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Preface to ”Materials for Nuclear Waste

Immobilization”

Nuclear energy is clean, reliable and competitive with many useful applications, among which

power generation is the most important because it can gradually replace fossil fuels and avoid

massive pollution of the environment. Nuclear waste is a useless by-product resulting from the

utilization of nuclear energy in both power generation and other applications such as in medicine,

industry, agriculture, and research. Safe and effective management of nuclear waste is crucial to

ensure the sustainable utilization of nuclear energy. Nuclear waste must be processed to make it

safe for storage, transportation, and final disposal, which includes its conditioning; accordingly, it is

immobilized and packaged before storage and disposal. The immobilization of waste radionuclides

in durable wasteform materials provides the most important barrier to contribute to the overall

performance of any storage and/or disposal system. Materials for nuclear waste immobilization are

thus at the core of multibarrier systems of isolation of radioactive waste from the environment aimed

to ensure the long-term safety of nuclear waste storage and disposal. This Special Issue analyzes

the materials currently used, as well as novel materials for nuclear waste immobilization, including

technological approaches utilized in nuclear waste conditioning that attempt to ensure the efficiency

and long-term safety of storage and disposal systems. It focuses on the advanced cementitious

materials, geopolymers, glasses, glass composite materials, and ceramics developed and used in

nuclear waste immobilization, with the performance of such materials being considered of the utmost

importance.

Michael I. Ojovan, Neil C. Hyatt

Special Issue Editors
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Abstract: Nuclear energy is clean, reliable, and competitive with many useful applications, among
which power generation is the most important as it can gradually replace fossil fuels and avoid massive
pollution of environment. A by-product resulting from utilization of nuclear energy in both power
generation and other applications, such as in medicine, industry, agriculture, and research, is nuclear
waste. Safe and effective management of nuclear waste is crucial to ensure sustainable utilization
of nuclear energy. Nuclear waste must be processed to make it safe for storage, transportation,
and final disposal, which includes its conditioning, so it is immobilized and packaged before storage
and disposal. Immobilization of waste radionuclides in durable wasteform materials provides the
most important barrier to contribute to the overall performance of any storage and/or disposal
system. Materials for nuclear waste immobilization are thus at the core of multibarrier systems of
isolation of radioactive waste from environment aimed to ensure long term safety of storage and
disposal. This Special Issue analyzes the materials currently used as well as novel materials for nuclear
waste immobilization, including technological approaches utilized in nuclear waste conditioning
pursuing to ensure efficiency and long-term safety of storage and disposal systems. It focuses on
advanced cementitious materials, geopolymers, glasses, glass composite materials, and ceramics
developed and used in nuclear waste immobilization, with the performance of such materials of
utmost importance. The book outlines recent advances in nuclear wasteform materials including
glasses, ceramics, cements, and spent nuclear fuel. It focuses on durability aspects and contains data
on performance of nuclear wasteforms as well as expected behavior in a disposal environment.

Keywords: nuclear waste; spent nuclear fuel; immobilisation; conditioning; wasteforms; vitrification;
glass; ceramics; glass composite materials; durability

Materials are at the core of multibarrier systems of isolation of radioactive (nuclear) waste
from the environment. Relevant materials are used to ensure long-term safety of handling, storage,
transportation, and disposal of nuclear waste. Nuclear waste immobilization is the conversion of
waste into a wasteform by solidification, embedding, or encapsulation that reduces the potential for
migration or dispersion of radionuclides during operational and disposal stages of waste lifecycle.
Immobilization of waste is achieved by its chemical incorporation into the structure of a suitable matrix
(typically cement, glass, or ceramic) so it is captured and unable to escape. Chemical immobilization
is typically applied to high level waste (HLW). Encapsulation of waste is achieved by physically
surrounding it in materials (typically bitumen or cement) so it is isolated, and radionuclides are
retained. Physical encapsulation is often applied to intermediate level waste (ILW) but can also be
used for HLW, especially where chemical incorporation of radionuclides in the surrounding matrix is
also possible.

Materials 2019, 12, 3611; doi:10.3390/ma12213611 www.mdpi.com/journal/materials1
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Within the repository, the wasteform is one part of a multiple engineered barrier system. During
storage and transportation, the wasteform is the primary barrier preventing the release of radionuclides
into the environment, while during post closure disposal, the wasteform will reduce the release
of radionuclides from breached and compromised containers that could result due to corrosion,
earthquake, human intrusion, igneous intrusion (volcano), or other disruptive phenomena.

Choosing a suitable wasteform (matrix) to use for nuclear waste immobilization is not easy and its
durability is not the sole acceptance criterion. Priority is given to reliable, simple, rugged technologies
and equipment, which may have advantages over complex or sensitive equipment and processes.
A variety of matrix materials and techniques are available for immobilisation [1–16]. The choice of
the immobilization technology depends on the physical and chemical nature of the waste and the
acceptance criteria for the storage and disposal facility to which the waste will be consigned.

Factors that are considered primarily when selecting a wasteform material are as follows [3,4]:

• Waste loading—able to accommodate a significant amount of waste (typically 25–45 weight %) to
minimize volume;

• Ease of production—accomplished under reasonable conditions;
• Durability—low rate of dissolution to minimize the release of radioactive and chemical constituents;
• Radiation stability—high tolerance to radiation effects from the decay of radioactive constituents;
• Chemical flexibility—able to accommodate a mixture of radioactive and chemical constituents

with minimum formation of secondary phases;
• Availability of natural analogues—availability of natural mineral or glass analogues may provide

important clues about the long-term performance;
• Compatibility with the intended disposal environment—compatible with the near-field

environment of the disposal facility.

A host of regulatory, process, and product requirements has led to the investigation and adoption
of a variety of matrices and technologies for waste immobilization. The resistance of the wasteform to
aqueous corrosion and release of radionuclides in the disposal environment—chemical durability—is a
critical parameter. Figure 1 shows schematically the water durability of main nuclear wasteforms used.

Figure 1. Normalized leaching rates of various wasteforms (after Reference [1]).

The main immobilization technologies that are available commercially and have been demonstrated
to be viable are cementation [1–5] and vitrification [1,3,4,8–16], whereas bitumen and polymeric
materaisl are used to a smaller extent (see data in [1]) and ceramification is a perspective

2



Materials 2019, 12, 3611

technology [1,3,6–8,12,14–16]. Table 1 shows generic features and limitations of main wasteforms
currently used on industrial scale.

Table 1. Features and limitations of main wasteforms currently used.

Wasteform Features Limitations Secondary Waste

Glasses

Proven method to condition liquid
high-level waste (HLW) as well as

intermediate-level waste (ILW) and
low-level waste (LLW). High flexibility in

terms of the glass formulation range.
High reliability of the immobilization
process. High glass throughput. High

durability of the final wasteform. Small
volume of the resulting wasteform.

High initial investment and
operational costs. Complex
technology requiring high

qualified personnel. Need to
control off-gases. High specific

energy consumption.

Off-gases. Filters.
Scrub solutions.
Used melters.

Ceramics

Possible to incorporate higher levels of
actinides than borosilicate glass.

Wasteform can be more durable than glass.
Expected to be suitable for long term

isolation since it simulates natural rocks.

Limited experience. Most efforts
have been research-based.

The ceramic shall be tailored to
nuclear waste composition.

Filters. Off-gases.
Scrub solutions.

Glass-composite
materials

Combine features of both crystalline and
glassy materials. Higher waste loading.
Higher compatibility. Higher stability

compared glasses.

Limited experience.
Off-gases. Filters.
Scrub solutions.

Used melters

Cements

Widely used method for variety of LLW
and ILW. High flexibility. Low cost.

Simplicity of process. Low temperature
precludes volatile emissions. High
radiation stability, impact, and fire

resistance of wasteforms.

Increase of volume (low waste
loading). Low retention of some
fission and activation products.
Poor compatibility with organic
materials and high-salt content.

None.

Bitumen

Mostly used for LILW, chemical
precipitates, low heat, and low alpha

wastes. High flexibility. High
compatibility with organic materials.

High waste loading. Lower leaching rate
compared with cements.

Sensitivity to some components.
Low fire resistance. Filters.

Metals

Extensively proven technology for
conditioning of metallic waste.

The product is typically homogeneous
and stable.

Pre-sorting is usually required
due to dedicated melt furnaces

and differences in melt
temperatures of different metals.

Off-gases. Slag.

The general requirements against one another need optimization for any technological approach
considered. For example, ceramics are credited with having higher chemical durability than glasses,
however, radionuclides will be released at similar or even higher rates compared with glassy wasteforms
(see, e.g., Figure 1) if they are incorporated in the lower durability crystalline phases and intergranular
glassy phases.

This book contains 10 dedicated papers prepared by lead researchers covering different aspects of
nuclear wasteforms and their expected behavior. They purposely analyze the materials currently used
as well as novel materials for nuclear waste immobilization including technological approaches utilized
in nuclear waste conditioning pursuing to ensure efficiency and long-term safety of storage and disposal
systems, including cementitious materials, glasses, and ceramics. The book outlines recent advances in
nuclear wasteform materials including cements, glasses, ceramics, cements, and spent nuclear fuel
with focus on durability aspects and presenting data on performance of nuclear wasteforms, as well as
expected behavior in a disposal environment.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The problem of effective immobilization of liquid radioactive waste (LRW) is key to the
successful development of nuclear energy. The possibility of using the magnesium potassium
phosphate (MKP) compound for LRW immobilization on the example of nitric acid solutions
containing actinides and rare earth elements (REE), including high level waste (HLW) surrogate
solution, is considered in the research work. Under the study of phase composition and structure
of the MKP compounds that is obtained by the XRD and SEM methods, it was established that
the compounds are composed of crystalline phases—analogues of natural phosphate minerals
(struvite, metaankoleite). The hydrolytic stability of the compounds was determined according
to the semi-dynamic test GOST R 52126-2003. Low leaching rates of radionuclides from the
compound are established, including a differential leaching rate of 239Pu and 241Am—3.5 × 10−7

and 5.3 × 10−7 g/(cm2·day). As a result of the research work, it was concluded that the MKP
compound is promising for LRW immobilization and can become an alternative material combining
the advantages of easy implementation of the technology, like cementation and the high physical and
chemical stability corresponding to a glass-like compound.

Keywords: magnesium potassium phosphate compound; actinides; rare earth elements; uranium;
plutonium; americium; lanthanum; neodymium; immobilization; leaching

1. Introduction

Long-term controlled storage or disposal is one of the key stages of the liquid radioactive waste
(LRW) management in terms of radiation safety. The preparation of the LRW for this stage involves the
transfer of waste into a stable solidified form using preserving matrices [1,2]. Cementation has found
wide use in the nuclear industry for radioactive waste (RW) management of low and intermediate
activity levels, in spite of significant disadvantages of the method, especially the relatively low degree
of incorporation of waste salts, as well as low hydrolytic stability and frost resistance of cement
compound. Vitrification is currently the only high level waste (HLW) management technology that
is applied in industry [3]. The disadvantages of the method are low chemical and crystallization
resistance of the glass at elevated temperatures, as well as the need to use expensive high temperature
melters, the liquidation of which, after the end of a relatively short technical lifetime, represents an
unresolved radioecological problem.

Ceramic materials [4], and especially synthetic analogues of natural phosphate minerals [5,6],
are considered as an alternative to cement and glass for the immobilization of RW, primarily obtained
after the reprocessing of spent nuclear fuel (SNF) and containing long-lived isotopes of highly toxic
actinides and rare earth elements (REE).

Materials 2018, 11, 976; doi:10.3390/ma11060976 www.mdpi.com/journal/materials5
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The mineral-like phosphate materials that were obtained at room temperature in aqueous
solution by chemical interaction, as a rule, between metal (II) oxides (MgO, ZnO, FeO, CaO) and
orthophosphoric acid (H3PO4) or its derivatives (for example, (di) hydrogenphosphates of metals (I)
or ammonium) [7,8] are of particular interest.

Previously, we and other researchers demonstrated [9–16] that magnesium potassium phosphate
(MKP) compound based on the MgKPO4 × 6H2O matrix obtained as a result of the reaction (1), which
is an analog of the natural mineral K-struvite [17], is a promising low-temperature material for the
immobilization of various RW types.

MgO + KH2PO4 + 5H2O → MgKPO4 × 6H2O (1)

This method of RW management combines versatility, equipment simplicity and economic
efficiency similar cementation, and the obtained MKP compound has a high physical and
chemical stability.

The practical use possibility of MKP compound in RW management has to be explained in
the context of reliability under the long storage of hazardous RW components mainly highly toxic
plutonium and minor actinides, as well as REE, whose content is about half the content of all the
metals in HLW. It should also be noted that, although uranium is maximally recovered from solutions
during SNF reprocessing for its reuse in the fuel cycle, the residual uranium content (including isotopes
U-232, 235, 236, 238) in HLW is about 3 g·L−1. Thus, information on the behavior of uranium during
immobilization in the MKP compound also has scientific interest.

The data on the phase composition, structure, and hydrolytic stability of synthesized MKP
compounds containing uranium, plutonium, americium, and REE (on the example, lanthanum and
neodymium) are presented in this article.

2. Materials and Methods

The experiments were performed in the glove box (PERERABOTKA, Dzerzhinsk, Russia).
The chemicals used in the experiments were of no less than chemically pure grade. Samples of
MKP compounds were prepared, according to the procedure previously given in reference [10]. For
study, the forms of location and behavior during leaching of uranium and REE by the example of
lanthanum in the MKP compound, concentrated aqueous solutions of their nitrates with a metal
concentration 228.3 and 242.4 g·L−1, respectively, were solidified.

The hydrolytic stability of MKP compound to the leaching of actinides and neodymium as a
simulator of the REE group was carried out after the solidification of the HLW surrogate solution of
1000 MW water-water energetic reactor (WWER-1000). The HLW surrogate solution was prepared
by dissolving the metal nitrates in an aqueous solution of nitric acid, molybdenum was added in the
form of MoO3 (Table 1). Preparation of the surrogate solution to solidification was carried out by
neutralizing it to pH 8.0 ± 0.1 with sodium hydroxide solution at concentration 15.0 ± 0.1 mol·L−1.

Table 1. Characteristics of high level waste (HLW) surrogate solution.

Specific Activity of
Actinides (Bq·L−1)

Metal Content (g·L−1) HNO3 Content (mol·L−1) Density (g·L−1) Salt Content (g·L−1)

239Pu – 3.8 × 108

241Am – 5.2 × 107

Na – 13.3; Sr – 3.9; Zr – 7.6;
Mo – 0.9; Pd – 5.4; Cs – 9.3;
Ba – 6.4; Nd – 28.8; Fe – 1.0;

Cr – 2.8; Ni – 0.5; U – 3.1

3.2 1210 206.6

The phase composition of the prepared MKP compounds was determined by X-ray diffraction
(XRD) (Ultima-IV, Rigaku, Tokyo, Japan). The X-ray diffraction data were interpreted using the
specialized Jade 6.5 program package (MDI, Livermore, CA, USA) with PDF-2 powder database.
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The structure of samples containing uranium and lanthanum was studied by the scanning electron
microscopy (SEM) using microscopes Jeol JSM-6480LV (JEOL, Tokyo, Japan) and LEO Supra 50 VP
(LEO Carl Zeiss SMT Ltd, Oberkochen, Germany), respectively. The electron probe microanalysis of
the samples was performed using an energy-dispersive analyzer X-MAX 80 (Oxford Instruments plc,
Abingdon, England).

The hydrolytic stability of compounds was determined using the semidynamic test, in accordance
with GOST R 52126-2003 [18]. Conditions: Monolithic compound 2 cm × 2 cm × 2 cm; leaching
agent—bidistilled water (pH 6.6 ± 0.1, volume 200 mL), temperature 23 ± 2 ◦C, periodic replacement
of the leaching agent after 1, 3, 7, 10, 14, and 21 days, the total duration of the test was limited to 28 days.
The content of lanthanum, neodymium, and uranium in solutions after leaching was determined
by inductively coupled plasma atomic emission spectrometry (ICP-AES) (iCAP-6500 Duo, Thermo
Scientific, Waltham, MA, USA), inductively coupled plasma mass spectrometry (ICP-MS) (X Series2,
Thermo Scientific, Waltham, MA, USA), and by spectrophotometry (Cary 100 Scan, Varian, Palo Alto,
CA, USA), and the content of 239Pu and 241Am—radiometric method with using of the α-spectrometer
(Alpha Analyst, Canberra, Australia).

The mechanism of leaching of the compound components (lanthanum, neodymium, uranium,
plutonium, and americium) from the samples was evaluated according to the model [19], described
by the linear relationship of log (Bi) from log (t), where Bi is the total yield of the element from the
compound during contact with water, mg·m−2; t is the contact time, days. The calculate procedure of
Bi is given in [9,20]. The following mechanisms of element leaching from the compound correspond to
various values of the slope in this equation: >0.65—surface dissolution; 0.35–0.65—diffusion transport;
<0.35—surface wash off (or a depletion if it is found in the middle or at the end of the test) [9,10,20–23].

3. Results

As a result of the performed experiments, the samples of MKP compounds with a density
of 1.75 ± 0.07 g·cm−3 were prepared. The content of metals in compounds that were obtained
under solidification of uranium and lanthanum nitrate solutions was 6.2 wt % uranium (hereinafter,
compound #1) and 6.7 wt % lanthanum (hereinafter, compound #2), respectively. The salt content of
the HLW surrogate solution that was obtained under neutralization was 369.5 g·L−1, and filling of the
compound by the salts of neutralized surrogate solution was 12.8 wt %, and the specific activity of
239Pu and 241Am was 1.8 × 105 and 2.4 × 104 Bq·g−1 (hereinafter, compound #3). The content of the
components of the MKP compounds is presented in Table 2.

Table 2. Composition of magnesium potassium phosphate (MKP) compounds under study.

Compound Liquid Waste (wt %)
Binders (wt %)

KH2PO4 H3BO3 MgO

#1 39.5 44.2 1.5 14.8
#2 43.4 41.3 1.5 13.8
#3 41.5 42.9 1.3 14.3

The obtained data on the study of the phase composition and structure of synthesized compounds
#1–3 by XRD and SEM methods are shown in Figures 1 and 2, respectively.

In accordance with GOST R 52126-2003 [18], the differential leaching rates of actinides and REE
from synthesized compound #1–3 during 28 days of contact with water (Figure 3a,c,e) were determined,
and the mechanisms of their leaching (Figure 3b,d,f, as summarized in Table 3) were estimated.
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1 – K(UO2)PO4 × 3H2O (metaankoleite); 2 – MgKPO4 × 6H2O (K-struvite); 3 – MgO (periclase);  

4 – KNO3 (niter); 5 - LaPO4 × 0.5H2O (rhabdophane-(La)) 

Figure 1. X-ray diffraction patterns of the compounds: #1 (a) and #2 (b), containing 6.2 wt %
and 6.7 wt % uranium and lanthanum, respectively, and #3 (c), obtained by solidification of HLW
surrogate solution.
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(c) (d) 

M – metaankoleite; KS – K-struvite; N – niter; R – rhabdophane-(La) 
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Figure 2. Scanning electron microscopy (SEM) images of the compounds #1 (a,b) and #2 (c,d),
containing 6.2 wt % and 6.7 wt % uranium and lanthanum, respectively.
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Figure 3. Dependence of the differential leaching rate (LRdif) of actinides and rare earth elements (REE)
(a,c,e) and the logarithmic dependence of their yield (log B (calc)i) from compounds (b,d,f) on contact
time with water (indices #1, 2, 3 correspond to compounds containing actinides and REE).

Table 3. The leaching mechanism of components of the MKP compounds (indices #1, 2, 3 correspond
to the names of compounds containing actinides and REE).

Components of
the MKP

Compounds
Correspond Figure

Contact Time of
the Samples with

Water, Days
Slope of the Lines

Leaching
Mechanism

U_#1 3b 1–7
7–28

0.80
0.55

dissolution
diffusion

U_#3 3b 1–10
10–28

1.12
0.06

dissolution
depletion

La_#2 3d 1–14
14–28

0.68
−0.39

dissolution
depletion

Nd_#3 3d 1–28 0.54 diffusion
Am_#3 3f 1–28 0.54 diffusion

Pu_#3 3f 1–10
10–28

0.96
0.41

dissolution
diffusion

4. Discussion

4.1. Phase Composition and Structure of MKP Compounds

The base of all the studied samples of compounds is the crystalline phosphate phase—the synthetic
analogue of the K-struvite natural mineral MgKPO4 × 6H2O (the characteristic peaks at 4.26, 4.14, 2.91,
2.70 Å) (Figure 1a–c). In this case, compound #1 also contains a significant amount of the hydrated
potassium uranyl orthophosphate phase, the X-ray diffraction parameters, of which correspond to the
metaankoleite mineral K(UO2)PO4 × 3.0H2O (the characteristic peaks at 8.90, 3.75, 3.49 Å) (Figure 1a).
This is confirmed by the results of calculating the compound #1 phase composition, according to the
microanalysis data: the uranium-enriched particles (denoted by M in Figure 2a) contain up to 45 wt %
of uranium and have an average composition Mg0.33K(UO2)0.67PO4 × 4.0H2O, which corresponds to
a mixture of metaankoleite K(UO2)PO4 × 3.0H2O and the K-struvite MgKPO4 × 6.0H2O in a molar
ratio of 2/1. In this case, the main phase of compound #1 (phase KS in Figure 2a) contains up to 3 wt %
of uranium.

As a result of potassium replacement with metals of nitric acid solutions, the KNO3 (niter)
phase (the characteristic peaks at 3.78, 3.74, 3.04 Å) is formed in the obtained compounds (Figure 1),
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which were also shown previously in [9,10]. However, it was not possible to identify this phase in
compound #1 (Figure 1a) by XRD method, probably because of its small content (theoretically not
more than 5 wt %), but its presence is clearly confirmed by microanalysis data (phase N in Figure 2b).
Impurities of magnesium, phosphorus, and uranium in phase N (Figure 2b) do not exceed 0.6, 1.4,
and 1.3 wt %, respectively.

