81 10.68 10.53
Cs 0.28 0.35 0.37

VNC-1-Cs Al 8.0 7.7 8.1 0.48 0.47 0.48
Na 3.04 3.05 3.06
Cs 0.42 0.42 0.39

VNC-2-Cs Al 8.2 8.3 7.9 3.37 3.29 3.24
Na 14.08 13.64 13.43
Cs 0.49 0.43 0.48

VNN-1-Cs Al 7.9 7.8 8.2 0.42 0.41 0.39
Na 3.15 3.04 3.08
Cs 0.42 0.48 0.46

VNN-2-Cs Al 8.1 7.9 8.0 2.05 1.98 1.98
Na 8.60 8.76 8.71
Cs 0.45 0.41 0.39

X.-W. Sun, L.-K. Liu and S. Chen Nuclear Engineering and Technology 53 (2021) 3952e3965
low melting characteristics of sodium salts and NaOH. The sodium
salts (e.g., Na2B4O7$10H2O) with low melting point or NaOH
chemically combines easily with Al2O3 or SiO2 to form the liquid
phase, which further promotes the formation of pollucite and the
recrystallization of albite. However, when the melting points or
decomposition temperatures of sodium salts such as NaCl are
relatively higher than that of CsOH$H2O, the release of Naþand the
formation of more amounts of liquid phases can be delayed during
sintering. As a result, the formation and crystallization of pollucite
cannot be achieved only from the low melting compositions based
on Cs2O-SiO2, or Cs2O-SiO2-Al2O3, etc., and thus starting albite in
volcanic ashes is also left accordingly in waste forms due to high
melting points or decomposition temperatures of sodium salts. In
matrix samples, amounts of Naþ can be released from some sodium
salts (e.g., Na2CO3 and NaNO2) with low decomposition tempera-
ture during sintering, the amount of free Naþ was further chemi-
cally combined with active constitutes SiO2 or Al2O3 to promote the
formation of sodium silicates or sodium aluminosilicates by solid-
state reactions. Furthermore, the addition of CsOH to matrix sam-
ples can inevitably cause the transformation of sodium silicates or
sodium aluminosilicates to pollucite because of stronger binding
force of Csþ with SiO2 or Al2O3. In these sodium salts,
Na2B4O7$10H2O, as a low-temperature sintering agent, very easily
achieves the low-temperature liquid-phase sintering for the for-
mation of mineral phases such as pollucite.
3.3. PCT leaching results of Cs-containing samples

Table 6 lists the normalized leaching concentrations (NCi) of
cations in the PCT leaching solutions for the Cs-containing samples.
Table 6 illustrates that Csþ leaching concentrations are totally less
than those of Naþ and Al3þ, and also depend on Cs-containing
samples. It indicates that waste forms’ immobilization of Csþ is
related to their presence of sodium salts, Si/Al molar ratios, and
structures such as mineral phases and glassy phases.

Fig. 6 shows the mean normalized leaching concentrations of
cations for Cs-containing samples. Fig. 6 shows that the Csþ

leaching concentrations of samples VNA-2-Cs, VNB-1-Cs, VNB-2-Cs,
VNC-1-Cs, VNC-2-Cs, VNN-1-Cs, and VNN-2-Cs are very close and
relatively lower than those of other Cs-containing samples. Finally,
Csþ leaching concentrations of the Cs-containing waste forms with
a Si/Al molar ratio of 2, which is close to the chemical formula of
pollucite and can availably promote the formation of pollucite, are
generally lower than those of Cs-containing waste forms with a Si/
Al molar ratio of 3.