According to XRD (Figure 1b) and SEM (R in Figure 2c,d), it was established that lanthanum
as REE in compound #2 is present as a phosphate compound of the analogue of the natural
mineral rhabdophane—(La) LaPO4 × 0.5H2O. In this case, according to the microanalysis data,
the main phase of compound #2 (phase KS Figure 2c) is a phosphate compound of the composition
Mg0.60K0.68La0.36PO4 × 6.3H2O, similar to K-struvite. In compound #2, the presence of the KNO3

phase (N in Figure 2c) is also clearly confirmed by SEM data.
The MgO (periclase) phase (the characteristic peak at 2.11 Å) is present in all of the studied

compounds (Figure 1), and it is associated with an excess of the 10 wt % used MgO relative to the
stoichiometry of the reaction (1) in accordance with the technique [10].

4.2. The Leaching Rate and Mechanism of Actinides and REE from MKP Compounds

The leaching rate of all metals decreases depending on the contact time of the studied compounds
with water (Figure 3a,c,e). However, a significant difference in the rate of uranium leaching from
compounds #1 and #3 was established: At the 28th day, the differential uranium leaching rate is
5.5 × 10−7 and 4.4 × 10−4 g/(cm2·day), respectively (Figure 3a). It was determined by XRD and SEM
(Figures 1a and 2a) that uranium in compound #1 is bound in a slightly soluble phosphate, which is
analog of the natural mineral metaankoleite [24,25], which provides a high resistance of compound #1
to uranium leaching. Obviously, the formation of such stable phase did not occur under the high-salt
HLW surrogate solution solidification in compound #3, due to the presence of a large amount of
nitrates of various metals (salt background—369.5 g·L−1).

Data on the uranium leaching mechanism from compounds #1 and #3 (Figure 3b, Table 3) confirm
the difference in leaching behavior. The logarithmic dependence of the uranium yield from compound
#1 on the time of contact with water can be divided into two sections, which are described by linear
equations with the slopes are 0.80 and 0.55 for seven days from the beginning of the test and the next
21 days, respectively. Thus, the uranium leaching mechanism varies depending on the duration of
contact of the compound with water. So, during the first seven days, uranium leaching occurs due
to surface dissolution of the compound, where individual particles of hydrated uranyl nitrate were
localized. In the next 21 days, the uranium leaching is precisely determined by the diffusion transport
from the inner layers of the compound. The uranium leaching from compound #3 in the first 10 days,
is determined by the intensive surface dissolution, which is probably enriched by uranyl nitrate, and in
the next 18 days—due to the gradual surface depletion (the slopes are 1.12 and 0.06, respectively).

The leaching rate of trivalent REE from the MKP compound increases with the increasing
of content of various salts in the compound (for example, lanthanum and neodymium,
Figure 3c). So, for compounds #2 and #3 the differential leaching rate of REE on the 28th
day is 4.1 × 10−6 g/(cm2·day) for lanthanum from compound #2, and 2.4 × 10−5 g/(cm2·day) for
neodymium from compound #3. It is obvious (Figure 3d) that, under the contact of compound
#2 with water, the lanthanum leaching rate will decrease, since lanthanum leaching for 14 days is
probably due to the surface dissolution (slope = 0.68) of soluble lanthanum forms of compound #2
in consequence of significant its content in the compound (6.2 wt %), and after 14 days by surface
depletion (slope = −0.39). It is important to note that the neodymium leaching from compound #3
is uniquely determined by diffusion from the inner layers of the compound (slope = 0.54), which
probably contains a uniformly distributed phase of hydrated neodymium nitrate that is unbound in
slow-soluble phosphate forms.

The 239Pu leaching rate is the main criterion of matrix quality evaluation for HLW immobilization.
It has been established that compound #3 reliably kept both plutonium and americium: the differential
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leaching rate of 239Pu and 241Am on the 28th day is 3.5 × 10−7 and 5.3 × 10−7 g/(cm2·day), respectively
(Figure 3e). The plutonium yield from compound #3 in the leaching agent in the first 10 days
occurred under the surface dissolution of the compound (slope = 0.96), and then by diffusion transport
(slope = 0.41, Figure 3f). Americium leaching is also determined by diffusion transport (slope = 0.54),
which is probably from the slow-soluble mixed orthophosphate (Am, REE)PO4, which is an analogue
of the natural mineral monazite.

The established low value of the 239Pu leaching rate from MKP compound is close to the standard
requirements for the glass-like compound for HLW immobilization (1 × 10−7 g/(cm2·day)). However,
it is important to note that MKP compound is synthesized at room temperature, whereas vitrification
requires the use of expensive high-temperature electric furnaces or special melters, the liquidation of
which after the end of the service life is a great radioecological problem, which is yet unsolved. Thus,
the MKP compound approbation for immobilization of real wastes samples that were obtained by
radiochemical plants during reprocessing of SNF, and a systematic comparison of MKP and glass-like
compound quality indicators, including taking into account the technical and the economic evaluation
of these technologies, are of scientific interest.

5. Conclusions

As a result of the research, it was established that MKP compounds that were synthesized at room
temperature under solidification of nitric acid solutions, which are the surrogate solution of LRW,
having complex chemical composition and containing actinides and REE, consisting of crystalline
phases—analogues of natural phosphate minerals and possess high hydrolytic stability. Thus, the MKP
compound is promising for the immobilization of LRW and it can be an alternative material combining
the advantages of technology implementation simplicity that is similar to cementation and high
physical and chemical stability corresponding to the glass-like compound.
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Abstract: Corrosion experiments with non-irradiated U3Si2-Al research reactor fuel samples were carried
out in synthetic MgCl2-rich brine to identify and quantify the secondary phases because depending on
their composition and on their amount, such compounds can act as a sink for the radionuclide release
in final repositories. Within the experimental period of 100 days at 90 ◦C and anoxic conditions
the U3Si2-Al fuel sample was completely disintegrated. The obtained solids were subdivided into
different grain size fractions and non-ambient X-ray diffraction (XRD) was applied for their qualitative
and quantitative phase analysis. The secondary phases consist of lesukite (aluminum chloro hydrate)
and layered double hydroxides (LDH) with varying chemical compositions. Furthermore, iron,
residues of non-corroded nuclear fuel (U3Si2), iron oxy hydroxides and chlorides were also observed.
In addition to high amorphous contents (>45 wt %) hosting the uranium, the quantitative phase
analysis showed, that LDH compounds and lesukite were the major crystalline phases. Scanning
electron microscopy (SEM) and energy dispersive -Xray spectroscopy (EDS) confirmed the results
of the XRD analysis. Elemental analysis revealed that U and Al were concentrated in the solids.
However, most of the iron, added as Fe(II) aqueous species, remained in solution.

Keywords: research reactor fuel element U3Si2-Al; spent nuclear fuel; corrosion; secondary phases;
layered double hydroxides LDH; lesukite

1. Introduction

Due to considerable long-term impacts on the environment and society the waste management of
spent nuclear fuel (SNF) is one of the most challenging issues for which sustainable disposal solutions
must be found [1–3]. Yet, SNF arises not only from nuclear power plants it is also accumulated in
research reactors of which currently around 250 are globally in operation. The composition of the fuel
elements of such facilities differs from the oxide fuel types (UO2) of power plants and often consists of
uranium bearing metallic alloys which are dispersed in an aluminum matrix. However, radioactivity
is produced likewise by fission of uranium and therefore minor actinides, plutonium, and fission
products are also a critical feature of spent research reactor fuel elements. Nuclear waste management
has thus to cover this type of high-level waste (HLW) on a scientific (e.g., [4–15]) and regulative basis
(e.g., [16,17]) as well. In some cases, existing contracts with manufactures of research reactor fuel
elements regulate the return shipment of medium enriched fuel types (research reactors FRG-1 in
Geesthacht and BER II in Berlin).
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However, spent fuel (highly enriched U3Si2-Al with U-235 > 90 wt %) from the research reactor
FRM II in Munich is considered to be disposed of in a final repository for HLW waste. It is therefore
necessary to store the irradiated U3Si2-Al fuel elements in massive iron bearing containers (CASTOR®

MTR2 casks or alternatively in modified BSK-3 spent fuel coquilles) [18,19].
The long-term performance of the waste package, which has hence to be evaluated, will not only

be governed by its design, it also depends on the chemical and physical situation in the deep geologic
repository. Considering the long term safety of approx. 106 years, storage conditions may change
over time. The safety assessment of final repositories has to consider processes, which will lead to an
alteration of the disposed SNF.

Among those, the formation of secondary phases is relevant and has to be investigated, because
the corrosion products constitute a sink for the radionuclide release and define thus parameters for the
source term. This study focuses on the identification and quantification of secondary phases which
were retrieved by corrosion of non-irradiated U3Si2-Al research reactor fuel elements in MgCl2 rich
brine (which accounts for a repository in salt formations). Such investigations are also important due
to the fact that corrosion of aluminum dispersed fuels exhibit higher degradations rates than those
being determined for UO2 fuels of commercial nuclear power plants.

Wiersma [9] investigated the corrosion of different (non- and irradiated) fuel types (UAl, UAlx,
U3O8, and U3Si2 alloys and chemical compounds). The microstructural investigations assumed the
formation of gibbsite, hydrargillite, or bayerite as corrosion products. Surface analysis revealed also
the formation of boehmite (cf. also [15]).

Corrosion rates presented and reviewed by Hilton [20] refer, among other fuel types, to the
interaction of UAlx- and UxSiy-based fuels only with pure water. Therein, it was reported that at 80 ◦C
the corrosion of the Al component of this fuel type leads to the formation of boehmite (AlO(OH)).
The reaction rates of UAlx-Al dispersion fuel in water were essentially the same as those of the
aluminum alloys. The Arrhenius expression for the aluminum alloy-H2O reaction was determined
as klinear = 4.29exp(32.8 ± 1.8 kJ/(molRT)) (where k has units of mg metal/cm2h) for temperatures
ranging from 25 to 360 ◦C. At 80 ◦C the rate constant could be estimated as 0.11 g/(m2d). The reported
behavior of UxSiy-Al based fuels differs considerably. Most of the defected fuel plates exhibited a
reaction rate ~105 times faster than the rate of aluminum alloys and 100–1000 times faster than uranium
silicide inter-metallics. This observation may be due to freshly exposed metal (machined holes as
defect source) and/or an accelerated crevice corrosion.

Kaminski et al. [12] determined a corrosion rate of 9.7 × 10−2 g/(m2d) for a UAlx-Al sample for
repository relevant conditions; the experiments were carried out at 90 ◦C by dripping permanently
EJ-13 modified well water (Yucca Mountain site) up to 183 d on the specimen.

Although test conditions were different (accounting for different national disposal
regulations/strategies) corrosion rates for research reactor fuel elements determined by Curtius et al. [21]
are of similar magnitude. The experiments were carried out at 90 ◦C under anoxic conditions
in the presence of Fe(II) with irradiated and non-irradiated samples in MgCl2 rich brine
(U3Si2-Alirr: 4.24 × 10−2 g/(m2d), U3Si2-Al: 5.74 × 10−2 g/(m2d), UAlx-Alirr: 7.69 × 10−3 g/(m2d),
UAlx-Al: 1.02 × 10−3 g/(m2d)) and in clay pore water (U3Si2-Alirr: 6.93 × 10−2 g/(m2d), U3Si2-Al:
2.36 × 10−2 g/(m2d), UAlx-Alirr: 1.05 × 10−3 g/(m2d), UAlx-Al: 2.68 × 10−3 g/(m2d)). This study
showed that corrosion in MgCl2 rich brine is somewhat faster than it was observed in clay
pore water. However, comparing irradiated U3Si2-Al/UAlx-Al fuels [21] with irradiated UO2

(2.36 × 10−6 g/(m2d) [22], the corrosion rate of the alloys was increased up to ~3–4 orders of
magnitude. Both experiments considered corrosion in chloride rich solution, but the setup of
Loida [22] differs in some aspects, considering fuel sample specifications, temperature (25 ◦C)
and composition of the brine (NaClsat) as well as the iron supply simulating the waste package.
After an experimental period of 3.5 years the irradiated U3Si2-Al and UAlx-Al fuel samples were fully
decomposed. This implies a very fast release of the radioactive inventory. Yet, the radio analytical
investigations of the secondary phases of the U3Si2-Alirr/UAlx-Alirr fuel sample corrosion showed
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that the long-lived 234U, 238,239,240Pu and 241Am isotopes were immobilized by the solids [21]. This is
observed for MgCl2 rich brine and for Mont Terri clay pore water as well.

For the phase specific evaluation, considering the retention capacity of the solids, complementary
tests with non-irradiated fuel were performed to identify and quantify the secondary phases.
Kaminski et al. [12,14] observed the formation of a silica-substituted hydrous aluminum gel layer on the
sample surface. Additionally, dehydrated uranyl oxyhydroxides, schoepite ([(UO2)4|O|(OH)6]·6H2O),
becquerelite (Ca(UO2)6O4(OH)6·8(H2O)) and colloids, prevailingly silica rich, were also formed.
More than 99 wt % of the dissolved uranium was bound to the colloids which exhibit a diameter
of some hundred nanometers. Mazeina et al. [23,24] carried out experiments with UAlx-Al fuels
under reducing conditions (identically to Curtius et al. [21]) and observed the formation of
the crystalline phases hydrotalcite, i.e., LDH (layered double hydroxides—common composition:
[M2+

1−x M3+
x(OH)2]q+(Xn−)q/n·yH2O) and bischofite (MgCl2·6H2O). In a more recent study with

UAlx-Al by Klinkenberg et al. [25] LDH was again observed, yet with varying chemical compositions.
Additionally, lesukite, an aluminum hydroxy chloride hydrate, being described by Vergasova et al. [26]
and Witzke [27], was also identified as a major phase. Small amounts of iron (III) oxy hydroxides
and iron (II) chlorides were observed as well. Further accessories like metallic iron and residues
of nuclear fuel were also present. The amorphous content mounts up to ~20 wt % for UAlx-Al.
In these studies [25,28], it was shown that the stability of observed phases strongly depends on the
post treatment, i.e., on the chosen liquid (water or isopropanol) for the retrieval of the secondary
phases. After the corrosion experiment of the non-irradiated fuel sample was finished the residues
which were treated with water showed different secondary phases compared to those being treated
with isopropanol. This is especially valid for lesukite which was not observed as a secondary phase
considering the water treatment. Instead, different aluminum hydroxides (boehmite, nordstrandite,
gibbsite) were observed [21,28] and hence indicating that isopropanol is more beneficial for a post
treatment of corrosion solids.

Further studies [29] with UAlx-Al in the presence of standardized clay pore water (Mont Terri
type [30]) were carried out. The secondary crystalline phases gypsum, bassanite, goethite, and
boehmite were identified. Non-corroded leftovers of UAl4 were also observed. The amorphous content
exceeded 80 wt % for the system UAlx-Al in clay pore solution.

In this study non-irradiated U3Si2-Al fuel elements were corroded in MgCl2 rich solution (salt host
rock). Fe(II)aq. was also added to simulate the decomposition of the waste package. The experiments
focus on the non-ambient laboratory XRD phase analysis of the secondary phases. Efforts were taken
and unique experimental equipment was applied to prevent the secondary phases from alteration by
oxidation during retrieving, treatment, and analysis.

2. Materials and Methods

2.1. Setup of the Corrosion Experiments and Sample Pre-Treatment

The corrosion experiment (static batch, 90 ◦C) with an U3Si2-Al sample was carried out under
anoxic condition in standardized solution (brine 2, cf. [6]). The small cut non-irradiated fuel platelet
(40.2 × 20.0 × 1.4 mm3, S/V = 15.8 cm−1) weighed totally 4.40 g (m(U) = 1.6 g, m(Al) = 2.30 g,
m(Si) = 0.28 g). The U3Si2-Al fuel matrix was two-sided covered with an aluminum cladding.
The sample was put into a glass autoclave with 400 mL of magnesium chloride rich brine. 10 g of
FeCl2·H2O were added to the solution to simulate the corrosion of the iron bearing waste package.
The vessel was tightly closed, put into a drying oven and was heated to 90 ◦C. The corrosion progress
was monitored by a probe measuring the hydrogen pressure built up. pH was also recorded; at the
beginning of the experiment pH was little more than 1 and reached after ~75 days a constant value
between 4 and 5. More specific details concerning setup, data monitoring, and the fuel sample are
described by Curtius et al. [21].
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The hydrogen pressure built up in the autoclave due to reducing conditions was monitored to
observe indirectly the corrosion progress. After 100 days no further increase of the pressure was
observed and the secondary phases were retrieved out of the vessel. Efforts were taken that every
work step considering sample retrieval, pre-treatment, and drying was carried out under argon
atmosphere. Inert conditions were necessary to prevent the secondary phases from alteration by
oxidation. The suspension has been retrieved and separated for the pre-treatment. One part was used
for the grain size classification into the fractions >63 μm, 2–63 μm, and <2 μm. This was achieved by
wet sieving with isopropanol to obtain the fraction >63 μm. The subdivision of the smaller fraction was
carried out also in isopropanol by a sedimentation procedure according to Atterberg [31]. Additionally,
an analogous treatment for retrieving the secondary phases carried out again according to the protocol
as described by Klinkenberg et al. [25].

The remaining part of the retrieved suspension was used to determine the amount of U, Al, Ca,
Si, and Fe. After centrifugation the supernatant was used for elemental analysis. To determine the
U content a Liquid Scintillation Counter (LSC) TRI-CARB 2020 (PerkinElmer, Waltham, MA, USA)
and an α-analyzer for α-spectrometry (Canberra-Packard GmbH, Schwadorf, Austria) were used. Al,
Ca, Si, and Fe were analyzed by ICP-OES (inductively coupled plasma optical emission spectroscopy
ELAN 6100 DRC (PerkinElmer, Waltham, MA, USA) with a TJA-IRIS instrument. A full description
of these analytical procedures is given elsewhere [21,25]. The estimation of the water content of the
untreated sample was determined by drying for one week at 105 ◦C in argon atmosphere in which
82.57% of the weight accounted for water.

2.2. X-ray Diffraction Analysis

The phase identification was evaluated with the DiffracPlus software from Bruker-AXS (Karlsruhe,
Germany) by retrieving the powder diffraction file PDF-2 (ICDD Release 2007). The amount of
each crystalline phase and the amorphous content was determined by the Rietveld method [32,33].
Therefore, an internal non-certified zincite (ZnO) standard (Merck, Darmstadt, Germany) of known
weight has been added for the quantitative X-ray phase analysis (QPA).

The applied structures, i.e., the retrieved CIF-Files of the ICSD (Inorganic Crystal Structure
Database) of the identified phases are summarized in Table 1. Exceptionally for lesukite a structure
did not exist. Therefore, a model was derived [28].

Table 1. Phase quantities (crystalline, amorphous, and total) in dependence of the different grain
size fractions and Rwp values of the Rietveld refinements. The left column also features the phase
composition, phase name, and database (PDF-2 and ICSD) reference numbers of the identified
crystalline phases.

Phase (PDF-2 No./ICSD No.) Weight/%

<2 μm 2–63 μm >63 μm

Al2Cl(OH)5·2H2O lesukite
(00-031-0006/-) 95.37 ± 0.33 51.00 ± 2.75 13.87 ± 1.26

(Mg0,67Al0,33(OH)2)·(CO3)0.165·(H2O)0.48 LDH 3R
(01-089-0460/86655) 1.43 ± 0.28 17.00 ± 4.08 7.37 ± 0.66

Al2Mg4(OH)12 (CO3) (H2O)3 LDH 2H
00-020-0658/82874 12.35 ± 1.33 10.21 ± 0.96

((Zn0,625 Al0,375) (OH)2) (SO4)0.188 LDH sulphate
(01-070-6422/91859) 0.25 ± 0.08 3.94 ± 0.28 1.26 ± 0.19

(Fe(OH)2) ((OH)0.25 (H2O)0.5) green rust
(00-040-0127/159700) 0.20 ± 0.06 2.15 ± 0.21

Fe8O8(OH)8Cl1.35 akaganeite
(00-034-1266/69606) 2.05 ± 0.16 1.55 ± 0.15 0.65 ± 0.17

FeO(OH) goethite
(01-081-0462/245057) 0.53 ± 0.08
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Table 1. Cont.

Phase (PDF-2 No./ICSD No.) Weight/%

<2 μm 2–63 μm >63 μm

FeO(OH) lepidocrocite
(01-070-8045/93948) 0.73 ± 0.11

FeCl2 lawrencite
(01-070-1634/64830) 0.68 ± 0.07

U3Si2 uranium silizide
(00-005-0628/73695) 0.78 ± 0.07

Fe iron
(00-006-0696/84483) 0.66 ± 0.10

Amorphous 0.90 ± 2.00 12.70 ± 5.30 62.36 ± 2.74
Total 100.00 100.00 100.00

Relative fraction amount (%) 20.30 8.20 71.50
Rwp (%) 12.21 8.20 0.95 *

* The very low weighted profile R-factor (Rwp) (%) of 0.95% for the fraction >63 μm results from a manipulation
of the background by adding stepwise intensity to the diffractograms in order to improve the description of the
background by polynomials. The given Rwp is the mean value obtained by adding 100, 200, 300, 400, and 500 counts.

The diffractograms were recorded with a D8 diffractometer from Bruker-AXS (Karlsruhe,
Germany). The space group and lattice parameters of lesukite and the secondary phase quantification
have been computed with TOPAS [34,35] and BGMN [36]. Both programs use the fundamental
parameter approach (FPA), i.e., the full diffractometer device function is thereby defined by the
emission spectra of the X ray tube [37] and by the geometry of the beam path. The goniometer of the
diffractometer features a θ–θ geometry. For the XRD measurements CuKα radiation (λ1 = 1.54059 Å)
at 40 kV and 40 mA was applied. Further details about the diffractometer setup are given elsewhere
(cf. [28,37]).

For the analyses it was crucial to avoid a sample alteration due to oxidation during the
measurements. Therefore, the samples were put into a climate chamber from MRI (Materials research
instruments). This device has been purged permanently with nitrogen while the diffractograms were
recorded at room temperature.

2.3. SEM/EDS Analysis

The morphology and the chemical composition of the secondary phases were investigated with
a FEI Quanta 200 ESEM FEG (Hillsboro, OR, USA). The instrument was equipped with an Apollo
X silicon drift detector (EDAX, Mahwah, NJ, USA) for energy-dispersive X-ray spectroscopic (EDS)
measurements. The particles of the different grain size fraction were prepared on adhesive carbon tabs
without any previous sputtering. The samples were analyzed in low vacuum mode (0.6 mbar) at 20 kV
with spot size 4, and 10 mm working distance. The investigations were carried out with the large field
low vacuum detector LFD for secondary electrons and BSED (backscattered electrons) detectors of the
SEM device.

To account for micro-absorption [38] the particle dimensions of the different grain size fractions
were also measured. Some micrograms of each fraction were thus suspended in isopropanol, sonicated
for several minutes, and then prepared on non-adhesive carbon tabs. Based on the assumption of
spherical particle shape, the average diameter was determined with the image analysis software EDAX
Genesis V 6.2.

3. Results and Discussion

3.1. X-ray Analysis of the Secondary Phases

Figure 1 shows the results of the qualitative and the quantitative phase analyses in dependence of
the different grain size fraction <2 μm, 2–63 μm, and >63 μm. The qualitative phase analysis is given
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by the diffractograms shown left (Figure 1a,c,e). Results of quantitative phase analysis are given by the
related Rietveld plots on the right column (Figure 1b,d,f).
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Figure 1. Qualitative (left) and quantitative (right) phase analyses of the secondary phases
(a) Qualitative phase analysis of the fraction <2 μm, (c) qualitative phase analysis of the fraction
2–63 μm and (e) qualitative phase analysis of the fraction >63 μm. (b) QPA of the fraction <2 μm,
(d) QPA of the fraction 2–63 μm, and (f) QPA of the fraction >63 μm.

The fraction <2 μm exhibited only three different compounds (cf. Table 1): akaganeite, lesukite,
and two types of LDH of which one incorporated sulphate and the other chloride in the interlayer.
This was inferred by analysing the respective (00l) basal reflections, which showed for sulphate
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intercalation an increase of the d spacing of adjacent layers normal to the c axis. The d spacing for the
chloride type LDH is approx. 8 Å and approx. 8.6 Å for the sulphate type.

Lesukite was quantitatively the major phase and mounted up to 95.37 ± 0.31 wt %. Chloride and
sulphate type LDH exhibit accessory amounts of 1.43 ± 0.26 and 0.25 ± 0.08 wt %. A further accessory
mineral is akageneite with 2.05 ± 0.15 wt %. The amorphous content was practically not existent due
to the determined uncertainties.

The medium sized fraction from 2 to 63 μm featured additionally three different Fe(III) oxy
hydroxides (akaganeite, goethite, lepidocrocite) and two new LDH compounds manasseite (2H LDH
type) and greenrust (cf. Table 1). Quantitatively the grain size fraction 2–63 μm was still dominated by
lesukite although its relative amount has nearly been halved to 51.00 ± 2.90 wt %. Approx. 30 wt % could
be ascribed to the 3R (17.00 ± 4.30 wt %) and 2H (12.35 ± 1.40 wt %) LDH types. 3.94 ± 0.30 wt % was
calculated for the sulphate LDH. The content of greenrust was very low (0.20 ± 0.06 wt %). Likewise,
the Fe(III) oxy hydroxides: akaganeite (1.55 ± 0.16 wt %), goethite (0.53 ± 0.12 wt %), and lepidocrocite
(0.73 ± 0.09 wt %). The amorphous content increased to 12.7 ± 5.30 wt %.

In the fraction >63 μm (cf. Table 1) residues of non-corroded fuel with the composition U3Si2
could be observed. Lesukite and LDH compounds were still present. This was also valid for akaganeite.
Moreover, Fe(0) and lawrencite (Fe(OH,Cl)2), were also observed. Compared to the fractions <63 μm
the quantity of lesukite was again reduced and exhibited 13.87 ± 3.02 wt %. This trend is also valid
for the LDH compounds: 3R-type (7.37 ± 1.58 wt %), 2H-type (10.21 ± 3.74 wt %), sulphate type
(1.26 ± 0.45 wt %). However, the greenrust increased to 2.15 ± 0.51 wt %. Considering the iron oxy
hydroxides, akaganeite was reduced to 0.65 ± 0.40 wt.%. Lepidocrocite and goethite were not present
anymore. Iron (0.66 ± 0.23 wt %), lawrencite (0.68 ± 0.16 wt %), and U3Si2 were of equal but just of
minor content. The amorphous part increased to 62.36 ± 2.74 wt % constituting the most abundant
phase in the fraction >63 μm. This increase could be explained by the sample preparation. This fraction
was obtained just by sieving whereas the smaller fraction was additionally subjected to the Atterberg
procedure for the further grain size subdivision. Thereby, it could not be ruled out that amorphous
parts which may have been present after sieving in the smaller fraction were dissolved during this
application. This assumption is also valid for the UAlx-Al being subjected to MgCl2 rich solution [25]
solution and clay pore water (Mont Terri type) [29].

Especially with respect to the study of UAlx-Al fuel in brine 2 [25,28] the system U3Si2-Al in
brine 2 behaved similarly in many aspects. In both systems lesukite and LDH compounds are the
major phases. Trace amounts of non-corroded fuel were also present and considerable amounts of
amorphous phases were observed as well.

The occurrence of the different observed phases was also dependent on the grain size and
showed a similar distribution (cf. [25,28]). Disregarding the observed residues of non-corroded
nuclear fuel, other crystalline uranium bearing phases could neither be observed for the U3Si2-Al
nor for the UAlx-Al system [25,28] in chloride rich solution. However, the disintegration of UAlx-Al
fuel element in Mont Terri solution resulted in different corrosion behavior. Observed crystalline
phases were goethite, calcium sulfates and residues of UAl4, yet most of the solids were amorphous
compounds which represented the greatest solid part [29]. Therefore, composition and specific surface
are critical parameters which will have an impact on the source term. The results of this study and the
investigations of [21,25,28,29] generally support the assumption of a similar corrosion behavior of Al
dispersed UAlx and U3Si2 fuels (cf. [5]) and a faster corrosion of the aluminum component of Al based
fuels was also affirmed because pure Al metal was not observed in the corrosion residues.

Figure 2 shows an overview of the quantities being normalized for each fraction to the total amount
of all obtained secondary phases. From the magenta colored columns in the last row, representing
the total of all fractions could be seen that the amorphous part with more than 45 wt % is the
most abundant phase. Second and third ranked in quantity were lesukite and various LDH types.
All other phases were just present as accessories. It is expected that the amorphous part contains the
uranium because—with exception of the residues of U3Si2—no further crystalline uranium phases
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were observed. The observed content of uranium and silicon (as U3Si2) was very low compared to the
originally supplied quantities. With respect to the findings of [39] and taking into account that uranium
was not found in the liquid part of the suspension of brine 2 it could be assumed that uranium is thus
quantitatively constituents of the amorphous phases. This result constitutes an important finding as
the analogue experiments of Curtius et al. [39] with irradiated U3Si2-Al showed that not only uranium
but also americium, plutonium, and europium, as well were mostly immobilized in the solid phase.
Therefore, possible implications for the source term must be evaluated whether the radionuclides
in the SNF are also part of the amorphous phases, because the solubility is a critical parameter for
their immobilization.

The ICP-OES results for aluminum and iron of the liquid phase of the corrosion products showed
that iron is found in solution with 61.0 wt % (±0.5 wt %) whereas aluminum was totally part of the solid
phase. Results indicated that the latter was part of crystalline and amorphous phase as well. Most of
the magnesium was detected in the liquid phase due to the high solubility of MgCl2·6H2O which
has been used for the preparation of the chloride rich brine. Yet, LDH phases contain considerable
amounts of magnesium and constitute a major secondary phase.

Figure 2. Quantitative phase distribution in dependence of the grain size fraction (Orange columns:
<2 μm, green columns: 2–63 μm, light blue: >63 μm, and magenta: Total of all fractions).

Contrary, silicon is mainly found the solid part. Most of silicon is probably part of the amorphous
phase because the only crystalline Si bearing phases were remnants of U3Si2 which only host minor
amounts of silicon by comparing its amount with original quantities of the non-corroded fuel sample.
The elemental analysis of calcium indicated to be dissolved in the liquid phase. Neither it was observed
in a crystalline secondary phase nor could calcium be detected in the solid phase. The proportion of
sulphur (122.46 wt %) was slightly overestimated compared to its initially supplied amounts (100 wt %).
Yet, this could be due to the uncertainties given by the very low originally supplied amounts (<0.007 g),
by the sample quartering and preparation [21], and by the quantification (cf. Table 1). Nevertheless,
from this finding it could be concluded that sulphur neither was a part of the amorphous phases nor
has it been dissolved. It was totally fixed in the sulphate LDH.

With respect to the safety assessment it is important to consider the phase stability of selected
phases. The observed iron bearing phases exhibited valence states of 0, 2+, and 3+. One may interpret
such a condition as a non-equilibrated system, yet artifacts due to preparation may also have an
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impact. Taking into account the quantitative development of the amorphous content of the different
fractions it could not be ruled out that the Atterberg procedure gave reason for the observations
made considering the iron valence state. Fe(0) and Fe(II) compounds (lawrencite, greenrust) were
basically only observed in the fraction >63 μm whereas the fractions <63 μm are dominated by the
Fe(III) compounds (akaganeite, goethite, and lepidocrocite). Although greenrust can accommodate
Fe(II) as well, in the fraction 2–63 μm it was only of minor content. Therefore it could not be ruled
out that during the Atterberg procedure Fe(0) and Fe(II) were oxidized although special care was
taken to prevent the iron bearing secondary phases being altered. The impact of oxidation of Fe(0) and
lawrencite (Fe(II)) of the fraction >63 μm is shown in Figure 3.

Figure 3. Comparison of diffractograms (divided for clarity’s sake in two ranges from 5–50◦ 2θ (a) and
from 40–85◦ 2θ (b); overlap region between 40–50◦ 2θ) of fraction >63 μm being analyzed under inert
conditions (N2—black line) and being subjected to ambient conditions (air: red line).

The black diffractogram, being recorded in N2 atmosphere, shows the fraction >63 μm (cf. Figures 1
and 3). The peak positions of lawrencite and iron have been marked with black arrows. These
reflections of the Fe0/2+ species vanished and new peaks (red arrows) of akaganeite (Fe3+) could be
observed, when the sample was subjected to air for several weeks.

3.2. SEM and EDS Analysis of the Secondary Phases

Figure 4a–f shows the SEM/EDS analyses of the pre-treated solid secondary phases obtained from
the autoclave. In Figure 4a the observed compound exhibited perfectly cubic shaped lesukite crystals
with an edge of several hundred nanometers. These crystals were observed in each grain size fractions.
The related EDS spectrum showed typical lines of aluminum, chloride, and oxygen. This observation
is in good agreement with the results reported by Vergasova et al. [26] and Witzke [27]. In Figure 4b
lawrencite (FeCl2) is shown. This phase exhibited also platelet morphology. However, the crystals
are ~10 times larger than the observed LDH compounds. The related EDS spectrum featured distinct
iron and chlorine lines. This mineral belongs to the trigonal system and exhibited a layered structure
which, contrary to LDH compounds (Figure 4d), did not feature any interlayer constituents (e.g., H2O,
Cl−, SO2

4−). The observed oxygen line could indicate quantitative exchange of chloride anions
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(rshannon = 1.7 Å) by hydroxide anions (rshannon = 1.4 Å). This assumption is based on the observation
that the determined c lattice parameter—distance d of the layer spacing—is gradually smaller (5.62 Å)
than the theoretical one (5.83 Å, cf. Table 1—ICSD code FeCl2: 64830 [40]). Figure 4c showed a very
bright phase. This could be attributed to non-corroded leftovers of U3Si2-fuel. The respective EDS
showed the expected signals for U, Si, and Al.
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Figure 4. SEM (BSE) micrographs and EDS analyses of selected secondary phases: (a) shows cubic
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This phase was prevailingly located in the largest fraction >63 μm. Its presence was already
evidenced in the related diffractogram (cf. Figure 1c). Traces of U3Si2 could also be observed in the
fraction 2–63 μm.

Figure 4d shows sand rose shaped aggregations of laminar crystals. These platelet crystals had
an in plane dimension of ~5 μm. Normal to these planes the thickness was clearly less than 0.5 μm.
This phase was identified as a LDH-type compound. The EDS spectrum in Figure 4d exhibited the
expected lines of magnesium, aluminum, chlorine, and oxygen.

The LDH crystals are commonly observed in each grain size fraction (cf. Figure 1). The sulphate
bearing LDH being clearly identified in the XRD analysis has not been observed by SEM/EDS analysis
possibly due to the very low content of sulphate (cf. Table 1).

In Figure 4e the micrographs show iron compounds which formed coarse crusts. The crust
formation was due to the sample desiccation especially in the fraction >63 μm. Fibrous aggregates
were typically observed in fraction 2–63 μm (Figure 4f). Although Fe(III) oxy hydroxides (akaganeite,
lepidocrocite, goethite), green rust, and Fe(0) have been observed in the diffractograms (cf. Figure 1),
this phase did not show up in the related SEM/EDS analysis. This observation could be attributed to
the poorly developed morphology and the small size of these iron bearing phases.

4. Conclusions

Within a short period (~100 days) the U3Si2-Al fuel sample corroded completely in the MgCl2
brine in the presence of Fe(II)aq. Elemental analysis (ICP-OES and LSC) showed that aluminum and
uranium were quantitatively found in the secondary phases. Yet approx. 65 wt % of iron is remained
in solution.

Special treatment was necessary for the characterization of the corrosion products, i.e., secondary
phases were subdivided by sieving and by the Atterberg method in an inert atmosphere to prevent
oxidative alteration, because XRD and SEM analyses revealed the presence of phases being sensitive to
oxidation (iron, greenrust, and lawrencite, cf. Table 1).

As summarized in Table 1 the fraction <2 μm mainly consisted of cubic shaped lesukite. LDH,
akaganeite, and the amorphous phases were of minor content. In the fractions >2 μm the LDH
compounds became besides lesukite also major phases. The amount of the other crystalline phases
still remained less than 5 wt %. Residues of non-corroded fuel U3Si2, Fe (0), and lawrencite (Fe(II)
compound) were exclusively present in the fraction >63 μm.

Depending on grain sizes fraction the content of amorphous phases varied and iron compounds
with different valance states were observed. Although efforts were taken oxidation during the
pre-treatment of the samples could not be ruled out and may hence explain the presence of Fe3+

in some compounds (cf. Table 1). This seemed notably true for the smaller grain sizes as within the
treatment procedure this fraction was the more sensitive to alteration considering specific surface of
the samples and the treatment duration.

The amount of the amorphous phase could also be underestimated as during wet sieving some of
the amorphous phases could be dissolved. This effect may even be increased for the fractions <63 μm
because this material was additionally subdivided by the Atterberg method where further amorphous
solids could be dissolved.

In addition to corrosion rates future prospects of safety related issues of research reactor fuel
elements must thus focus on the characterization of uranium with respect of its physicochemical
properties in the amorphous part. This is an important issue considering the release and sorption of
radionuclides within this uranium bearing solid.

Furthermore, with respect to the corrosion rates the stability of each observed crystalline phase
has to be determined individually. Consequently, it is important to get more insights into the
physiochemical properties of lesukite in order to predict the sorption behavior of this compound
for radionuclides under repository relevant conditions. First results with Eu3+ and SeO4

2− indicated
a potential of retardation of anionic species (selenate) whereas europium interacts only weakly

24



Materials 2018, 11, 1121

with lesukite [28]. The interaction of LDH phases with nuclear relevant compounds are also under
investigation [41–43], because the incorporation of radioactive cations (e.g., cobalt, europium etc.) in the
main layer and radioactive anions in the interlayer could lead to an immobilization these compounds.
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Abstract: This study investigated dispersions analogous to highly active nuclear waste, formed
from the reprocessing of Spent Nuclear Fuel (SNF). Non-radioactive simulants of spheroidal
caesium phosphomolybdate (CPM) and cuboidal zirconium molybdate (ZM-a) were successfully
synthesised; confirmed via Scanning Electron Microscopy (SEM), powder X-ray diffraction
(PXRD) and Fourier transform infrared (FTIR) spectroscopy. In addition, a supplied ZM (ZM-b)
with a rod-like/wheatsheaf morphology was also analysed along with titanium dioxide (TiO2).
The simulants underwent thermal gravimetric analysis (TGA) and size analysis, where CPM was
found to have a D50 value of 300 nm and a chemical formula of Cs3PMo12O40·13H2O, ZM-a a D50
value of 10 μm and a chemical formula of ZrMo2O7(OH)2·3H2O and ZM-b to have a D50 value
of 14 μm and a chemical formula of ZrMo2O7(OH)2·4H2O. The synthesis of CPM was tracked via
Ultraviolet-visible (UV-Vis) spectroscopy at both 25 ◦C and 50 ◦C, where the reaction was found
to be first order with the rate constant highly temperature dependent. The morphology change
from spheroidal CPM to cuboidal ZM-a was tracked via SEM, reporting to take 10 days. For the
onward processing and immobilisation of these waste dispersions, centrifugal analysis was utilised to
understand their settling behaviours, in both aqueous and 2 M nitric acid environments (mimicking
current storage conditions). Spheroidal CPM was present in both conditions as agglomerated clusters,
with relatively high settling rates. Conversely, the ZM were found to be stable in water, where their
settling rate exponents were related to the morphology. In acid, the high effective electrolyte resulted
in agglomeration and faster sedimentation.

Keywords: inorganic synthesis; nuclear waste; caesium phosphomolybdate; zirconium
molybdate; sedimentation

1. Introduction

The Highly Active Liquor Evaporation and Storage (HALES) plant at Sellafield, UK, consolidates
waste raffinates from the reprocessing of Spent Nuclear Fuel (SNF) by dissolution of the waste
fission products in nitric acid, before concentrating them via evaporation [1]. The waste Highly
Active Liquor (HAL) is made up of several fission products, including caesium phosphomolybdate
(Cs3PMo12O40·xH2O, CPM) and zirconium molybdate ([ZrMo2O7(OH)2]·xH2O, ZM) [2], which
precipitate out during temporary storage within the Highly Active Storage Tanks (HASTs) before
eventual vitrification [3]. Consequently, critical research is required on non-radioactive simulants to
aid behavioural understanding of the HAL precipitated dispersions. In addition, more knowledge
is needed on to how the physical properties of HAL may change once processing moves to a Post
Operational Clean Out (POCO) stage, where the relative concentrations of nitric acid may be diluted,
potentially altering dispersion stability and other properties.

Materials 2018, 11, 1235; doi:10.3390/ma11071235 www.mdpi.com/journal/materials28
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ZM has been the focus of several studies within literature, where it has been synthesised for
various applications, such as a Technetium-99m generator [4–7], a precursor for the formation of
the negative thermal expansion material ZrMo2O8 [8,9] and predominately for nuclear waste based
studies [10–23]. Clearfield et al. [24] were the first to publish a synthesis route for ZM to characterise
its ion exchange properties. Paul et al. [21] further investigated the synthesis method, including using
the addition of citric acid to alter the crystal morphology. ZM is known to cause issues within the
nuclear industry, due to its mobility properties leading to potential problems with pipe blockages,
for example [1].

There have been fewer studies investigating CPM, although there are a number of analogues
that have been studied, such as ammonium phosphomolybdate, which is a potential cation-exchange
material for selective recovery of Cs [25,26]. Indeed, CPM has also been synthesised itself for the same
purpose, and as a photocatalyst for the photodegradation of dye pollutant [27–30]. The physical
behaviour of CPM in nuclear waste HAL is of concern due to the presence of the radioactive
isotopes 134Cs and 137Cs, which, if concentrated, could form potential hotspots within the HASTs [1].
Paul et al. [21] also published a synthesis route to CPM, in order to study its morphology in nuclear
HAL systems, and this method was also used in the current research.

Several studies have looked into both CPM and ZM, specifically relating to the issues they
cause within the HASTs, the challenge they pose to the Waste Vitrification Plant (WVP) and the in
situ conversion of CPM to ZM [1,2,21–23,31–33]. Given the complexity of CPM and ZM dispersion
behaviour, there is a critical need to study their synthesis and physical behaviour under a wide range
of conditions. For example, there is no current information on the kinetics of CPM formation, or what
impact storage temperature changes may have on growth rates and final morphology. Additionally,
the main route for formation of ZM in nuclear operations is from metal substitution reactions with
precipitated CPM, in current holding tanks. While it is known that these conversion reactions are very
slow kinetically [21], exact time scales for ZM precipitation by this route are not known, although it has
been reported that an increase in temperature and a decrease in acidity promote the conversion [31].
Different wash regents for both compounds have also been investigated with a suggestion that doping
could be used to change the morphology of ZM, which has potential to be advantageous for transport
or separation, depending on properties, such as sedimentation rate [1,32]. Consequently, a fuller
understanding of the impact of ZM morphology on its dispersion behaviour is required.

Therefore, this study investigated a number of physical and chemical properties of synthesised
non-active ZM of various morphologies and CPM, in different conditions. Additionally, the settling
behaviour of these simulants was explored to understand the influence of acid concentration, which is
of particular importance in the case of POCO, where the washout fluid pH and electrolyte concentration
will be critical considerations. Titanium dioxide was also used, as a cheap and more easily obtainable
comparison simulant, as it is a material that has been widely studied and has been previously used as
a nuclear waste simulant in several studies [23,34].

2. Results and Discussion

2.1. Synthesis and Formation Tracking

The Scanning Electron Micrograph (SEM) images in Figure 1 show the CPM, TiO2 and two
morphologies of ZM (cuboidal and wheatsheaf) referred to as ZM-a and ZM-b, respectfully. The images
for CPM and ZM-a are in agreement with those published by Paul et al. and Dunnett et al. [23,33]. CPM is
known to generally exhibit a roughly spheroidal shape, consisting of agglomerated nanoclusters,
whereas ZM is most commonly known to be discrete cuboidal in shape. TiO2 is also spheroidal in
shape, consisting of bound agglomerated clusters of nanocrystallites, which appear comparable to
CPM, and an appropriate comparison material, from a morphological perspective. The SEM image
of ZM-b shows a mixture of both rod-like particles and a shape somewhat resembling a sheaf of
wheat, hence commonly named “wheatsheaf”. The addition of citric acid in the ZM synthesis alters
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the cubic morphology of the particles as it binds to certain faces of the ZM that reduces their growth,
and therefore the particle aspect ratio is increased [21]. What is unclear is why there is a mix of both
wheatsheaf and rods formed. It is noted that the ZM-b particles used were produced at an industrial
scale with different reagent conditions to the laboratory synthesised ZM-a, and it is likely that the
final morphology of the particles is sensitive to various factors, such as concentration of the citric acid
reagent added, potential trace contaminants or even different precursor materials. As the chemistry of
the HAL and the conditions of the HASTs are largely unknown, it is not unreasonable to suggest a mix
of ZM morphologies could be present, and therefore ZM-b may represent a more realistic simulant
than the well-defined cuboidal ZM-a. Additionally, depending on the morphology of the ZM and
the properties it exhibits, doping the HAL to promote a morphology change before POCO could be
advantageous [1]. This complexity re-enforces the need to characterise various morphologies of ZM to
investigate the potential differences in physical and chemical properties.