Although the Si/Al molar ratios of samples VNB-1-Cs, VNB-2-Cs,
VNC-1-Cs, VNC-2-Cs, VNN-1-Cs, and VNN-2-Cs are different, their
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Csþ leaching concentrations are almost same. It indicates that so-
dium salts also bring some effects on the immobilization of Csþ.
Through the reaction with active constitutes SiO2 or Al2O3 at a
lower temperature, Na2CO3 and NaNO2 can easily form sodium
silicates, sodium aluminosilicates, and liquid phase. Consequently,
sufficient amounts of liquid phase can further promote good crys-
tallization of pollucite and endow the samples VNC-1-Cs, VNC-2-Cs,
VNN-1-Cs, and VNN-2-Cs with good immobilization ability for Csþ.
For the samples VNB-1-Cs and VNB-2-Cs, because of low-melting
characteristics, Na2B4O7$10H2O is usually used to decrease the
sintering temperature of ceramic materials. Consequently,
Na2B4O7$10H2O easily encourages the formation of liquid phases
based on the compositions Na2O-B2O3 during sintering, and further
promotes the formation and good crystallization of pollucite by the
liquid-phase sintering. As a result, the Na2B4O7$10H2O-containing
samples VNB-1-Cs and VNB-2-Cs exhibit the good ability to
immobilize Csþ.

In contrast, Fig. 6 shows that the Csþ leaching concentrations of
sample VNA-2-Cs is much lower than that of sample VNA-1-Cs.
Owing to ultra-low melting point (318 �C), NaOH can easily form
liquid phase at very low sintering temperature. Therefore, it can not
only promote the crystallization of pollucite, but also the growth of
original albite grains in volcanic ash. In particular, the sample VNA-
2-Cs possesses a Si/Al molar ratio of 2 that is close to the chemical
composition of pollucite, based on the liquid phase approach, the
formation and crystallization of the pollucite is more easily ach-
ieved, and thus can lower Csþ leaching concentrations. It indicates
that the major phases of Cs-containing samples are decided based
on their Si/Al molar ratios, and these major phases are correlative
with the immobilization of Csþ. The Csþ leaching concentrations of
samples VCL-1-Cs and VCL-2-Cs are also very different owing to



Fig. 6. The mean normalized concentration of cation leaching for Cs-containing
samples.
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their difference in Si/Al molar ratios. However, the Csþ leaching
concentrations of samples VCL-1-Cs and VCL-2-Cs are obviously
higher than those of other Cs-containing samples. The results
indicate that besides the factor of Si/Al molar ratios, NaCl-
containing samples’ immobilization on Csþ was also decided by
other factors. In combinationwith the fact that the melting point of
NaCl is higher, the formation temperatures of liquid phases are very
higher accordingly, consequently this is not conducive to the
3963
formation of pollucite at current sintering temperature, thus the
samples VCL-1-Cs and VCL-2-Cs show poor immobilization ability
for Csþ.

Moreover, the leaching concentration of Al3þ and Naþ can imply
structural stability, in particular, as glassy phases, due to relatively
high activity, once glassy phases are subjected to heat, water me-
dium, acid and alkali environment, amounts of Naþ retained in
glassy phase are easier to migrate to the environment. It shows that
Naþ and Al3þ leaching concentrations of samples VNC-2-Cs and
VNN-2-Cs with a Si/Al molar ratio of 2 are higher than those of
samples VNC-1-Cs and VNN-1-Cs with a Si/Al molar ratio of 3. It
indicates that the liquid phase is easier to be formed by the in-
duction of lowmelting compounds such as Na2CO3 and NaNO2, and
accompanied by the formation of pollucite and glass phases,
amounts of Naþ are inevitably retained in glassy phases. Conse-
quently, due to high Na2O content, the chemical stability of glassy
phases became weaker, and further it released more amounts Naþ

and Al3þ to solutions by PCT leaching experiments. In the case of
samples VNC-1-Cs and VNN-1-Cs with high Si/Al molar ratio, Na2O
easily participates in the solid-state reactions with excess SiO2 and
Al2O3 to promote the formation of stable aluminosilicate structures.
As a result, the chemical stability of glassy phases is improved due
to the decrease of Na2O content in glassy phases, the Naþ and Al3þ

leaching concentration of samples VNC-1-Cs and VNN-1-Cs are
decreased accordingly.

In general, the sintering of Cs-containing samples is achieved
based on the liquid phase sintering way. On the one hand, the liquid
phase sintering can achieve the formation and crystallization of
pollucite to availably immobilize Csþ. On the other hand, a liquid
phase sintering also leads to the existence of glass phases in sam-
ples, because the chemical stability of glassy phases depends
significantly on their structural characteristics and chemical com-
positions. Consequently, it also leads to the great difference in ions
leaching concentration on PCT. In particular, dependence of struc-
tures and chemical compositions of glass phase is mainly decided
based on sodium salts, and thus the influence of glassy phase on the
immobilization of ions needs further investigation.