Figure 1. Scanning electron micrograph of: (a) caesium phosphomolybdate (CPM) formed at 50 ◦C;
(b) titanium dioxide (TiO2); (c) zirconium molybdate (ZM-a); and (d) zirconium molybdate (ZM-b).

The synthesis of CPM involves a double replacement reaction with two reactants, namely
phosphomolybdic acid (H3PMo12O40·xH2O) and caesium nitrate (CsNO3), as discussed in detail
by Paul et al. [21]. Phosphomolybdic acid is Ultraviolet–Visible (UV–Vis) active, which allowed the
precipitation kinetics of CPM to be tracked via measuring the phosphomolybdic acid decrease in
concentration over time. Figure 2 shows the rate of reaction curves determined for the CPM synthesis
conducted at both 25 ◦C and 50 ◦C, through tracking of the phosphomolybdic acid concentration.
It was found to be a first-order reaction in respect to phosphomolybdic acid, which is in excess to the
caesium nitrate, giving a rate constant of 0.04 min−1 for the reaction at 25 ◦C and of 0.09 min−1 for the
reaction at 50 ◦C. This result demonstrates the fast kinetics at which CPM is formed within laboratory
conditions, and, while published synthesis routes often quote total reaction times of ~48 h [21], it is
clear that the actual reaction is almost at completion within 1 h at the higher temperature. While the
reaction environment will differ within the HASTs, average temperatures are kept within 50–60 ◦C,
suggesting a similar reaction rate to that found at 50 ◦C could be feasible. It is also noted that, due to
the high relative proportions of caesium within the fission products, it is expected that CPM will form
easily and in high amounts.
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Figure 2. Rate of reaction showing first-order kinetics for the co-precipitation reaction of caesium
nitrate and phosphomolybdic acid forming caesium phosphomolybdate (CPM) at 25 ◦C and 50 ◦C
with corresponding reaction equation.

CPM was also synthesized at 100 ◦C to investigate the effect of temperature differences on its
morphology. Figure 3 shows SEM images of the synthesized CPM at both 25 ◦C and 100 ◦C. The CPM
synthesized at 25 ◦C compared well to the CPM synthesized at 50 ◦C (Figure 1a), suggesting that
application of heat between 25 ◦C and 50 ◦C does not alter the final particle morphology significantly
(although the kinetics of the reaction are slower, as shown in Figure 2.). For the CPM synthesized at
100 ◦C, it was found that, although spheroidal particles were also formed, there was an increase in
large agglomerates and a greater range of particles varying in size and in shape, compared to the CPM
synthesized at 25 ◦C and 50 ◦C. A potential reason for the differences may be that the faster reaction
kinetics that occur with increase in temperature means that there is less time for the nanocrystallite
clusters to form into self-similar spheroidal particles through diffusion interaction. As seen with the
difference in kinetics between 25 ◦C and 50 ◦C, if there is a similar increase in the rate of precipitation at
100 ◦C, the CPM will precipitate almost instantaneously, leading to larger and more disordered clusters.
Additionally, at 100 ◦C, it would be expected that formed CPM would be less stable, as it is known to
be a temperature range in which its breakdown should begin to occur [30]. Hence, precipitates may
partially re-solubilise, especially outer surfaces, leading to fusion of nanocrystallite clusters.

Figure 3. Scanning electron micrograph of: (a) caesium phosphomolybdate (CPM) synthesised at 25 ◦C;
and (b) CPM synthesized at 100 ◦C.
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The conversion of CPM to ZM-a was also qualitatively tracked, via SEMs of intermediate
structures over a period of ten days, as presented in Figure 4. Through Days 0–6, it was observed
that the particles remain predominantly spheroidal in their morphology and nanometre in size,
representative of CPM. In addition, the solids all remained yellow in colour, visually a characteristic
expected for CPM [21]. For the solids precipitating out from Day 8 to Day 10, there appeared to be a
mix of yellow and white solids suggesting that ZM-a was beginning to form (Supplementary Materials,
Figure S1 shows the colours of both pure CPM and ZM-a solids). The SEMs taken at Days 8 and 10 also
suggest this, as the cuboidal micrometre particles that would be expected of ZM can be seen to appear,
in addition to the spheroidal CPM particles coating the ZM-a. Once Day 10 was reached, the solids
were washed with 1 M ammonium carbamate which dissolved the CPM particles [1], resulting in the
clear cuboidal particles, as seen in Figure 1c. This sequence of SEM images demonstrates the length
of time it takes for ZM to transform from CPM in a highly controlled environment, and it is evident
that the conversion yield from CPM to ZM remains low (estimated to be ~30–40%). In comparison, as
Figure 2 demonstrates, the CPM forms rapidly (within hours), suggesting that there may be a higher
concentration of CPM in contrast to ZM within the HASTs. However, tank conditions and specific
compositions of the HAL within the tanks are variable, and thus the ratio of CPM:ZM is extremely
difficult to predict. This issue highlights the importance of understanding both systems individually,
especially considering the amount of time that HAL is left in the tanks, which is often in the order
of months.

Figure 4. Scanning electron micrographs taken at various times during the tracking of zirconium
molybdate (ZM-a) synthesis from a caesium phosphomolybdate (CPM) precursor over 10 days.

2.2. Chemical Composition

Figure 5a shows the powder X-ray diffraction (PXRD) patterns for CPM, ZM-a and ZM-b. Both the
ZM patterns were compared to The International Centre for Diffraction Data (ICDD) online database,
where they correlated with the ICDD number 04-011-0171. ZM morphologies are reported to crystallise
as a body-centred tetragonal lattice with space group I41cd, lattice parameters a = b = 11.45 Å, c = 12.49 Å
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and angles α = β = γ = 90o. Although the morphologies of ZM-a and ZM-b are quite different, the
PXRD patterns show their bulk crystal structure remains the same. The PXRD patterns for ZM-a and
ZM-b also agree with those published within the literature [21,24]. Whilst the pattern for CPM was
not found in the ICDD database, it is in good correlation to the patterns for CPM found within the
literature [21,27]. CPM is reported to crystallise in a cuboidal lattice with space group Pn-3m, lattice
parameters a = b = c = 11.79 Å and angles α = β = γ = 90o.

Infrared analysis was used as a fast method for fingerprinting the synthesised compounds,
following methods previously detailed in the literature [11,24]. Figure 5b, presents the Fourier
Transform Infrared (FTIR) spectra for the synthesised CPM, ZM-a and ZM-b. The spectrum published
by Rao et al. [11] is in good agreement to the ZM spectra shown in Figure 5b. The spectra for the
ZM samples shows a band between 3000 cm−1 and 3300 cm−1, which is representative of the O–H
group, with the band at 1600 cm−1 representing the O–H–O bonds. The “fingerprint” region is below
1000 cm−1 corresponding to metal to oxygen groups. If the sample was to be anhydrous, the IR
spectrum would differ with no bands within 400–700 cm−1 [11]. The ZM-b spectrum differs slightly
from the ZM-a spectrum with more intense bands around 1000 cm−1, potentially equated to the
presence of more bound water molecules present in the structure. For the CPM spectrum, the higher
region, from 1250 cm−1 upwards, is largely similar to the ZM spectra (representing the O–H and
O–H–O groups with slight intensity differences). The CPM spectrum published by Ghalebi et al. [30]
is in good agreement to the CPM spectrum published here. The “fingerprint” region (<1000 cm−1)
highlights clear differences in intensity from the ZM, due to the main metal bonding, indicating IR
probe analysis may potentially be useful as an in situ technique to determine compositional differences,
in CPM/ZM mixtures.

Figure 5. (a) Powder X-ray Diffraction patterns for caesium phosphomolybdate synthesised at 50 ◦C
(CPM), and zirconium molybdate (ZM-a and ZM-b). (b) Infrared spectra of CPM synthesised at 50 ◦C,
ZM-a and ZM-b.
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Figure 6 presents the thermal gravimetric analysis (TGA) plots of CPM, ZM-a and ZM-b, over the
temperature range from 30 ◦C to 400 ◦C. For CPM, the water loss begins below 100 ◦C and continues
until ~400 ◦C, with a total mass loss equating to 13 moles of water, therefore resulting in a chemical
formula: Cs3PMo12O40·13H2O. This value is in good agreement with the reported literature values,
which are generally between 9 and 14 moles of water, depending on the drying method chosen [24].
In the present study, CPM was dried using an oven at 70 ◦C for 12 h. Therefore, it is possible some
of the initial water loss could potentially have been strongly adsorbed bound water, or water with
extremely low binding energy, although, given the length of drying time, it is not assumed to be from
any free water. In comparison, the dehydration process for both ZM morphologies had a clearer start
and end temperature. For ZM-a, the mass loss starts around 100 ◦C and stops just before 200 ◦C,
equating to three moles of water and a chemical formula of ZrMo2O7(OH)2·3H2O, which is the same
value reported in literature [17]. The dehydration process of ZM-b is similar, but appears to begin
with a slightly slower rate and lower temperature, while again the mass loss stops just before 200 ◦C.
This value equates to a loss of four moles of water, showing a difference in bound water content
between the ZM-a and ZM-b samples. This may be a result of the citric acid incorporation, although,
again, differences in reaction conditions may also be a cause. The extra water present in ZM-b is
also consistent with the slight variation in the FTIR spectrums (Figure 5b) with the more intense
band <1000 cm−1 for ZM-b in comparison to ZM-a.

Figure 6. Thermogravimetric analysis curves of caesium phosphomolybdate synthesised at 50 ◦C
(CPM) and zirconium molybdate (ZM-a and ZM-b). CPM shows a loss of 13 moles of water, ZM-a
a loss of 3 moles of water and ZM-b a loss of 4 moles water.
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2.3. Size, Stability and Settling Behaviour

The particle sizes of all simulants are shown in Figure 7, as a relative volume percentage versus
size distribution. The D50 value of CPM synthesised at 50 ◦C is 300 nm, which corresponds well with
the SEM images of CPM nanoclustersnshown in Figure 1a. In comparison, the CPM synthesised at
100 ◦C has a significantly higher D50 value of 249 μm, which is even larger than evident from the SEM
images (Figure 3b). Although individual crystallite sizes appear (via SEM) to be fairly similar to those
formed at lower reaction temperatures, it is clear they cluster to a much greater degree and become
extremely agglomerated, resulting in the high D50 value. The secondary smaller peak representing
the finer particles ranging between 300 nm to 20 μm, likely represents both individual particles and
smaller agglomerates. The poly dispersity index (PDI) for CPM synthesised at 100 ◦C is 4.5 times
larger than the CPM synthesised at 50 ◦C, which is attributed to the bimodal distribution of the CPM
synthesised at 100 ◦C.

The TiO2 was expected to be slightly larger than the CPM particles synthesised at 50 ◦C, due
to agglomeration, as evidenced in the SEM images (Figure 1b) and confirmed by the D50 value of
700 nm for TiO2 in comparison to the CPM 50 ◦C D50 value of 300 nm. For the ZM-a simulant, the
cuboidal particles are shown to be around thirty times larger than the CPM with a D50 value of 10 μm.
Unsurprisingly, when comparing SEM images (Figure 1d), ZM-b displays a larger D50 value than
ZM-a with a value of 14 μm, although caution must be taken with light scattering estimations of any
non-spherical particles [22]. In comparison to the literature, the CPM synthesised at 50 ◦C particle
size is within the expected range, [21] while the D50 for the ZM-a is slightly larger than previously
reported [33].

250

0.3
0.7

10
14

Figure 7. Particle size distributions of caesium phosphomolybdate (CPM) synthesised at 50 ◦C and
100 ◦C, titanium dioxide (TiO2) and zirconium molybdate (ZM-a and ZM-b). Corresponding D50
values shown by each relevant peak. Polydispersity index values for CPM at 50 ◦C and 100 ◦C shown
in brackets.

The zeta potentials of all simulants as a function of pH are shown in Figure 8. The Isoelectric
Point (IEP), was around pH 2.5 for both ZM-a and ZM-b, which is similar to that found by Paul et al.
for cuboidal and rod-like ZM particles [22]. For CPM, the IEP could not be obtained confidently due
to the observed error at very low pH, likely because of the high effective counterion concentration.
However, through extrapolation, the IEP appears to be in the region of pH 1–1.5, and again similar
to values previously reported by Paul et al. [22]. TiO2 had the highest IEP at ~pH 4, which compares
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well to previous literature on measurements of anatase and rutile mixtures [35,36]. The zeta potential
data largely suggest that, in low pH conditions, such as those experienced in the HASTs, the ZM
species will be positively charged, while the CPM may be close to an uncharged state. However,
the high acid concentration in the processing environments will mean that there is a high effective
electrolyte concentration (resulting from acid counterions), collapsing the electric double layer around
the particles, despite any native charge at low pH. Thus, it is important to study dispersion stability in
both acid and water environments (that latter of which may represent conditions in POCO).

Further, previous reported work by Paul et al. [22] indicated that the equilibrium pH for CPM and
ZM dispersions in water may be significantly reduced over time, due to potential hydride reactions
from the bound water. Therefore, the equilibrium pH after 48 h of 4 vol% dispersions was measured
for all HAL simulants. The pH for CPM and ZM-b was ~1.5, while for ZM-b was slightly higher
at ~2.4. Therefore, even in pure water environments, the zeta potential of the simulants may be altered,
affecting their stability. It would appear from the equilibrium pH measurements that ZM-b and ZM-a
will be likely positively charged (although the ZM-a may be close to its IEP) while CPM will be weakly
negatively charged and approaching its IEP. It is noted that the pH of titania dispersions in water was
close to neutral, although very slightly acidic due to the use of deionised Milli-Q water (~pH 5.5–6).

Figure 8. Zeta potential curves for caesium phosphomolybdate (CPM), titanium dioxide (TiO2) and
zirconium molybdate (ZM-a and ZM-b) measured at concentrations of 1000 ppm in 10−4 M potassium
nitrate (KNO3) solution.

Figure 9 shows the settling rates for all the simulants in both water and 2 M HNO3 at 4 vol%
(assumed to be close to relevant concentration conditions). Both ZM-a and ZM-b sediment at
considerably higher rates in the 2 M HNO3, indicating that the high effective electrolyte conditions
lead to significant coagulation of the dispersions, likely from the collapse of the electric double layer.
For the TiO2 dispersions, sedimentation rates are also enhanced in acid (although to a lower degree)
and, importantly, the rate in water is greater than either of the larger ZM species, suggestive also of a
degree of coagulation in water conditions. While the zeta potential data indicated good stability at
neutral pH, the overall values measured are an average for the mixed anatase/rutile particles, and it is
known that for the anatase phase, the expected IEP is around neutral [22] (while pure rutile is ~3–4).
Therefore, some degree of heterogeneity in surface charge would be expected, leading to some partial
dispersion instability, which is evident from the settling data.

For CPM, the difference in settling rates is minimal for the two conditions, which would suggest
similar levels of dispersion stability. As it was assumed from the equilibrium pH of CPM in water
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that dispersions may be close to the IEP in these conditions, the similarity of settling data also in acid
indicates potential coagulation is occurring in both conditions. While the sedimentation rates for CPM
are lower than for other species in acid, it is noted they have the smallest particle size. In addition, any
comparison between species must be made with caution, as the 4 vol% dispersions will be within the
hindered settling regime, and cannot be associated directly with expected Stokes settling velocities.

Figure 9. Settling rates for caesium phosphomolybdate (CPM), titanium dioxide (TiO2) and zirconium
molybdate (ZM-a and ZM-b) at 4 vol% concentration in both water and 2 M HNO3 environments.

For more quantitative analysis, sedimentation of the simulants for a range of concentrations in both
water and acid were analysed using the Richardson-Zaki (RZ) power-law hindered settling model, with
data presented in Figure 10 [37]. Here, the natural log of the linear settling rates ln(u) are given versus
the log of the porosity ln(1) − Φ). Exponent values associated with the fits can aid understanding on
the coagulation of the simulants, in addition to the influence of particle shape. For non-agglomerated
spherical dispersions, an exponent of ~4.65 would be expected [37,38]. For spheroidal CPM, its
exponent values were 23.93 and 18.05, in water and acid, respectively, while for the TiO2, its exponents
were 103.17 and 42.31. These values are an order of magnitude, or more, greater than for spherical
systems, inferring a high degree of aggregation, which is consistent with the 4 vol% settling data
discussed in Figure 9. It is interesting that the TiO2 exponent value in water is considerably higher than
in acid, even though settling rates are lower. This behaviour may indicate that while agglomerates are
smaller in water, they have a more open structure, which increases hindered settling effects.

For the ZM-a and ZM-b simulants, both show similar trends across the concentration regime
measured, with their settling rates in acid being much faster than that in water, consistent with the
single 4 vol% data in Figure 8. Therefore, for potential POCO environments, lower acidity wash waters
may aid in stabilising ZM dispersions, reducing issues of sedimentation on transfer, whereas effects
on CPM will likely be minimal. There are however some interesting differences in the power-law
exponent values, especially in water. The exponent value for ZM-a in water is 7.09 while for ZM-b
it is 19.48. These values are higher than expected for spherical particles, although the slow settling
rates and zeta potential data suggest high stability. It is assumed that, similar to studies on stable
non-spherical particles [39–42], the high exponent values occur from the enhanced drag due to their
shape. Indeed, shape factor may help explain the higher value for ZM-b, as the orientation of the
elongated wheatsheaf/rod-like particles may have an additional effect on the drag, which will likely
be greater if they adapt a flat confirmation [43,44]. The exponent values are both similar to each other
in acid, and notably less than the ZM-b in water. It may be the aggregated ZM clusters actually have a
reduced drag in comparison to the elongated and stable ZM-b particles.
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Figure 10. log–log linearised settling rates versus porosity (1 − Φ) for caesium phosphomolybdate
(CPM), Titanium dioxide (TiO2) and Zirconium molybdate (ZM-a and ZM-b) in both water and 2 M
HNO3 environments. Dashed lines indicate power-law fits.

The zero concentration intercept from the fits in Figure 10 were used to estimate the free settling
velocities of the simulants in each system. Stoke’s law was then utilised to determine what spherical
equivalent size, the particles would be expected to be [22]. For CPM and TiO2 in both water
and acid, the calculated sizes were much larger than their measured D50 mediums from Figure 7
(at ≥1 μm), which is consistent with the hypothesis that both systems are coagulated in all conditions.
In comparison, for both ZM-a and ZM-b systems, the calculated particle sizes were much smaller than
their measured D50 sizes (at between 1 μm and 8 μm). Estimated size values from the ZM-a and ZM-b
acid settling data were however much larger (>15–30 μm) again consistent with coagulation.

The low estimates sizes for ZM in water may be due to the fact that simple Stoke’s law calculations
makes several assumptions that do not apply to the ZM samples directly, such as particle sphericity
and monodispersity. Considering the morphology of both ZM simulants, their representative drag
coefficient will be significantly larger than that of a sphere, and Stoke’s law will likely lead to
underestimations of size, as is evident from the values derived from Figure 10. Additionally, the
presented settling data were taken at a single threshold of 40%. A single threshold represents a certain
fraction of the particles, but it does not capture complete settling data for polydisperse systems, such as
the ZM. For example, when ZM-b settling data were analysed at a range of thresholds, calculated linear
settling rates vary by almost an order of magnitude (comparing 10% and 80% thresholds). While the
40% threshold was chosen as a fixed value to allow comparison of all samples, it appears this likely
correlates to a fraction of the dispersion that is under the medium sizes. Therefore, caution should be
taken when extracting sizes from centrifugal settling data.

3. Materials and Methods

3.1. Synthesis and Materials

The synthesis routes for both CPM and ZM-a were based upon the methods published by
Paul et al. [21]. Phosphomolybdic acid and caesium nitrate were mixed at a 1 to 3 molar ratio with
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equal volumes in 2 M HNO3 at 25 ◦C, 50 ◦C and 100 ◦C over a 12 h period with constant stirring to
form the yellow precipitate CPM. ZM-a was then formed from the CPM synthesised at 50 ◦C with
the addition of zirconyl nitrate in 6 M HNO3 at a 1 to 1 volume ratio, at a temperature of 100 ◦C
and constant stirring for 10 days before washing with 1 M ammonium carbamate. The reactants
used for these synthesis methods are given in Table 1. In addition, the National Nuclear Laboratory
(NNL) provided a simulant of ZM (ZM-b) industrially synthesised by Johnson Matthey (Royston,
UK). This sample had a mix of rod-like and wheatsheaf morphology, resulting from the addition
of citric acid during the synthesis process. While the overall synthesis procedure is similar to that
detailed by Paul et al. [21], where rod-like particles were formed, the exact reagent conditions and
concentrations for the industrial sample are unknown. Titanium dioxide (TiO2) in its anatase/rutile
mixed form was purchased from Venator Materials PLC (formally Huntsmans Pigments Ltd., Wynyard,
UK) with product code TS46424 to be used for comparative purposes and as a standard for some
preliminary experiments.

Table 1. List of reagents used for the synthesis of both caesium phosphomolybdate (CPM) and
zirconium molybdate (ZM).