Among all samples, the samples VNA-2-Cs and VNB-2-Cs
showed the good ability to immobilize Csþ. It indicates that, be-
sides a feasible Si/Al molar ratio, Na2B4O7$10H2O and NaOH more
easily led to the formation of sufficient amounts of liquid phases at
relatively low sintering temperature, and thus achieved the for-
mation and good crystallization of pollucite for the immobilization
of Csþ. In particular, the low sintering temperature (VNB-1-
Cs:850 �C; VNB-1-Cs:800 �C) of Na2B4O7$10H2O-containing sam-
ples shows the potential ability to decrease the volatilization of Csþ

during sintering.

4. Conclusions

Herein, by using different Si/Al molar ratios and adding sodium
salts to the compositions, liquid phase sintering was performed to
investigate the immobilization of Csþ on the waste forms.

1. The results indicated that the major phases of volcanic ash-
based waste forms containing sodium salts are albite and
quartz. In contrast, with the addition of CsOH$H2O to matrix
samples, the major phases of the Cs-containing waste forms are
pollucite, albite, and quartz. The waste forms with the Si/Al
molar ratio of 2, with the chemical composition similar to that of
pollucite, can easily promote the formation of pollucite and
accordingly have better immobilization ability for Csþ.

2. Consequently, volcanic ash-based waste forms' immobilization
of Csþ is influenced by liquid-phase sintering behavior. Good
sintering behavior is helpful for the formation and
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crystallization of pollucite and consequently improves the
immobilization of Csþ. Good sintering behavior can be achieved
by low-melting compounds such as CsOH$H2O and NaOH.
Moreover, sintering behavior also depends on the melting
characteristics and decomposition temperatures of sodium salts.
Na2B4O7$10H2O, Na2CO3, and NaNO2 can form sufficient
amounts of liquid phases to achieve good crystallization of
pollucite due to their low melting point and decomposition
temperatures. In contrast, NaCl is not conducive to the forma-
tion of pollucite because of its high melting point.

3. PCT leaching results indicated that the Si/Al molar ratios of 2
promoted the formation of pollucite; therefore, the waste forms
VNA-2-Cs, VNB-2-Cs, VNC-2-Cs, and VNN-2-Cs showed low Csþ

leaching concentration. Although samples VNB-1-Cs, VNC-1-Cs,
and VNN-1-Cs had the Si/Al molar ratios of 3, Na2B4O7$10H2O,
Na2CO3, and NaNO2 have low melting characteristics and
availably supply sufficient amounts of liquid phase for the for-
mation and crystallization of pollucite during sintering, thus
their Csþ leaching concentration was also relatively low. On the
other hand, because of high melting point and decomposition
temperature, NaCl in NaCl-containing waste forms does not
easily release free Naþ to further encourage the formation of
more liquid phases, which therefore did not further improve the
crystallization of pollucite by liquid phase sintering at relatively
low sintering temperature. As a result, Csþ leaching concentra-
tion of samples VCL-1-Cs and VCL-2-Cs was higher than that of
other Cs-containing samples. Noteworthy, the waste form VNB-
2-Cs showed the best immobilization for Csþ among all waste
forms and its sintering temperature is 650 �C, which is helpful to
easily lower the sintering temperature and prevent the volatil-
ization of Csþ. Furthermore, although both CsOH$H2O and NaOH
can promote the formation of liquid phases at lower sintering
temperature, the Csþ leaching concentration of NaOH-
containing sample is also correlative with Si/Al molar ratios,
thus exhibiting that the Csþ leaching concentration of sample
VNA-1-Cs with Si/Al molar ratio of 3 is the highest among all
samples. This result clearly reveals the existence of some
competitive relationships between Csþ and Naþ for the forma-
tion of stable mineral phases during sintering. Consequently,
residual Csþ or Naþ can be retained in glassy phases, and
accordingly released to solutions by PCT experiments resulting
in high Csþ leaching concentrations. Undeniably, a lot more
systematic explorations are still demanded to investigate the
complicated influence of glassy phases on the immobilization of
ions, which will be pursued in the future.
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