Material Formula Purity Supplier

Phosphomolybdic acid hydrate
Caesium nitrate
Nitric acid
Zirconyl nitrate

H3PMo12O40
CsNO3
HNO3

ZrO(NO3)2

Solid—80%
Solid—99.9%

Solution—70%
Solution—35 wt. % in dilute HNO3

Acros Organics
Aldrich

Fisher Scientific
Sigma-Aldrich

3.2. Ultraviolet-Visible Spectroscopy

To track the synthesis of CPM, a UV-Vis spectrophotometer Lambda XLS (PerkinElmer, Waltham,
UK) was utilised to track the concentration of one of the reactants; phosphomolybdic acid, as the other
reactant (caesium nitrate) was found to not be significantly UV-Vis active. Before the reaction was
conducted, a calibration curve was generated for various concentrations of phosphomolybdic acid
versus their absorbance taken at wavelength 458 nm. The calibration can be seen in the Supplementary
Materials, Figure S2. Once the reaction had begun, regular aliquots of the solution were taken at
varying time periods, which were then diluted within 2 M HNO3 and centrifuged to remove any CPM
solid formed before the remaining supernatant underwent UV-Vis spectroscopy. The absorbance value
of the supernatant was then compared to the calibration curve previously taken for phosphomolybdic
acid, to determine its concentration at that particular time. The corresponding concentrations were
plotted against the time they were taken and the gradient taken in order to determine the rate constant.

3.3. Particle Shape, Density and Size Characterisation

Particle shape analysis was completed through the use of a SU8230 scanning electron microscope
(SEM, Hitachi, Krefeld, Germany). The solid samples were prepared using a carbon based adhesive
disk, in which dry ground up powder was placed before being platinum coated. This SEM was also
used to take the images for the ZM-a morphology tracking; daily aliquots were taken from the reactor,
and then centrifuged before the supernatant was removed and the solid dried before imaging.

A Mastersizer 2000 (Malvern, Worcester, UK) was used to determine the particle size distribution
for the simulants. For each sample, a small amount of solid was allowed to form a dispersion within
distilled water before being added in the Mastersizer until the required transmission value was met.
It is crucial that the sample be fully dispersed in order to achieve the most accurate representative sizing
measurement, avoiding agglomerates of material which would give inaccurate results. Each sample
was then measured 10 times over 10 s and an average was taken. The D50 value was determined by
the Mastersizer as the 50th percentile, therefore is was inclusive of any bimodal distribution.

An AccuPycTM 1330 Pycnometer (micromeritics, Norcross, GA USA) was used to take density
measurements via gas pycnometry. The solid simulants with a known mass were placed into the
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instrument then using the pressure change of helium in a known calibrated volume the density of
the simulants was determined. The following densities were determined: CPM 3.82 g/cm3, TiO2

4.23 g/cm3, ZM-a 3.41 g/cm3 and ZM-b 3.41 g/cm3.

3.4. Power X-ray Diffraction, Infrared Spectroscopy and Thermogravimetric Analysis

A D8 X-ray Diffractometer (Bruker, Coventry, UK) was used to measure the crystalline structure
of the samples with an electron beam of 40 kV. The copper source (Cu Kα) has a wavelength of 1.54 Å,
energy of the radiation source was 1.6 kW, and measurements were taken over the 2θ range 10–60◦

with a step size of 0.032◦ 2θ and a scan speed of 0.2 s per step. The raw data for the diffraction pattern
were then extracted and normalised for comparison to The International Centre for Diffraction Data
(ICDD) online database.

The functional groups of the simulants were determined through Fourier Transform Infrared
(FTIR) spectroscopy, carried out using a Nicolet iS10 FTIR spectrometer (ThermoFisher, Waltham, UK)
with a ZnSe ATR attachment, at a resolution of 4 cm−1 and 64 scans. Dry power samples were placed
upon the sample holder before being clamped into place and the spectroscopy conducted. The spectra
were then analysed to identify the functional groups.

Thermal dehydration of the simulants (used to determine the amount of bound water) was
determined via thermogravimetric analysis (TGA), using a TGA/DSC 1100 LF (Mettler Toledo,
Leicester, UK). For each test, a 0.1 g sample was inserted, and heated using a temperature profile from
30 ◦C to 400 ◦C at a heating rate of 10 ◦C·min−1 under a nitrogen atmosphere. The mass loss over this
time period was then converted to the amount of water molecules lost for each simulant.

3.5. Zeta Potential Measurements and Sedimentation Experiments

The zeta potential of the simulants at various pH values were determined using a Zetasizer
Nano ZS (Malvern, Worcester, UK) which directly measures the electrophoretic mobility and then
uses this to calculate the zeta potential via an internal algorithm. Dispersions were prepared with
concentrations of 1000 ppm in a 10−4 M potassium nitrate (KNO3) solution. Nitric acid (HNO3)
and potassium hydroxide (KOH) solutions between 0.01 and 0.1 M were used to adjust the pH of
the samples. For every sample, five measurements were taken and repeated on fresh samples 2 or
3 times, where an average of these results is presented. The Malvern Zetasizer Nano ZS was also
used to calculate the polydispersity index—a parameter determined from a Cumulants analysis of an
intensity–intensity autocorrelation function.

A LUMiSizer® (LUM GmbH, Berlin, Germany)was used to study the dispersion settling stability,
where sedimentation studies for the simulants were conducted in triplicate (with an average standard
deviation of 5% of the mean value) with an average of the results taken, in both deionised water and
2 M HNO3. The centrifuge speed was set between 500 and 2000 RPM (depending on the sample)
at 25 ◦C and transmission profiles taken every 10 s with the total number of profiles equalling 255.
The LUMiSizer measures the solids settling rate by centrifugation using LED light sources that emit
light at different wavelengths to produce-transmission profiles at set time intervals. From the produced
transmission profiles, a threshold of 40% was chosen and the data converted to give suspension height
vs. time, where the linear zone settling rate for each simulant at that RPM was determined (Figure S3 in
Supplementary Materials shows a raw transmission profile with corresponding suspension height vs.
time). A threshold of 40% was chosen as on analysis it was deemed the best representative threshold
allowing for comparison of all samples. It should be noted as a limitation it represents a certain
fraction of the particles at a certain size, and a single threshold cannot capture the full behaviour of a
polydisperse suspension. The sedimentation rates were then back calculated to estimate the settling
rate at normal gravity, assuming linear dependence on RCA, using Equations (1) and (2). Here, RCA is
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relative centrifugal acceleration, r is the radius of the instrument plate where the dispersion is housed
(in cm) and RPM is the revolutions per minute of the experiment [45].

RCA = 1.1118 × 10−5 × r × RPM2 (1)

Measured velocity
RCA

= gravity velocity (2)

4. Conclusions

Research was conducted on non-active simulants of two known precipitated fission waste
products found in nuclear fuel reprocessing: caesium phosphomolybdate (CPM) and zirconium
molybdate (ZM). Both CPM, with spheroidal particle shape (formed from agglomerated nanoclusters),
and ZM-a, with a cuboidal morphology, were successfully synthesised and characterised using SEM,
PXRD, IR and TGA. In addition, ZM-b with a rod-like/wheatsheaf morphology was also characterised,
along with titanium dioxide (a commercially available alternative, morphologically similar to CPM).
The reaction kinetics of CPM precipitation was investigated at various temperatures, finding it to be a
first-order reaction with respect to phosphomolybdic acid, and able to form at a range of temperatures,
although size and stability properties begin to change at ~100 ◦C. While the kinetics of CPM synthesis
was very fast, ZM formation from CPM precursor substitution was slow, being observed to convert
partially only after ~10 days. The ease of formation of CPM compared to ZM suggest that within the
HASTs there could be a larger proportion of CPM in comparison to ZM. Additionally, as the formation
of ZM is sensitive to the effects of additives, it is likely that any ZM formed will contain a range
of morphologies.

The dispersion stability of the simulants in water and 2 M nitric acid was observed by comparing
zeta potential and pH measurements with centrifugal sedimentation analysis. All simulants were found
to have low IEP values; however, acid group leaching reduced the natural pH of water suspensions
to around or below these values. Therefore, in low pH conditions such as those experienced within
the HASTs, the waste products are likely to be unstable and coagulate. The CPM concentration
dependence on the settling rate was found to be more pronounced due to coagulation in both water
and acid environments, which were qualitatively similar to the titania. The ZM-a and ZM-b conversely
appeared stable with low settling rates in water that significantly increased in acid (assumed to be
caused by coagulation from the collapse of the electric double layer). Overall, results highlight the
complex morphology and chemistry of these precipitated nuclear wastes, and imply their stability
may be critically altered, depending on changes in acid levels as waste treatment moves to a post
operational clean out phase.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/7/1235/s1.
Figure S1. Images of: (a) caesium phosphomolybdate (CPM) formed at 50 ◦C displaying a yellow coloured solid;
and (b) zirconium molybdate (ZM-a) displaying a white coloured solid. Figure S2. UV-Vis calibration curve for
phosphomolybdic acid at various concentrations. Figure S3. Raw LUMiSizer settling data showing transmission
profile taken at 40% converted to suspension height vs. time, for zirconium molybdate (ZM-a) at 4 vol% in water
at 500 rpm.
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Abstract: To facilitate the safe storage of radioactive Cs, a zeolite–poly(ethersulfone) composite
fiber was fabricated to be a compact storage form of radioactive Cs, and an immobilization was
investigated with respect to the effects of volume reduction and stability of the fiber’s adsorbent
matrix. Using compressed heat treatment at 100–800 ◦C for a zeolite polymer composite fiber (ZPCF)
containing Cs, the fabrication changed its form from a fiber into a pellet, which decreased the matrix
volume to be about one-sixth of its original volume. The Cs leakage behavior of the ZPCF matrix
was examined in its compact pellet form for non-radioactive Cs and radioactive Cs when different
fabrication conditions were carried out in the immobilization. The elution ratio of non-radioactive
Cs from the matrix was minimal, at 0.05%, when the ZPCF was compressed with heat treatment
at 300 ◦C. When using radioactive Cs for the compression at below 300 ◦C, the pellet form also
had no elution of the pollutants from the matrix. When the compressed treatment was at 500 ◦C,
the matrix exhibited elution of radioactive Cs to the outside, meaning that the plastic component was
burning and decomposed in the pellet. A comparison of ZPCF and natural zeolite indicated that the
compressed heating process for ZPCF was useful in a less-volume-immobilized form of the compact
adsorbent for radioactive Cs storage.

Keywords: cesium adsorbed; radioactive cesium; safe storage; zeolite polymer composite fiber

1. Introduction

The severe accident that occurred on 11 March 2011 at the Fukushima Daiichi Nuclear Power
Plant resulted from difficulties related to the catastrophic earthquake and the subsequent tsunami.
The event damaged the plant, which released great amounts of radioactive 134Cs and 137Cs. Since then,
the residual radioactivity has persisted as a hazard for local residents [1]. The huge volume of
contaminants was estimated in 2013 as about 15−28 × 106 m3 [2] and now in 2018 the radioactive
Cs has been reduced in the outfields by the efforts of the decontamination process. It is known that
the estimated amounts of radionuclides released into the atmosphere in 2012 in Fukushima were
6.1–62.5 PBq and 65–200 PBq for 137Cs and 131I, respectively. Especially, the Cs radioisotopes have
been found frequently in aqueous radioactive wastes, mostly at levels exceeding the standards set
for the areas. Because Cs belongs to a chemically similar group that includes sodium and potassium,
ingestion of Cs radioisotopes can engender their deposition in tissues throughout the human body,
thereby presenting an internal hazard to human health.

Over the years that have passed since the accident, external exposure to 137Cs, which has a long
half-life of 30.5 years, has come to dominate radionuclide exposure. The trapped 137Cs wastes now

Materials 2018, 11, 1347; doi:10.3390/ma11081347 www.mdpi.com/journal/materials45



Materials 2018, 11, 1347

present a health risk in Fukushima because the decontamination processes have emitted huge amounts
of radioactive waste that remain in the environment. Along with increased concern related to the Cs
radionuclide waste, people feel threatened in their life environments. Consequently, decontamination
processes have continued to cope with the huge amounts of radioactive Cs. An effective mitigation
method must be found through the consideration of attractive technologies. Among such methods,
immobilization techniques have been presented for the remediation of radioactive Cs [3–5] (Awual et al.,
2016; Kobayashi et al., 2016; Miah et al., 2010). For the large amounts of radioactive Cs that still exist,
the development of some adsorption technology is needed in a safe form. Additionally, for the proper
management and storage of radioactive waste, the volume reduction of secondary wastes has been
especially important in the adsorbed wastes.

The methods for immobilizing radioactive Cs include solidification. In some studies of radioactive
fly ash treatment, embedding radioactive materials in a solidified form was accomplished using
a nanometallic Ca/CaO suspension for wastewater [6] (Reddy et al., 2014). Reportedly, pyrolytic
carbon-coated zeolite is effective [7] (Stinton et al., 1983). Radioactive wastewater has been immobilized
in a concrete matrix and in struvite ceramics [8] (Wagh et al., 2016). Moreover, immobilization has been
achieved in a HZr2(PO4)3 matrix [9] (Nakayama et al., 2003), ash-based geopolymers [10] (Cozzi et al.,
2013), and in rice husk silica geopolymers [11] (Lopez et al., 2014). Nevertheless, no report of the
relevant literature has described immobilization by polymeric envelopment of a radioactive species
with zeolite. Flammable wastes have been incinerated to accumulate enormous amounts of fly ash
containing radioactive Cs. Our groups have reported that a zeolite polymer composite fiber (ZPCF)
is an effective agent for treating water contaminated with radioactive Cs [12] (Ohshiro et al., 2017)
and heavy metal ions [13] (Nakamoto et al., 2017) when the diluted pollutant was concentrated
by the decontamination process in the outside of the field [4] (Kobayashi et al., 2016). However,
post-adsorption in the ZPCF containing radioactive Cs presents storage problems for coming decades
because a greater volume of wastes has to be stored. In post-adsorption processes for such radioactive
Cs, reducing the volume becomes necessary and important for later storage processes. Therefore,
several methods of immobilizing radioactive Cs in a matrix have been proposed as described above.
For radioactive Cs remediation, the ZPCF used has been holding it strongly in the matrix even though
the radioactive Cs was concentrated from an extra-diluted solution of radionuclides. Therefore, in the
present study, the required compaction technology for ZPCF is described for the fiber’s volume
reduction and its safe storage. The immobilization of ZPCF used for radioactive Cs was assessed in
terms of the leakage of the pollutant from the matrix. Here, the tests were carried out by using an
actual radioactive fly ash source. The results showed that the reduced-volume fiber has excellent
capabilities for Cs immobilization.

2. Materials and Methods

2.1. Materials

Natural mordenite zeolite powder (≤100 μm) was purchased from Nitto Funka Trading Co. Ltd.
(Miyagi, Japan). Poly(ethersulfone) (PES) was used as received (PES, MV = 50,000; BASF Japan Ltd.,
Ludwigshafen, Germany). N-methyl-2-pyrrolidone (NMP; Nacalai Tesque Inc., Kyoto, Japan) was used
for the ZPCF without purification. The radioactive Cs adsorbed into the ZPCF was prepared as shown
in Figure 1. Here, the ZPCF contained 59 wt% zeolite and 41 wt% was PES, which formed porous fibers.
An aqueous solution containing radioactive Cs was prepared using hydrothermal extraction of fly ash
for 2 h at 200 ◦C and 1.5 MPa. Here, the radioactive Cs fly ash was sampled in Namie, Fukushima
(Figure 1). After the supernatant dispersed with fly ash was filtrated, the radioactive aqueous solution
was used for experiments to fill the ZPCF. Then, the Cs-adsorbed fibers were prepared. The total
radioactivity in the weighted fibers was measured in Becquerel per kilogram (Bq/kg) units. As Figure 1
shows, after Cs was bound to the ZPCF, a procedure for immobilization by compressed heat treatments
of different temperatures was tested to create pellets. Then, Cs release was evaluated in addition to the
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matrix properties of the heat-treated matrix. The Cs adsorption process was conducted as follows by
using radioactive fly ash (4 kg) having about 30,000 Bq/kg with Cs. The fly ash was dispersed in water
(16 L) and filtered. Then, ZPCF (4 kg) was immersed in the Cs solution for 12 h. After this binding
process, the ZPCF was used to measure the radioactive Cs concentration. For example, the radioactive
Cs that remained in the fibers was 13,100–33,000 Bq/kg after the immersion process.

Figure 1. Flowchart of experiment procedure for Cs immobilization by heat treatment of zeolite
polymer composite fibers and their Cs release processes. BET, Brunauer–Emmett–Teller.

2.2. Characterization of Zeolite Polymer Composite Fibers

To fabricate the ZPCF pellets enveloping the radioactive Cs, processes of immobilization and volume
reduction were included in the heat molding process. The heat molding process is depicted in Figure 2.
After the fibers (10 g) were pressed inside of a cylindrical stainless steel tube (50 mm height, 40 mm
diameter, and 2.5 mm thickness), they were heated by a surrounding ribbon heater for 2 h at different
temperatures of 100, 200, 300, 400, 600, and 800 ◦C. The temperature was measured using a thermocouple
thermometer (FINE THERMO DG2N 100; HAKKO Ltd., Nagano, Japan). Then, the cover was pressed
using a hydraulic press machine (P-16B Air Valve; Riken Seiki, Ojiya, Niigata, Japan) at 200 kg/cm2 for 6
h. After heat molding processing under pressure, the Brunauer–Emmett–Teller (BET) surface area and
weight loss of adsorbents were measured. The pellet form was prepared using heat mold processing.
For experimental procedures to assess radioactive Cs leakage from the fiber pellet matrix, a 10 g pellet
matrix was immersed in 100 mL water at 20 ◦C. The fibers or the pellets, after accurate measurement of
their weight, were washed 10 times with water and were immersed in 100 mL of water for 6 h and 24 h
with stirring at 200 rpm. Then, the matrix and the solution were used to measure the resident Cs with a
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germanium semiconductor detector. The remaining and eluted Cs were estimated and then the value of
the Cs eluted rate (%) was calculated using the following equation:

Cs eluted rate (%) = (C × V/C0 × W) × 100

where C is the Cs concentrations of eluted water, V denotes the eluted water volume, C0 represents
the Cs concentrations of the fiber or pellet, and W is the fiber or pellet weight. Then, the released
radioactive Cs was evaluated by measuring the Bq/kg amounts of the pellet and the washed water.
The thermal analyses were carried out by Differential Scanning Calorimetry (DSC) (Thermo plus EVO2
DSC8231; Rigaku, Japan), Thermomechanical Analysis (TMA) (TMA-60; SHIMADZU, Kyoto, Japan),
and Thermogravimeter-Differential Thermal Analysis (TG-DTA) (DTG-60; SHIMADZU, Kyoto, Japan).
Here, the upper limitation of the elevated temperature in DSC was at 400 ◦C. The temperature of the
TG-DTA was 480 ◦C in an aluminum pan. Unfortunately, setting DSC to 480 ◦C is impossible because
at over 400 ◦C it damages the equipment with the aluminum pan.

Figure 2. Schematic illustration of heating mold processes for preparation of the pellet matrix.
The picture shows, respectively, fibers (a) before and (b,c) after heating mold processes at 100 ◦C
and 300 ◦C [14].

In addition, scanning electron microscopy (SEM) images were taken (JSM-5310LVB; JEOL, Tokyo,
Japan) of the ZPCF and the compacted pellet. Additionally, the sample was sputtered at 0.1 Torr for 40
s with Au for SEM measurements. A Fourier transform infrared spectrometer (FT-IR, IR Prestige-21
FTIR 8400s; Shimadzu Corp., Kyoto, Japan) was used with the KBr method. The N2 adsorption was
analyzed using the Brunauer–Emmett–Teller (BET) surface area (Tristar II 3020; Micrometric Inc.,
Sarasota, FL, USA).

3. Results and Discussion

3.1. Immobilization of Radioactive Cesium by Heating Mold Processing of Composite Fibers

As shown in Figure 2, for the schematic illustration of heating mold processes, the radioactive
Cs was bound by the ZPCF in the dispersed fly ash solution. Then, the compacted pellet was shaped
from the fibrous sample by heating it at different temperatures under pressure. The DSC curves of
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the PES fiber are shown in Figure 3 for the ZPCF and PES without zeolite. Endothermic peaks were
found at 220 ◦C and 227 ◦C for the PES and the ZPCF in each DSC curve. This indicated that heating
at over 230 ◦C led to the PES being melted. In the ZPCF, the observed temperature was found to be a
little bit higher relative to that of the PES. It was noted that in the higher 220 ◦C and 227 ◦C range, the
heat molding was reasonable to process and enabled the pellet form, while a pellet prepared at lower
than 220 ◦C was only compressed by pressure. Additionally, it was apparent that the pellet form could
be made to different densities at the 100 ◦C and 300 ◦C process temperatures. As shown in Figure 4,
this was also supported by TMA measurement data. As a result of TMA measurement, the PES was
found to be softened and melted from around 234–250 ◦C. Therefore, the TMA measurements were
automatically stopped at over 250 ◦C. Here, the thermal DSC and TMA analyses could not obtain
results at over 400 ◦C.
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Figure 3. Results of Heat analysis of zeolite polymer composite fiber (ZPCF) and PES.
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Figure 4. TMA measurement of PES and ZPCF at different temperatures.

Figure 5 presents the relation between the volume (cm3) and density (g/cm3) changes of the
pellets. The ZPCF volume was decreased from 40 cm3 to 12.5 cm3 under the compressed heat molding
process at 100 ◦C. Then, at over 300–800 ◦C, the volume changed by 6.3 cm3. The comparison indicated
that the molding at 300 ◦C showed significant volume reduction to about one-sixth in the fabricated
pellet. In addition, the pellet density increased from 0.25 to 1.52 g/cm3 after compression processing
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was implemented in the range of room temperature to 300 ◦C. This exactly was due to PES melting in
the dense pellet formation as supported by Figures 3 and 4. When the temperature was changed from
300 ◦C to 500 ◦C and 800 ◦C, the pellet density was decreased from 1.52 g/cm3 to 1.13 g/cm3 and then
1.1 g/cm3, respectively. Absolutely, the decrease was attributable to the polymer decomposition of the
organic plastic PES. This was also supported in Figure 4 by the gradual decrease of the TMA results at
over 300 ◦C in both curves.

Figure 5. Relation between heating mold press temperature and the pellet volume and density.

Figure 6 portrays SEM images of the surface and cross sections of ZPCF treated at different
temperatures for the molding processing. Low-temperature molding at 100 ◦C revealed that the
zeolite powders were embedded in the PES medium as they were in the case of the non-heating
mold. However, at temperatures higher than 300 ◦C, the images showed that the PES amounts
decreased concomitantly with increasing temperature. At temperatures higher than 500 ◦C, the fibers
were in a brittle state. Moreover, the polymer layer disappeared, reflecting the organic PES matrix’s
decomposition. A cross-section view (Figure 6 left) of a pellet revealed the dense structure of the
compressed fiber at 500 ◦C (d) and 800 ◦C (e). The FT-IR spectral patterns for the 800 ◦C sample
(Figure 8) presented no peaks at 1580, 1485, and 895 cm−1 corresponding to PES in the ZPCF and peaks
at 3460, 1658, and 1060 cm−1 corresponding to zeolite. Table 1 presents the respective assignments for
their FT-IR peaks. Actually, band broadening was apparent in spectra obtained at 500 ◦C and 800 ◦C.
Moreover, PES peaks were nonexistent. It was inferred from these results that the SiO2 component
remained in the zeolite. The appearance of the 1658 cm−1 peak in the heated pellets might be assigned
to water adsorbed from the atmosphere after heating. It is noteworthy that the appearance of the peaks
at 1580 and 1485 cm−1 is temperature-dependent. At 800 ◦C, both PES peaks disappeared, meaning
that the PES in the pellet was burned out of the material. Therefore, the spectra retained broad peaks
at 1060 cm−1 and at 802 cm−1 for the Si–O–Si and Al–O bands of zeolite, respectively. As seen in
Figure 7 for the TG-DTA measurement of ZPCF in the range of 50–500 ◦C, an endothermic peak and
depletion of TG considered to be dehydrated from zeolite were observed up to 250 ◦C. After 450 ◦C,
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the exothermic peak and a decline of TG can be confirmed in the 350–500 ◦C range. This was presumed
to be caused by the combustion of PES.

(a) NON heat treatment

(b) 100 °C

(c) 300 °C

(d) 500 °C

(e) 800 °C

Figure 6. External view of pellets heated at different temperatures and corresponding SEM images [14].
(a) NON-heat treatment; (b) 100 ◦C; (c) 300 ◦C; (d) 500 ◦C and (e) 800 ◦C heat treatment.
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Table 1. Infrared adsorption peaks of zeolite and PES.

Wavenumber (cm−1) Component in ZPCF Assignment

3460 Zeolite OH st.
1658 zelite Si–O–Si st.
1580 PES C=O st.
1485 PES C–O st.
1240 PES SO st.
1060 zeolite Si–O st.
895 PES Polymer group C–C st.
802 zeolite Al–O st.

st.: stands for stretching.

To evaluate the porous and dense properties of the fibers and pellets, nitrogen (N2) adsorption
and desorption were measured at different pressures. Figure 9 portrays the N2 adsorption isotherm
of the PES and ZPCF in the absence (a) and presence (b) of heat molding processing. According
to the isotherms, their samples presented that the adsorption behavior followed that of the type 2
isotherm, reflecting the presence of a macroporous structure [5] (Kobayashi et al., 2016). Compared
to the PES and zeolite shown in Figure 9a, it was apparent that the PES fiber had a lower capacity
for N2 adsorption amounts relative to the zeolite powder. As Figure 9b shows, the pellets molded at
500 ◦C and 800 ◦C showed similar isotherm curves to that of zeolite, as was true also for the non-heat
treatment. In the different pellet samples at 500 ◦C and 800 ◦C, the amounts of adsorption of N2 were
changed, although the shapes of the isotherms were almost similar. However, it was seen that the
values of the pellet at 800 ◦C were lower than those at 500 ◦C. This strongly suggested that the numbers
of the mesopores in the pellet at 800 ◦C were much lower than the numbers of mesopores in the pellet
at 500 ◦C. This meant that the 800 ◦C molding destroyed the porous structure of the pellet. However,
it is noteworthy that the curve of the pellet heated at 300 ◦C had lower amounts of N2 adsorption.
Consequently, the melted PES penetrated and covered the zeolite pores causing the zeolite volume
to decrease. As seen in Figures 4 and 7, this was strongly suggested by the TMA and DTA results.
Also, the FT-IR results of different temperatures showed decomposition of the PES components at
temperatures over 500 ◦C. It is noteworthy that the N2 adsorption amounts were somewhat higher
at the temperatures of 500 ◦C and 800 ◦C, which indicates that the PES component in the pellets
decomposed gradually because the temperature was higher than around 300 ◦C and that it increased
concomitantly with increasing temperature to 800 ◦C. Therefore, the PES component decomposition
occurred gradually with increasing temperature. The results obtained at 800 ◦C showed that the zeolite
surface was exposed without envelopment by the PES layer.

Table 2 presents the BET surface area and weight reduction of the ZPCF pellets heated at different
temperatures. The BET surface area of the ZPCF was 32 m2/g before heat molding processing.
The value was remarkably lower at 300 ◦C because the melted PES enveloped the porous structure of
the zeolite. The pellet structure became denser. At 500 ◦C, however, the surface area value increased to
32 m2/g, suggesting that little zeolite remained after heating. Furthermore, since the heating treatment
decomposed the PES component and thereby exposed the zeolite surface, the experimental results
of the ZPCF weight reduction at 500 ◦C and 800 ◦C were, respectively, 30.8% and 33.3% after heat
molding processing. This was due to the polymer being well-decomposed at over 500 ◦C. However,
the value of weight reduction at 300 ◦C was 2.17 wt %, meaning that the PES had decomposed only
a little. Figure 4 depicts the TMA results, which show that the PES of the thermoplastic polymer
was melted at temperatures higher than 300 ◦C. Then, the melting PES seemed to cover the zeolite
powder. Therefore, from the weight reduction results, one can reasonably infer that the melted PES
surrounding the zeolite powders produced an enveloping layer that decreased the zeolite surface area.
Table 2 contains the adsorbent concentration the radioactive Cs of the pellet matrix. At 500 ◦C and
800 ◦C, the values of the radioactive Cs were 21,200 and 22,400 Bq/kg. The results of radioactive Cs
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concentration were higher at 500 ◦C and 800 ◦C than those at 100–300 ◦C. This was due to weight
reduction by the PES decomposition.
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Figure 9. N2 adsorption isotherms of (a) PES and ZPCF and (b) pellets obtained with heat mold
treatment at different temperatures.

Table 2. Relation between the BET surface area, weight reduction, and radioactive Cs concentration of
zeolite polymer composite fibers [14].

Heat Treatment
Temperature

BET Surface
Area m2/g

Weight
Reduction %

Adsorbent Concentration Bq/kg

Before After

NON-heat treatment 32.5 0 14,000 14,200
100 ◦C 30.6 0.67 14,000 13,100
300 ◦C 0.9 2.17 14,000 15,300
500 ◦C 32.8 30.8 14,000 21,200
800 ◦C 10.1 33.3 14,000 22,400
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3.2. Immobilization of Radioactive Cesium in ZPCF Pellets

Table 3 presents values of the radioactive Cs amounts observed with and without heat molding
processing. The ZPCF adsorbed up to 14,000 Bq/kg of Cs. The Cs concentration amounts were
increased as the temperature increased after heat molding processing. It was seen that the increment
was observed between 300 ◦C and 500 ◦C for radioactive Cs concentration. The increased concentration
derived from the fact that the PES weight was lower at higher temperatures. Also, the weight reduction
between 300 ◦C and 500 ◦C was remarkable. Table 3 contains values for the eluted concentration of
radioactive Cs from the pellets when they were washed in distilled water. The values of the eluted Cs
in water phase were measured. It was noted that the values of the radioactive Cs concentration from
the pellet were less than 1 Bq/L at 100 ◦C and 300 ◦C. In contrast, the values were 60 and 62 Bq/L for
the washed pellet molded at 500 ◦C. This result strongly indicated that adsorbed radioactive Cs was
released from the matrix to the water.

The ZPCF’s form can be changed to a pellet by heat molding processing. Therefore, it was
interesting to observe the radioactive Cs immobilization’s efficiency in the matrix. To measure changes
in the radioactive Cs concentration, Cs release tests were conducted in water for each sample. Figure 10
shows the elution rate (%) of non-radioactive Cs. After the pellet was washed with diluted water for 6 h,
the elution rate (%) was evaluated. Furthermore, Table 3 shows the rate of radioactive Cs elution from
pellet matrixes molded at different temperatures. These results indicated that elution of the Cs from
the fibers and pellets depends strongly upon the heat molding process temperature. The rate of elution
of the Cs was extremely low, about 0.05%, at 300 ◦C relative to 0.95% at 100 ◦C and 2.49% at 500 ◦C.
Therefore, it was apparent that the melted PES influenced the Cs release. These results exhibited the
same tendency as that for results of the surface area as presented in Table 2. Therefore, for the 300 ◦C
treatment, envelopment within the polymer layer was effective for Cs immobilization in the pellet
matrix. At 800 ◦C, because heat processing greatly decomposed the PES layer surrounding the zeolite
powders, a compacted pellet might be effective to fix the Cs component with the zeolite powder.

Table 3. Elution rate of radioactive Cs from heat treatment of ZPCF [14].

Sample

Adsorbents Concentration of ZPCF Bq/kg
(Weight Reduction Rate %)

Eluted Solution
Concentration of Water Bq/L Elution

Rate %
0 h 6 h 24 h 6 h 24 h

NON-heat
treatment 14,200 14,000

(0.1%)
14,000
(0.1%) <1 <1 0.07

100 ◦C 13,100 13,300
(0.0%)

13,300
(0.1%) <1 <1 0.08

300 ◦C 15,300 15,500
(0.0%)

15,500
(0.1%) <1 <1 0.07

500 ◦C 21,200 29,800
(29.1%)

29,800
(29.2%) 60 62 4.10

800 ◦C 22,400 33,000
(39.8%)

33,000
(30.0%) 25 26 1.73

zeolite 24,500 22,000
(0.1%)

22,000
(0.0%) 274 280 11.42
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Figure 10. Elution rates of non-radioactive Cs from heat molding treatment of ZPCF [14].

Table 3 presents results of radioactive Cs release tests conducted for 6 h and 24 h using different
Becquerel per kilogram amounts of ZPCF. The table shows radioactive amounts as evaluated at 0 h
and at different times before and after water washing. The elution rates (%) are values obtained at 24 h.
The elution rates were similar to those found for non-radioactive Cs. For example, the ZPCF had
14,200 Bq/kg before washing for the non-heat treatment sample. The sample was 14,000 Bq/kg at 6 h
and 24 h after washing in water. For the pellet sample prepared at 300 ◦C, the value of 15,300 Bq/kg
after washing represented almost no change from the original 15,500 Bq/kg. However, after mold
treatment at 500 ◦C, the value of 21,200 Bq/kg was increased to 29,800 Bq/kg at 6 h and 24 h. Table 3
shows that the observed weight reduction was about 30% after the elution tests for 500 ◦C and
800 ◦C, demonstrating that the component remaining after burning the PES from the pellet was a
soluble substance, such as calcium salt. The radioactive Cs concentration was increased in the pellet.
Furthermore, the case at 800 ◦C showed a similar phenomenon. Figure 11 summarizes the relationship
between the rate of Cs release and the surface area m2/g. Apparently, the lower elution was due to
the lesser surface area. When the molding temperature was increased from 300 to 500 ◦C, the surface
area was also increased. The increase was due to decomposition of the PES and then exposure to
the porous zeolite site. This meant that the high porosity of the PES plastic shape had kept the
elution of Cs and decomposition much lower from the heat molding system on the experimental time
scale. At 300 ◦C, the reason for the lower density was the melting of the PES that covered the porous
zeolite site, meaning that a covering effect decreases Cs elution. In the case of the 100 ◦C molding
treatment, the PES was not melted, keeping a higher surface area. Thus, the leaking of the radioactive
Cs, which was equivalently the same level as that at 300 ◦C, becomes of a lower concentration of the
immobilization, at about 20,000 Bq/kg. However, that of the non-radioactive Cs concentration was at
86.1 g/kg, meaning that it was extremely higher than that of radioactive Cs. Therefore, the leaking Cs
occurred at 1.06%.

In conclusion, heat molding processing of ZPCF containing Cs efficiently immobilized radioactive
Cs in pellets formed at temperatures lower than 300 ◦C. However, at temperatures higher than 300 ◦C,
the immobilization effect was less pronounced. Furthermore, the results showed that the heat molding
processing reduced the pellet volume. The results presented herein suggest that the ZPCF was a better
matrix material for fixing radioactive Cs.
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Figure 11. Relationship between elution rates of radioactive Cs and non-radioactive Cs and surface
area from different heat-molding temperatures of ZPCF.

4. Conclusions

This study examined the immobilization of radioactive Cs by heated mold treatment of ZPCF for
safe storage. The properties of pellets formed at different temperatures using heat molding processing
were compared. An effective decrease of the eluted Cs from the pellet was observed at 300 ◦C,
suggesting that the melted PES at 300 ◦C enveloped the zeolite, thereby fixing the radioactive Cs.
This inference was supported by several observations of the ZPCF pellet’s surface area, which decreased
because of envelopment by the melted polymer surrounding the zeolite powders. Actually, elution of
the radioactive Cs was extremely low: less than 0.07–0.08%. Moreover, a volume reduction to 1/6 was
achieved by heat molding of the ZPCF.
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Abstract: Long-term immobilization ratios of strontium (Sr2+) and cesium (Cs+) in paper sludge
ash-based geopolymer (PS-GP) were investigated in one year. PS-GP paste specimens were prepared
in the conditions of 20 ◦C and 100% R.H., using two kinds of paper sludge ash (PS-ash). Two kinds
of alkaline solution were used in the PS-GP as activator. One was prepared by diluting aqueous
Na-disilicate (water glass) with seawater. Another was a mixture of this solution and caustic soda
of 10 M concentration. When seawater was mixed into the alkaline solution, unstable fixations of
Sr2+ and Cs+ were greatly improved, resulting stable and high immobilization ratios at any age up to
one year, no matter what kind of PS-ash and alkaline solution were used. Element maps obtained
by EPMA exhibited nearly even distribution of Cs+. However Sr2+ was biased, making domains
so firmly related to Ca2+ presence. The mechanism that seawater stabilizes immobilization of Sr2+

and Cs+ was discussed in this study, but still needs to further investigation. Chemical composition
analyses of PS-GP were also conducted by SEM-EDS. Two categories of GP matrix were clearly
observed, so called N-A-S-H and C-A-S-H gels, respectively. By plotting in ternary diagrams of
SiO2-(CaO + Na2O)-Al2O3 and Al2O3-CaO-Na2O, compositional trends were discussed in view of
‘plagioclase gels’ newly found in this study. As a result, it is suggested that the N-A-S-H and C-A-S-H
gels should be strictly called Na-rich N-C-A-S-H and Ca-rich N-C-A-S-H gels, respectively.

Keywords: geopolymer; paper sludge ash; radionuclide; hazardous water; immobilization; seawater;
strontium; cesium; chlorine

1. Introduction

Conventionally, by using minerals as immobilization media, various attempts have been made
so far to remove hazardous elements from water contaminated with heavy metals. Representative
minerals are zeolite, apatite, etc. Among others, tobermorite is peculiar [1]. Cementitious materials
are generally used to treat contaminated sludge with less water. However, Portland cement paste
or concrete has incomplete immobilization capabilities, especially for lead and sometimes zinc [2,3].
On the other hand, geopolymer as other kind of immobilization media has attracted attention in
recent years [3–11]. The immobilization principle of geopolymer is the polycondensation of silicic acid
monomers, in which the foreign ions are incorporated into the siloxane bonds of tetrahedra to promote
polymerization of monomer [SiO4]-complex associated with other supplemental coordination sites
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to maintain charge neutrality. Therefore, it is possible to fix toxic metals into geopolymer. However,
geopolymer is versatile, it is unsuitable for immobilization of arsenic [9]. The present situation of
immobilization of toxic elements using geopolymer are reviewed recently in the literature [12].

Radionuclide-contaminated waste is classified into high dose and low dose pollutant waters.
In the former, it is vitrified by melting to place into containers called canister and are permanently
stored in deep underground, which is called geological disposal. In the latter, it is solidified by pitch
or cement, then put into drums, and finally discarded underground, which is called shallow burial.
The urgent problem is an unexpected leakage of radionuclides, happening in the nuclear reactors
of Fukushima Daiichi Nuclear Power Plant due to meltdown caused by the large earthquake and
subsequent tsunami. The leaked radionuclides have been spreading out in contaminated water due to
infiltration of groundwater to cause serious environmental problem. Even though the radionuclides’
doses are not so extremely high, it is a tedious work to treat a huge amount of the contaminated
water. Current treatment is in a two-stage plant equipped with SARRY and ALPS. In the first stage
cesium is adsorbed with zeolite and Ti-silicate. In the second stage, the rest 62 radionuclides are
eliminated in addition to cesium uncaptured and leaked from the first stage by a flowline installed
iron coprecipitation, carbonate coprecipitation, titanium oxide adsorbent columns, etc. However, since
radioactive tritium cannot be removed, the treated water has been still stored in several hundred
tanks. The storage tanks continue to increase day by day. Furthermore, in the long term, there is a
concern about leakage from the water tanks due to the metal tanks corroding. Therefore, it is urgently
necessary to treat the contaminated water rapidly in bulk quantities. Incidentally, though tritium is
radioactive, it is said that tritium does not cause serious health problems, since ingested tritium would
be discharged together with urine promptly. Therefore, it is theoretically no problem to run out the
treated water into open sea. However, fishermen around the Fukushima Daiichi Nuclear Power Plant
are fiercely opposed out of fear of a rumor that the water would poison fish, so the treated water has
been kept in the storage tanks.

For this reason, the authors developed the effective method as described in the previous reports
to solve this problem [4,5]. That is, papermaking sludge incineration ash (PS-ash) is mixed with the
alkaline solution to make geopolymer. The alkaline solution is prepared by adding the contaminated
water. Since PS-ash is porous, it can absorb a very large amount of liquid, when using it as active
filler or precursor of GP. It has been confirmed that the PS-ash-based geopolymer (PS-GP) may treat
hazardous water contaminated with radionuclides. One ton of PS-ash can treat more than one ton of
contaminated water, and the immobilization ratios of Sr2+ and Cs+ are generally very high, showing
more than 90%. However, some serious issues have been encountered after the previous works [4,5] as
well as after continuous measurement up to one year later. That is, the immobilization ratios of Sr2+

and Cs+ in the PS-GP added with non-radioactive strontium nitrate and cesium nitrate as surrogates
are unstable and fluctuating.

Now the damaged nuclear reactors are cooled by fresh water. However, in the beginning of the
Fukushima Daiichi Nuclear power plant disaster, seawater was actually pumped up from the port in
front of the premises to cool down the damaged nuclear reactors as an emergency measure. Hence,
in this context, we used seawater to prepare alkali silicate solution to produce PS-GP, and found that the
immobilization ratios of Sr2+ and Cs+ became stable even in long-term. In this study, we aim to clarify
the long-term immobilization ratios of Sr2+ and Cs+ in PS-GP and the immobilization mechanism in
view of polycondensation products of PS-GP, when the alkali silicate solution is prepared by adding
sea water.

2. Materials and Methods

2.1. Preparation of Alkali Silicate Solutions

Commercially available water glass, called JIS (Japanese Industrial Standards) No. 1 sodium
disilicate aqueous solution (nominal composition, Na2O·2SiO2·aq), was diluted with deionized water
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to prepare a sodium silicate stock solution with specific gravity (S.G.) of 1.54. Then, seawater was
added to the stock solution to obtain the first alkali silicate solution with S.G. 1.27, which is called
GP-liquor #1SW. Furthermore, the GP-liquor #1SW was mixed with caustic soda aqueous solution of
10 mole concentration by a volume ratio of 3:1 to obtain another solution with S.G. 1.30, which is called
GP-liquor #0SW. Details are shown in Table 1.

The used seawater was retrieved from the outside of the Yakeno Coast breakwater of the Seto
Inland Sea, Sanyo-Onoda City, Yamaguchi Prefecture, Japan, at the time of high tide. Prior to using,
the seawater was percolated by filter paper of no. 131. The general S.G. of Pacific seawater is in the
range of 1.02–1.03, but the Seto Inland Sea is slightly heavy, as measured 1.04 of S.G.

Table 1. Specifications of GP-liquor used.

Aqueous Solution
Specific Gravity Salt Concentration (%)

(S.G.) Bulk Chlorine

Seawater 1.04 3.445 1 1.898 1

JIS No. 1 stock solution 1.54 - -
GP-liquor #0SW 2 1.30 1.357 0.748
GP-liquor #1SW 2 1.27 1.389 0.765

1 Standard concentration of Pacific Ocean, 2 Seawater mixing.

2.2. Preparation of Specimens and Strength Test

Chemical compositions of two kinds of PS-ash used as active fillers of PS-GP are shown in Table 2
together with their physical properties, which were determined by conventional techniques, including
X-ray fluorescent analysis (XRF, MagixPro, Royal Philips, Amsterdam, Holland), and Blaine specific
surface area measurement (Marubishi Kagaku, Tokyo, Japan). The PS-ash, called OTo3, is characterized
by high content of Al2O3 component, whereas N45 has high CaO and MgO components. Details are
kindly referred to the previous works in addition to constituent minerals of the PS-ashes [4,5].

Table 2. Chemical compositions determined by XRF and physical constants of air-dried PS-ash [4,5].

PS-ash SiO2 TiO2 Al2O3 Fe2O3 MnO CaO MgO Na2O K2O P2O5 SO3 Cl Others 1

OTo3 30.94 1.55 37.37 1.88 0.03 18.57 3.58 0.33 0.81 1.56 2.71 0.41 0.28
N45 21.87 0.77 13.75 2.58 0.37 34.95 10.44 0.80 0.78 3.56 9.25 0.42 0.45

PS-ash Key Apparent Density, g/cm3 Specific Surface Area, cm2/g, Blaine Total of XRF Analysis

OTo3 1 2.50 6460 100.02 %
N45 3 2.26 5680 99.99 %

1 Including ZnO, CuO, BaO, SrO, NiO, PbO, ZrO2, CeO2, Cr2O3, Bi2O3, etc. SrO is 0.023 and 0.066% for OTo3 and
N45, respectively. Cs2O is not detected at all. Loss on ignition (LOI) heat-treated at 1000 ◦C for 2 h is 6.00 (1.66)%
and 22.10 (12.49)% for OTo3 and N45, respectively, where in parentheses is indicated H2O (-) dried at 105 ◦C for 2 h.
LOI and H2O (-) are excluded from the total of XRF analysis.

PS-GP bodies were respectively prepared from the two kinds of PS-ash. As shown in Table 3,
the liquor/filler ratio (L/F) varied with the type of PS-ash. 100 grams of the PS-ash sample was
weighed, and the GP-liquor was mixed to the limit amount, at which bleeding did not occur. Then,
the mixture was hand-mixed in a 500 mL plastic beaker and cast into a metallic mold consisting of
three prismatic cells. Each cell has 20 × 20 × 80 mm dimension. Grease was preliminarily smeared to
the interior of the mold for easily demolding. In order to reduce the dry shrinkage of PS-GP before
demolding, the GP specimens were placed in the sealed plastic chamber that was 20 ◦C and had
shallow water in its bottom so that it had nearly 100% R.H. After being cured in the humid air for 24 h,
the GP specimens were demolded, the curing was continued in the same conditions until 28 days age.
The bulk densities of the PS-GP bodies were measured right after the 28 days curing on the basis of
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mold volume, and the three-point bending test was conducted. The span of specimen in the bending
test was 50 mm and the loading speed was 0.2 mm/min. Either flexural strength and bulk density
was an average of three specimens. Extra PS-GP bodies were continued to cure in the ambient air of
20 ± 3 ◦C. Then, at the ages of 6 (4 + 2), 12, 24, and 52 weeks (≈1 year), bulk densities were measured
again to determine the strontium and cesium contents of the PS-GP samples.

Table 3. Results on bulk density and flexural strength of PS-GP.

Hardened
Body

Seawater
Mixed

Active
Filler

L/F 1
Flexural

Strength (MPa)
Bulk Density (g/cm3)

Age (Week)

Series GP liquor - - 4 weeks 4 6 (4 + 2) 2 12 24 5 52 5 (1 year)

(a) PS-GP using seawater-mixed GP-liquors

0-1-SCSW 3 #0SW OTo3 1.94 0.68 1.09 0.71 0.67 0.70 0.65
0-3-SCSW ” N45 1.50 0.81 1.48 1.10 0.95 1.07 1.02

1-1-SCSW 4 #1SW OTo3 1.50 1.69 1.56 1.04 1.09 1.06 1.02
1-3-SCSW ” N45 1.50 0.92 1.53 1.02 0.98 1.01 0.96

(b) PS-GP using non-seawater-mixed GP-liquors

0-1-SC 3 #0 OTo3 1.50 1.22 1.29 0.84 0.82 - -
0-3-SC “ N45 1.20 0.99 1.49 1.08 0.97 - -

1-1-SC 4 #1 OTo3 1.50 1.07 1.58 1.05 1.02 - -
1-3-SC “ N45 1.20 1.19 1.54 1.05 0.98 - -

1 Liquor/Filler ratio by mass; 2 Refer to the text; 3 Marked foaming; 4 Slight foaming; 5 In case of PS-GP using
non-seawater-mixed GP-liquors, no marked change of bulk density was observed after 12 weeks so that the same
data at 12 weeks were applied for 24 and 52 weeks.

2.3. Dissolution Test

The water discharged from the Fukushima Daiichi Nuclear Power Plant is contaminated mainly by
90Sr and 137Cs in addition to 134Cs. Specifically, the former two radionuclides have very long half-lives
of nearly 30 years. In this study, nonradioactive nitrate reagents (Sr(NO3)2, CsNO3) were added as
surrogates at a ratio of 1% by mass, respectively, to the PS-ash. As the dosages of nitrate reagents
were very small, they were excluded from the calculation of liquor/filler ratio (L/F) for convenience.
The radiological dosage of contaminated water of Fukushima Daiichi nuclear power plant is estimated
to be 108 to 109 Bq/L. In contrast, the surrogate nitrates added to the PS-GP correspond to a level of
1012 Bq/L, thus the addition of nitrates was sufficient. The same addition of nitrates was also done
to the PS-GP without mixing seawater in previous works, in which the dissolution test of Sr2+ and
Cs+ was conducted only up to 24 weeks [4,5]. The previous test results are shown again in this paper,
together with the data newly obtained in this study at 52 weeks.

The dissolution test method is as follows: the PS-GP body was firstly pulverized to the size under
4 mm. Then, the 12.5 g sample was filled into a 250 mL wide-mouth plastic bottle and the acid water
was also poured into a bottle. The water mass was 10 times that of the GP sample. Hydrochloric acid
or glacial acetic acid is generally used as leaching fluid, well-known as JLT-13 (pH 6.3) and TCLP
(pH 2.88) respectively, but for the convenience of our laboratory facility, a standard buffer solution
of phthalate salt of pH 4.01 was used in this study [4]. The bottle was cap-sealed and rotated for 6 h
under a rotating speed of 60 rpm. The mixture in the bottle was then filtered with a qualitative filter
paper no. 131, and the filtered leachate was further diluted up to 10 times by volume with pure water
to use as the sample of the dissolution test. Finally, the dissolution concentrations of Sr2+ and Cs+

were measured by induction coupled plasma atomic emission spectrometry (ICP-AES, Optima 8300,
PerkinElmer, Waltham, MA, USA).

The dissolution ratio was calculated as following procedure: Firstly, comparing the bulk densities
at each age with the four weeks to determine the PS-ash amount used to produce the 12.5 g GP
sample, the decrease of density of the test sample is simply due to evaporation of constituent water.
Then, the amounts of the surrogates included into the 12.5 g GP sample were determined. Secondly,
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dissolution ratios were obtained on the basis of the ICP results and the charged fluid amount that is
125 grams. Finally, the immobilization ratio was obtained simply as

% immobilization ratio = 100 − % dissolution ratio (1)

More details can be kindly referred to in the previous works [4,5].

2.4. XRD Analysis

In order to clarify the phases of PS-GP body, XRD analysis was carried out for the specimens with
one-year age, employing RIGAKU RINT-2250 (Rigaku, Tokyo, Japan). Measuring conditions were
40 kV−200 mA monochromatic CuKα radiation, 1◦−1◦−0.3 mm slit system, 0.02 degree step scan,
and 4◦/min scanning speed.

2.5. EPMA Analysis

Element mapping analysis was carried out for the one-year old specimens, employing an electron
probe micro analyzer (EPMA, JEOL JXA-8230, Jeol, Tokyo, Japan). Measuring conditions were 15 kV
acceleration voltage and 20 nA irradiation current. Peak intensity positions of the elements analyzed
in this study were determined by using the standard samples in advance. The PS-GP sample was
gathered by cutting the PS-GP body with a 0.5 mm thick diamond blade, thoroughly dried after washed
with ethanol, and then subjected to impregnation by embedding with epoxy resin. After preparing a
thin slice, which was stuck to a slide glass as conventionally done in petrology discipline, then mirror
finish was applied with diamond paste and finally subjected to vapor deposition with carbon.

3. Results and Discussion

In the present study, generally accepted terminologies of ‘N-A-S-H’ and ‘C-A-S-H’ are still used
to describe the resultant matrix gels for convenience [13–15], though strictly speaking, they should be
called ‘Na-rich N-C-A-S-H’ and ‘Ca-rich N-C-A-S-H’ gels, respectively, as concluded later. Moreover,
the term of ‘GP-minerals’ is used to express crystalline phases presented finally in hardened GP bodies
except amorphous N-A-S-H and C-A-S-H gels, where C, N, A, and H denote CaO, Na2O, Al2O3, SiO2,
and H2O, respectively.

3.1. Strength and Density of PS-GP Body

As shown in Table 3, the PS-GP using the seawater had a larger liquor/filler ratio (L/F), compared
to the series without mixing the seawater. That is to say, the addition of seawater makes the PS-GP able
to uptake much contaminated water. Just because the PS-GP using the seawater-containing GP-liquor
#0SW had a higher L/F, its flexural strength was smaller than the counterparts of non-seawater mixing
PS-GP. Series 1-1-SCSW, using the GP-liquor #1SW and the PS-ash OTo3, exceptionally shows a higher
flexural strength. The reason is unknown at this moment.

In the case of adding the seawater, the bulk density of PS-GP was not significantly different
from the non-seawater mixing PS-GP at all the age, despite the L/F of the former was larger.
However, the bulk density of the series 0-1-SCSW, using the GP-liquor #0SW and the PS-ash OTo3,
exceptionally had a lower bulk density. Remarkable foaming and more porous features were observed
in 0-1-SCSW specimens, resulting in lower bulk density. Thus, water evaporation easily occurred
through continuous pores, which were confirmed by the floating test of specimen in water vessel. In the
beginning, the specimen floated, but soon after it sank to the bottom of water vessel. Slight foaming,
not to affect the density markedly, was also observed in 1-1-SCSW specimens. It is considered that the
foaming is resulted from metallic aluminum included in the PS-ash, which generates hydrogen gas in
alkaline GP-liquors. Refuse derived fuel (RDF) is used in some incineration plants. Thereby, aluminum
foil appliances, sometimes found in refuse collected from households, may be not completely oxidized
during the incineration process and may evaporate to precipitate into the PS-ash as fine particles.
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Next, some increase of the bulk density with the elapsed time, found in some seawater-mixed
specimens at 24 weeks, should be mentioned. The increase may be firstly caused by damp in rainy
season around the 24 weeks. Not only porous characteristics but also hygroscopic nature of chlorine
may promote moisture absorption. Secondly, the abnormally high increase of 0-3-SCSW may be caused
by the presence of fissures filled with chlorine or chloride which may play an increased role in moisture
absorption. The same reason was thought for 1-1-SCSW at 12 weeks when it was not in rainy season.
Presumably, the fissures formed between 12 and 24 weeks for 0-3-SWSC and between 6 and 12 weeks
for 1-1-SWSC, judging from the sudden increase of the bulk density. The fissures can be kindly referred
to Section 3.4.

3.2. Dissolution Test of Strontium and Cesium

Two calculating examples of dissolution and immobilization ratios at 52 weeks are shown in
Table 4 for the seawater-mixed PS-GP and the non-seawater-mixed PS-GP specimens, respectively.
All the results of dissolution and immobilization ratios of the seawater-mixed PS-GP are summarized in
Table 5, in comparison with those of non-seawater-mixed PS-GP. The SrO component was also detected
in PS-ashes, but it was not taken into account since the SrO amount was less than a few-hundredth
percent orders (see Table 2).

For the seawater-mixed PS-GP, the immobilization ratios of Sr2+ and Cs+ were stable within one
year, regardless of the types of GP-liquor as well as the types of PS-ash used, and the over-scale (O.
S.) was not met, which occurred in some of the non-seawater-mixed PS-GP specimens. However,
at 52 weeks, a slight decrease in the immobilization ratios of Sr2+ and Cs+ were found in the PS-GP,
which used the GP-liquor #0SW. As an overall trend, the PS-GPs, which used the GP-liquor #1SW,
gave good results of the immobilization ratios of Sr2+ and Cs+. In addition, the GP-liquor #1SW has an
advantage of relatively low cost over the GP-liquor #0SW that contains caustic soda.

On the other hand, the immobilization ratios of Sr2+ and Cs+ of non-seawater-mixed PS-GP were
unstable, fluctuating with the elapsed time. This phenomenon was found especially from series 1-3-SC
using PS-ash N45. However, series 1-1-SC using PS-ash OTo3 was an exception and the immobilization
ratios were relatively stable within the experimental age. The sort of PS-ash probably is another
influencing factor of the immobilization ratios.

Table 4. Exemplified data for calculating immobilization ratios of Sr2+ and Cs+ in PS-GP.

Age % Filler 12.5 g Sample Surrogates (mg) ICP, 421 nm ICP, 459 nm

52 Weeks (g) As Nitrate Sr2+ Cs+ Sr2+ (ppb) Cs+ (ppb)

(a) Seawater-mixed PS-GP

Liquor #0SW
0-1-SCSW 57.04 7.13 71.3 29.5 48.6 610 23,410
0-3-SCSW 58.04 7.26 72.6 30.1 49.5 1770 19,900

Liquor #1SW
1-1-SCSW 61.18 7.65 76.5 31.7 52.2 3340 0
1-3-SCSW 63.75 7.97 79.7 33.0 54.4 7840 0

125 g Leaching Solution Dissolution Ratio Immobilization Ratio

Sr2+ (μg) Cs+(μg) Sr2+ (%) Cs+ (%) Sr2+ (%) Cs+ (%)

Liquor #0SW
0-1-SCSW 76.25 2926.25 0.26 6.02 99.74 93.98
0-3-SCSW 221.25 2487.50 0.74 5.02 99.26 94.98

Liquor #1SW
1-1-SCSW 417.50 0 1.32 0 98.68 100
1-3-SCSW 980.00 0 2.97 0 97.03 100
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Table 4. Cont.

Age % Filler 12.5 g Sample Surrogates (mg) ICP, 421 nm ICP, 459 nm

52 Weeks (g) As Nitrate Sr2+ Cs+ Sr2+ (ppb) Cs+ (ppb)

(b) Non-seawater-mixed PS-GP

Liquor #0
0-1-SC 62.93 7.87 78.7 32.6 53.7 510 0
0-3-SC 61.44 7.68 76.8 31.8 52.4 380 0

Liquor #1
1-1-SC 70.41 8.80 88.0 36.4 60.0 4420 26,680
1-3-SC 71.43 8.93 89.3 37.0 60.9 O.S.1 22,060

125 g Leaching Solution Dissolution Ratio Immobilization Ratio

Sr2+ (μg) Cs+ (μg) Sr2+ (%) Sr2+ (μg) Cs+ (μg)

Liquor #0
0-1-SC 63.75 0 0.20 0 99.80 100
0-3-SC 47.50 0 0.15 0 99.85 100

Liquor #1
1-1-SC 552.50 3335.00 1.52 5.56 98.48 94.44
1-3-SC O.S.1 2757.50 O.S.1 4.53 O.S.1 95.47

1 Over-scale (O.S.) took place due to too much concentrations of testing leachate to measure and no more
measurements were conducted by further dilutions. Table 5 is the same.

Table 5. Dissolution test results of PS-GP.

Hardened
Body

Seawater
Mixed

Active
Filler (Key)

Immobilization Ratio (%) for Each Age (Week)

Series GP-Liquor
6 (4 + 2) 12 24 52 (1 Year)

Sr2+ Cs+ Sr2+ Cs+ Sr2+ Cs+ Sr2+ Cs+

(a) PS-GP using seawater mixed GP-liquors

0-1-SCSW # 0SW OTo3 (1) 99.72 96.99 99.59 100 99.70 100 99.74 93.98
0-3-SCSW “ N45 (3) 99.61 93.06 99.72 100 99.41 100 99.26 94.98
1-1-SCSW # 1SW OTo3 (1) 99.30 93.08 97.61 100 98.84 100 98.68 100
1-3-SCSW “ N45 (3) 97.70 95.22 95.34 100 97.30 100 97.03 100

(b) PS-GP using non-seawater-mixed GP-liquors

0-1-SC # 0 OTo3 (1) 99.79 97.24 99.80 O.S. 99.89 97.48 99.80 100
0-3-SC “ N45 (3) 99.83 71.54 99.83 O.S. 99.88 98.30 99.85 100
1-1-SC # 1 OTo3 (1) 98.23 96.58 98.27 90.95 98.59 98.77 98.48 94.44
1-3-SC “ N45 (3) O.S. 71.06 91.73 46.16 O.S. 95.65 O.S. 95.47

However, the most important factor may be the issue that the stability of C-A-S-H and N-A-S-H
gels with progress of material age. As elucidated in literatures [16,17], these two kinds of gels are
far separated in a ternary diagram SiO2-CaO-Al2O3. With progress of material age, these gels come
closer and line up alongside SiO2-CaO line, as also found by Yamaguchi et al. [18]. Since the chemical
compositions of these gels are instable, the fixation of strontium and cesium may become unstable
accordingly. It is strongly estimated that the seawater, most probably chlorine, suppresses the instability
of these gels, thus more stable gels may form at earlier age. More detailed discussion will come up in
Section 3.4 about this issue.

3.3. XRD Results

XRD results are represented in Figure 1 for seawater-mixed and non-seawater-mixed PS-GP at
the age of 52 weeks. Two categories of PS-GP showed the similar patterns in XRD diagram. Firstly,
faujasite formation is peculiar to 0-1-SCSW and 0-1-SC samples as well as presumably in 1-3-SCSW
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and 1-3-SC samples. Although faujasite peak is unclear in the XRD chart of 1-3-SC at 52 weeks, it was
clearly detected at 4 weeks [5]. Therefore, 1-3-SC was instable with elapsed time. Secondly, magnesian
calcite was found in both 0-1-SCSW and 0-1-SC samples. Thirdly, pirssonite formed in 0-3-SCSW as
well as presumably in 0-3-SC.

Remaining quartz, calcite, and talc were still observed in the PS-GP samples, which are constituent
minerals of the raw PS-ashes used in this study, designated as “minerals of primary origin” in our
past paper [5]. A few remained ettringite was observed in 0-1-SCSW sample, which is also one of the
constituent minerals of the raw PS-ash, designated as “minerals of secondary origin” [5].

In our past studies [4,5], we considered that talc and ettringite completely disappeared from the
PS-GPs at four weeks, and carbonate ettringite was produced by the reaction of ettringite and calcite.
However, according to the XRD and SEM-EDS results at 52 weeks, as described later in Section 3.5,
it was found that part of talc did not react completely and still remained in the PS-GPs. Thus, the
formation of carbonate ettringite is implausible. This misunderstanding was caused by overlapping
the main peak positions (≈9◦, 2θ) between talc and carbonate ettringite. Moreover, forsterite seems to
gradually react and will be exhausted with the elapsed time, and its trace was only found in 1-1-SC
sample at 52 weeks.

Crystalline GP-minerals, including thenardite, Na2SO4, and burkeite, Na6(CO3)(SO4)2 previously
called “minerals in PS-ash based geopolymers” [5], were fundamentally identified in different PS-GP
samples, as seen in Figure 1. There was faujasite, (Na2, Ca, Mg)3.5(Al7Si17O48)·32H2O), only in the 0-1
series samples, and its trace may be found in 1–3 series samples. If compared with the XRD charts
of 0-1 series samples, seawater addition seems to promote faujasite formation, as seen in the chart of
0-1-SCSW. On the other hand, pirssonite, Na2Ca(CO3)2·2H2O, presented only in the 0-3 series samples,
especially, it was clearly found in the seawater-mixed PS-GP sample of 0-3-SCSW. As amorphous
minerals, N-A-S-H and C-A-S-H gels were observed as a hump in the range approximately 20–40◦, 2θ,
especially, they were clear in the 0-1 series samples, no matter whether the seawater was mixed or not.

 

Figure 1. XRD diagrams of seawater-mixed and non-seawater-mixed PS-GP at 52 weeks. CC: calcite;
CM: magnesian calcite; Q: quartz; Tc: talc; Fo: forsterite; Fj: faujasite; Bk: burkeite; Tn: thenerdite; Ps:
pirssonite; Et: ettringite; EC: carbonate ettringite; ( ): uncertain.
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3.4. EPMA Analysis of One Year Old Seawater-Mixed PS-GP

3.4.1. Back Scattered Images and Al-Si Distributions

Back scattered electron images of EPMA are shown in Figure 2, together with Al-distribution
maps, which well describe GP matrix textures. Large pores resulted from foaming were able to
observe with the naked eye in 0-1-SCSW specimen, as studied previously without using seawater [4,5],
and small round-shaped voids were also noticed in the back scattered image, which were presumably
resulted from air trapping during GP mixing. 1-3-SCSW sample had no visible big pores generated
by foaming, but there were small round-shaped voids caused by air trapping too. On the other hand,
other samples, 0-3-SCSW and 1-1-SCSW, had crescent lake-like fissures, which are thought to be caused
by delayed foaming after setting. However, the destruction of hardened GP bodies, caused by the
delayed foaming, did not take place.

From the back scattered electron images, it is very easy to recognize matrix formation. Dark
wide areas, looking like sea, are so-called N-A-S-H gels, whereas bright areas, looking like islands,
are C-A-S-H gels. It is noted that N-A-S-H and C-A-S-H gels can be very easily distinguished in
0-3-SCSW and 1-1-SCSW specimens, because in these two specimens remained PS-ash particles are
small in number. Conversely, for 0-1-SCSW and 1-3-SCSW specimens, the discrimination between the
two categories of matrix gel is not so easy, because there are a relatively large quantity of remained
PS-ash particles in these specimens, exhibiting sharp and elongated shapes. More details will be
explained again in Section 3.5.

 
(a) 

Figure 2. Cont.
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(b) 

Figure 2. Back scattered electron images (a), and Al-distribution maps; (b) of PS-GP taken by EPMA.
All the scale bars are 50 mm in length for (b).

The concentration of aluminum included in the matrix gels is generally very low, as indicated
by blue and light blue color codes, corresponding to N-A-S-H and C-A-S-H gels, respectively. There
was a reversal concentration of Al between so-called C-A-S-H gels (island pattern) and so-called
N-A-S-H gels (sea pattern), indicated by Al-color codes. This result was in contradict with the results
of SEM-EDS point analysis, as mentioned in Section 3.5. It is probably due to the influence of highly
Al-bearing relicts of host mineral observed in C-A-S-H gels. The low incorporation tendency of Al2O3

component is consistent with other literature data, that is alkali-free C-A-S-H gels are generated with
Al2O3 in the range of only 6–13 mol %, as plotted in SiO2-CaO-Al2O3 ternary diagram [19]. For the
geopolymers prepared from urban refuse incineration ash slags (U-slags) cured at 80 ◦C, it was found
that the Al2O3 content in GP matrix gels was 10–13 mol % too, when CaO, Al2O3, and SiO2 components
were looked over as main compositions of GP matrix composed of N-C-A-S-H, and were plotted in a
SiO2-CaO-Al2O3 ternary diagram in dry base [18]. Another study [17] shows in the hybrid cement
geopolymers prepared from fly ash and Portland cement mixture cured at 21 ◦C for one year, the Al2O3

content is also very low, falling in the range of 0–18 mol %, mainly 1–10 mol %. More details will be
mentioned in Section 3.5.
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As mentioned above, PS-ash particles decomposed and converted to the GP-minerals other than
N-A-S-H and C-A-S-H gels. Among the GP-minerals, quartz remained intact, as seen in the Si-maps
(Figure 3), in which the quartz particles are indicated by red and white color codes.

(a) (b) 

Figure 3. Selected Si-distribution maps of PS-GP taken by EPMA. (a) Series 0-1-SCSW; (b) Series 1-3-SCSW.

3.4.2. Chlorine Distribution

As shown in Figure 4, chlorine is distributed overall, and its distribution strongly correlates with
that of sodium. In other words, chlorine has a preference to incorporate into N-A-S-H rather than
C-A-S-H gels. This was also confirmed by point analyses using SEM-EDS, as shown in Tables 6 and 7.
These two categories of geopolymer gel constituting the matrices of GP body can also be seen in
the Na-maps as well as the Al-maps, as clearly shown by light and shade patterns of color codes.
The chlorine preference of N-A-S-H may be due to its zeolite-like structure having sodalite cages
as sub-cells which can accommodate much chlorine. According to a study reporting on LCFA (low
calcium fly ash)-based GP, a zeolite-like lattice image taken by a high-resolution electron microscope
(HREM) shows that there are partial precipitates of zeolite A-like crystals with sodalite cages in the
matrix N-A-S-H gel [20]. From this result, it is estimated that N-A-S-H gel may have sodalite cages in
its gel structure.

In present study, chlorine was also found in the fissures generated due to the delayed foaming.
It seems that the presence of chlorine in the fissures was a result of seeping out from the GP matrix.
However, counterpart sodium was scarcely found in the maps. SEM-EDS analysis at certain point
shows a pronounced presence of chlorine up to 70–80 mol % in addition to 7–8 mol % SiO2. More details
are now under investigation and the results will be reported in the near future.

3.4.3. Strontium and Cesium Distribution

As shown in Figure 4, strontium is concentrated at several domains, while cesium is entirely
scattered though there are some domains. From Figures 4 and 5, it is concluded that the presence of
strontium strongly correlates with calcium, while cesium is greatly associated with sodium. Now,
we cannot yet conclude certainly the compatibility of elements or compounds, because the dosages of
strontium and cesium are smaller. Speculations on the basis of these maps and the literatures will be
explained below.
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Figure 4. Element distribution comparison of Na with Sr and Cs as well as Cl, taken by EPMA. All the
scalar bars are 50 μm in length.

Figure 5. Exemplar of Ca and Sr distribution maps taken by EPMA. Picture field is the same as Figure 4,
and all the scalar bars are 50 μm in length.
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Regarding compatible partnership of strontium, the first candidate is calcite. According to the
literatures [21,22], Sr2+ can be incorporated into calcite. Thereby, simultaneous incorporation of Mg2+

would promote the Sr2+ incorporation to compensate the lattice distortion due to the gap of ionic
radii of Ca2+ as expressed (0.131 + 0.072)/2 = 0.10 nm. The ionic radii are Sr2+ (0.131 nm—IX), Mg2+

(0.072 nm—VI) and Ca2+ (0.10 nm—VI), respectively [23,24], in which the Roman numerals indicate
coordination numbers. Therefore, calcite has a high potential to accommodate strontium and other
divalent cations.

The second candidate is calcite-aragonite overgrowth. According to literature [25], strontium
plays an important role in the growth of calcite-aragonite alternate layer triggered by seasonal change
of hot spring water such as temperature, pH and so on. This fact was found in a hot spring in Japan.
Thereby, Sr2+ acts as nucleation agent of metastable formation of aragonite overgrowth on calcite.
Present PS-ash fillers have sufficient Mg-potentials, as found in Table 1.

Based on the above research data, we consider the reason of the stable immobilization of strontium
as follows. The calcite is soluble in acidic solution. However, it might be covered by geopolymer
matrix gels so that its dissolution is hindered. Accordingly, the strontium combined in the calcite
does not easily dissolute even in acidic environment. We identified the calcite by XRD in the PS-GP
specimens, but we have not yet detected the calcite itself as well as the calcite-aragonite overgrowth
from the SEM-EDS maps of all the PS-GP specimens. Maybe this is because the calcite was scarce and
in slanted distribution in the scanned fields of specimens. Otherwise, the calcite was extremely small
in size beyond the resolution power of SEM apparatus.

The third candidate is the C-A-S-H gel that is rich in calcium. Specifically, simultaneous
incorporation of magnesium may be important in the case that calcite compensates lattice distortions.
Magnesium source is talc and forsterite from the PS-ashes. Actually, relatively high content of MgO
has been detected in some C-A-S-H gels, as shown in Tables 6 and 7.

The fourth candidate is so-called ‘plagioclase gels’, presumably comprising faujasite,
(Na2CaMg)3.5(Al7Si17O48)·32H2O, of zeolite family, of which presence is limited solely to 0–1 and
1–3 series samples until one year age, as seen in Figure 1. Therefore, incorporation of strontium into
Ca-rich plagioclase gels themselves and/or faujasite-Ca is plausible for the PS-GP specimens besides
the candidates mentioned above. The details of plagioclase gels can be referred to Section 3.5.

Discrete formation of strontianite, SrCO3, was reported in a literature about metakaolin-based
geopolymer studied by HREM [26]. However, this is not directly applicable to present study,
because present PS-ash fillers have multi-phases rather than single phase filler. Metakaolin only
produces N-A-S-H gels, which have little compatibility to strontium incorporation, as mentioned
above. Accordingly, strontium is obliged to appear as strontianite in metakaolin, combined with
carbon dioxide.

Next, we continue to discuss incorporation of cesium.
About compatible partnership of cesium, the first candidate is N-A-S-H gel, as clearly seen in

0-3-SCSW and 1-1-SCSW specimens without faujasite. Incidentally, incorporation of cesium into matrix
gels was elucidated in metakaolin-based and LCFA-based geopolymers, respectively [7,10]. These
geopolymers, using single sort of active filler, have one kind of matrix gel.

Besides, faujasite-Na would be the third candidate of cesium accommodation. Cs-faujasite
was encountered in XRD identification file, ICDD 01-079-1887, Cs39.36Na40.80Al96Si96O384·H2O164.48,
so that faujasite is versatile to gather monovalent and divalent cations into its structure. Another
versatile mineral to accommodate cesium and strontium is herschelite, which has been renamed
chabazite-Na, (Na2, K2, Ca, Sr, Mg)2[Al2Si4O12]2·12H2O. Chabazite-Na formation has been reported in
studies [27–29]. However, it was not detected at all from our specimens prepared in this study as well
as our previous studies [4,5].
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Table 6. Results of SEM-EDS point-analysis for seawater-mixed PS-GP using NaOH-containing
GP-liquor #0SW at 52 weeks.

Phase Specimen 0-1-SCSW

EDS Screen Point SiO2 TiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O5 SO3 Cl

C-A-S-H 1 S7 25.76 0.61 10.62 0.34 39.81 3.87 16.29 0.17 1.11 0.38 1.06
C-A-S-H S9 38.06 0.34 10.00 0.26 36.61 2.61 9.27 0.85 0.91 0.25 0.83

N-A-S-H 2 S11 55.47 0.17 13.95 0.29 11.62 1.52 11.47 0.62 0.35 0.47 4.09
N-A-S-H S12 56.21 0.22 14.72 0.29 9.32 1.34 12.00 0.76 0.30 0.58 4.27
N-A-S-H S13 54.48 2.16 12.83 0.39 9.53 2.12 12.53 0.65 0.40 0.65 4.27
N-A-S-H S15 52.51 0.28 13.31 0.38 15.53 2.32 10.93 0.58 0.36 0.45 3.34
N-A-S-H S16 51.56 0.16 12.18 0.40 15.14 1.71 12.28 0.58 0.61 0.62 4.74
N-A-S-H S17 52.67 0.38 13.30 0.47 10.51 1.33 14.81 0.63 0.61 0.54 4.75
C-A-S-H S18 31.91 2.40 12.80 0.61 27.41 4.39 14.83 0.31 2.89 0.83 1.61

PL 3 C-A-S-H S19 50.02 0.20 25.21 0.28 3.04 4.10 14.25 0.38 0.59 0.23 1.72
PL C-A-S-H S20 44.42 0.49 27.03 0.26 7.76 3.48 13.22 0.33 1.08 0.31 1.62
PL C-A-S-H S21 47.23 0.17 30.09 0.18 2.02 1.08 16.96 0.28 0.47 0.27 1.25
PL C-A-S-H S22 43.04 1.46 24.79 0.87 16.72 4.26 5.59 0.09 0.66 1.82 0.71

Phase Specimen 0-3-SCSW

EDS Screen Point SiO2 TiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O5 SO3 Cl

N-A-S-H S7 60.13 0.14 7.54 0.25 4.23 2.19 21.77 0.90 0.15 0.27 2.42
N-A-S-H S8 61.42 0.11 8.16 0.21 4.18 2.66 19.03 0.67 0.14 0.38 3.03
N-A-S-H S9 64.49 0.11 7.95 0.15 4.45 1.99 16.12 0.96 0.17 0.46 3.15
N-A-S-H S10 61.75 0.13 7.66 0.34 5.19 2.85 18.34 0.87 0.26 0.22 2.40
C-A-S-H N9 24.07 0.41 4.01 0.12 55.35 5.38 8.85 0.18 0.75 0.43 0.45
C-A-S-H N10 21.06 0.00 3.04 0.25 61.58 3.71 8.96 0.12 0.52 0.40 0.36
C-A-S-H N13 18.72 0.21 3.49 1.08 55.43 11.93 3.55 0.18 3.80 0.88 0.74
C-A-S-H N14 19.59 0.10 2.65 0.09 64.29 3.79 8.26 0.14 0.34 0.35 0.39
C-A-S-H N15 35.46 0.17 5.43 0.64 37.81 13.77 4.60 0.21 0.65 0.33 0.93
N-A-S-H N17 64.04 0.05 7.83 0.36 5.75 2.46 14.76 0.67 0.22 0.31 3.55
N-A-S-H N19 66.32 0.11 8.40 0.24 5.33 3.89 11.44 0.58 0.23 0.39 3.07
N-A-S-H N20 70.21 0.10 8.29 0.28 4.56 3.61 8.63 0.72 0.29 0.27 3.03

1 ,2 Conventionally accepted nomenclatures are used in this table. Actually, they are Na-rich N-C-A-S-H for N-A-S-H
and Ca-rich N-C-A-S-H for C-A-S-H, respectively. 3 Plagioclase gels.

Table 7. Results of SEM-EDS point-analysis for seawater-mixed PS-GP using non-NaOH-containing
GP-liquor #1SW at 52 weeks.

Phase Specimen 1-1-SCSW

EDS Screen Point SiO2 TiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O5 SO3 Cl

N-A-S-H S1 65.33 0.03 6.26 0.12 7.35 2.04 12.62 0.89 0.18 0.35 4.82
N-A-S-H S2 50.17 0.38 4.92 0.41 18.55 4.99 15.36 0.54 0.45 0.51 3.72
N-A-S-H S3 59.35 0.00 5.88 0.46 10.34 2.95 13.26 0.62 0.26 0.49 6.39
C-A-S-H S4 22.28 0.32 5.73 0.81 55.29 10.11 2.66 0.16 1.18 0.65 0.82
C-A-S-H S5 35.14 0.06 4.81 0.40 38.31 10.05 8.57 0.21 0.92 0.67 0.86
C-A-S-H S7 29.58 0.15 5.13 0.49 44.67 13.19 3.80 0.18 0.69 0.77 1.34
C-A-S-H S9 26.15 0.22 5.27 0.12 50.04 9.85 6.17 0.12 0.64 0.77 0.64

Phase Specimen 1-3-SCSW

EDS Screen Point SiO2 TiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O5 SO3 Cl

N-A-S-H 2 S1 56.01 0.61 15.08 0.42 11.34 2.40 9.98 0.56 0.51 1.27 1.81
N-A-S-H S2 61.91 0.09 13.53 0.33 5.27 2.36 12.12 0.30 0.66 1.65 1.78
N-A-S-H S3 60.49 0.16 13.56 0.22 5.63 2.49 12.99 0.37 0.66 1.36 2.09
N-A-S-H S8 61.60 0.11 14.04 0.23 4.33 3.02 12.67 0.27 0.52 1.54 1.65
N-A-S-H S9 61.09 0.04 13.52 0.23 5.20 2.56 13.10 0.41 0.41 1.18 2.25
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Table 7. Cont.

Phase Specimen 1-3-SCSW

EDS Screen Point SiO2 TiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O P2O5 SO3 Cl

PL 3 C-A-S-H 1 S4 58.26 0.22 17.41 0.63 6.64 3.18 8.98 1.87 0.44 1.48 0.89
PL C-A-S-H S7 45.89 0.46 22.98 0.23 17.04 2.83 8.03 0.24 0.77 1.27 0.25
PL C-A-S-H S11 60.37 0.83 17.04 0.27 9.61 3.08 6.58 0.47 0.42 1.06 0.26
PL C-A-S-H S12 48.41 0.37 20.42 3.15 14.30 3.42 7.86 0.39 0.64 0.66 0.36
PL C-A-S-H S13 56.32 2.85 18.79 0.27 4.60 3.45 11.30 0.58 0.43 0.78 0.62
PL C-A-S-H N1 38.39 1.09 23.80 0.47 22.08 5.15 6.37 0.15 1.07 1.12 0.33
PL C-A-S-H N2 46.66 0.29 30.87 0.26 2.99 1.86 14.05 0.37 0.49 1.54 0.63

C-A-S-H N3 30.11 1.26 16.98 0.42 42.38 4.61 0.93 0.02 1.34 1.14 0.80
C-A-S-H N4 28.57 1.47 14.48 0.27 50.18 3.94 0.66 0 0.15 0.18 0.08
N-A-S-H N7 52.79 0.08 12.15 0.25 11.84 2.76 15.37 0.25 0.63 1.66 2.23
N-A-S-H N9 64.04 0.19 13.39 0.14 3.88 1.43 12.93 0.40 0.22 1.13 2.25
N-A-S-H N10 57.02 0.11 12.53 0.26 7.46 2.14 15.76 0.36 0.38 1.67 2.31
N-A-S-H N11 59.17 0.18 13.16 0.30 5.91 2.15 13.96 0.32 0.59 1.97 2.30

1 ,2,3 are the same as Table 6.

3.5. SEM-EDS Analysis

3.5.1. N-A-S-H and C-A-S-H Issue

All the analytical data of components of N-A-S-H and C-A-S-H gels are summarized in Tables 6
and 7. Figures 6 and 7 show a ternary diagram of SiO2-(CaO + Na2O)-Al2O3 and Al2O3-CaO-Na2O,
respectively, by molar ratio. As exemplified in Figure 2 that was the results of EPMA, N-A-S-H and
C-A-S-H gels can be seen in sea and island patterns. Exemplified SEM images under high magnification
power are shown in Figure 8, in which the sea and island patters appear more vividly, and sponge-like
texture of C-A-S-H gel, a proof of topotactic precipitation, is also clearly observed.

It is thought that N-A-S-H gels precipitated in the GP-liquors by way of so-called “through
solution process”, while C-A-S-H gels were formed by way of so-called ‘topotactic process’
precipitating on the surfaces of active filler particles. It is likely that most of the constituent minerals of
the PS-ashes except quartz turned into N-A-S-H and C-A-S-H gels in the 0-3-SCSW and 1-1-SCSW.
To the contrary, in the 0-1-SCSW and 1-3-SCSW, a considerable number of PS-ash particles remained
even in the one-year-old specimens, maintaining original elongated shapes in back scattered electron
images of EPMA. On the other hand, in the SEM images, the sea and island texture patterns can be
well clarified. In addition, it should be stressed that the grains exhibited bright in color that is white
to light gray so as to look like C-A-S-H gels at a glance on the display screen. However, some of
them actually possessed Al-rich N-A-S-H gel-like compositions. This kind of gel is temporarily called
‘plagioclase gels’ here, noted as PL in Table 7, and surrounded with a dotted oval circles in Figures 6
and 7. The plagioclase gels appear generally in elongated shape, which may be pseudomorphs after
the PS-ash minerals connect most probably with faujasite formation, specifically anorthite included
in the PS-ashes [4,5]. However, they do not always appear in elongated shape, but sometimes in
round shape.

Moreover, according to the Al2O3-CaO-Na2O diagram of Figure 7, and the XRD results of Figure 1
where faujasite peaks are clear for 0-1-SCSW but are slight for 1-3-SCSW, some of the plagioclase
gels maybe converted to crystalline faujasite in form of solid solution consisting of faujasite-Ca and
faujasite-Na end-members. There may be some participation of faujasite-Mg, but MgO-component is
omitted from the ternary diagrams.

From the SiO2-(CaO + Na2O)-Al2O3 diagram shown in Figure 6, alignments alongside CN-Ab
join can be seen for the plots of series 0-3-SCSW (red marks) and series 1-1-SCSW (blue marks), where
CN denotes CaO + Na2O. However, the alignments are somewhat different between 0-1-SCSW (black
marks) and 1-3-SCSW (purple marks). Specifically, compositional ratios of their C-A-S-H draw out
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largely from the CN-Ab join, probably due to the formation of plagioclase gels. The plagioclase gels
were only found in 0-1-SCSW and 1-3-SCSW specimens, both of which had faujasite. Hence, part of
the plagioclase gels would be crystalline faujasite.

Figure 6. Ternary diagram of so-called N-A-S-H and C-A-S-H matrix gels in terms of SiO2-(CaO +

Na2O)-Al2O3. : 0-1-SCSW, in black. : 0-3-SCSW, in red. : 1-1-SCSW, in blue.
: 1-3-SCSW, in purple. �: Yamaguchi et al., 2013. �-�: Yip et al., 2005. : Iwahiro et al., 2002.

Unfilled marks except triangles are for Na-rich N-C-A-S-H. Filled Marks are for Ca-rich N-C-A-S-H.
Unfilled triangles are for plagioclase gels. Cross marks in red indicate positions of Ab: albite; An:
anorthite; Ne: nepheline; Ds: davidsmithite; Fj: faujasite; and Cz: chabazite, respectively. Solid blue
line: main track of trend line (CN-Ab). Dotted blue line: sub-track of trend line. Red lines: frontiers
of plots. Black broken line: estimated boundary between Na-rich N-C-A-S-H (N-A-S-H) and Ca-rich
N-C-A-S-H (C-A-S-H).

Figure 7. Ternary diagram of so-called N-A-S-H and C-A-S-H matrix gels in terms of Al2O3-CaO-Na2O.
The solid oval circle indicates nearly pure C-A-S-H gels. Other notations are the same as Figure 6.
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(a) (b) 

Figure 8. Fine SEM images for showing N-A-S-H and C-A-S-H gels in dark and bright contrast. The
numbers of analyzed points correspond with Tables 6 and 7. (a) Series 0-3-SCSW; (b) Series 1-1-SCSW.

The Al2O3-CaO-Na2O diagram (refer to Figure 7) is explained here. This diagram was prepared to
separate the CN into two components that are CaO and Na2O, respectively. The plots are concentrated
alongside C-Ab join, where C denotes apical CaO. However, large deviations from the C-Ab join were
recognized for N-A-S-H gels of 1-1-SCSW (blue marks) and 0-3-SCSW (red marks), of which N-A-S-H
gels were plotted toward Na-rich region. The plots of 0-3-SWSC may make a trend line alongside
N-Ds join, where N denotes Na2O and Ds is davidsmithite, (Ca, �)2Na6Al8Si8O32, where the box is
vacancy. On the other hand, it is noted that C-A-S-H gels of 1-3-SCSW (purple marks) contain very
small amounts of N-components so that they can be regarded as nearly genuine C-A-S-H gels.

Lastly, ‘plagioclase gels’ are discussed. Their characteristics were explained in Section 3.4.3 as well
as in the middle of this subsection. The plots of these gels locate in the vicinity of Ab-An join. Otherwise,
that is also equivalent to (Fj-Na)-(Fj-Ca) join and (Cz-Na)-(Cz-Ca) join in the Al2O3-CaO-Na2O diagram.
The trend is somewhat upward and downward against the exact Ab-An join. Presumably, some of
these gels partially converted to crystalline faujasite as mentioned, especially in case of 0-1-SCSW.

3.5.2. Literature Data for Supplement

When using metakaolin (MK) and Na-silicate GP-liquors to prepare GP, it is quite naturally
considered that N-A-S-H gels form as binding matrices in geopolymer. Low calcium fly ash (LCFA) is
the same. On the other hand, geopolymer prepared from ground granulated blast-furnace slag (GGBS
or GGBFS), generally together with LCFA corresponding to ASTM class F, may generate C-A-S-H
gels other than N-A-S-H gels. However, the difference between these two extreme gels has been
not yet well understood whether solid solutions such as plagioclase exist in the two extreme gels or
not. However, there have been so many studies on N-A-S-H and C-A-S-H gels as seen in literatures
(e.g., [6,7,18–20,26–33]).

On the other hand, according to Yamaguchi et al. [18], urban waste incineration ash slag (U-slags)
has a wide range of compositions, depending on incineration plants. Their compositions are plotted
alongside the first hydraulic line in the SiO2-CaO-Al2O3 ternary diagram. They prepared monolithic
geopolymer materials by using the U-slag powder activated with Na-silicate GP-liquor corresponding
to the GP-liquor #0 used in present study and curing at 80 ◦C. They also made point-analyses of matrix
compositions by SEM-EDS, using polished specimens. Their results provided useful information on
the N-A-S-H and C-A-S-H issue. Thus, we rearranged their data in this study and the results obtained
are also shown in Figures 6 and 7.

The principal components of SiO2, CaO, Al2O3, and Na2O were considered here. These oxide
components account for 85~95% of the total compositions. The 10 points based on 10 analytical data

75



Materials 2018, 11, 1521

from 5 different specimens are plotted in Figures 6 and 7, together with the data of this study. The data
in the literature [18] strongly indicate that the N-A-S-H gels comprise the CaO-component in which
the plots run from the apical CN point toward Ab point. In other words, the N-A-S-H gel of Ab
composition in dry base changes to be N-C-A-S-H gel as a result of CaO incorporation. Furthermore,
this terminal Ab point was actually confirmed, when possessing N/A molar ratio 1.0 in the attached
Al2O3-CaO-Na2O diagram, in which extending trend line from apical CN point to Ab point is clearly
noted for reflecting the substitution of Na with Ca. However, independent presence of C-A-S-H
gels was not encountered at all in their SEM images (unpublished). Since only U-slag was used as
single-phase active filler in the preparation of monolithic geopolymer materials, it is quite natural
to consider that only one kind of matrix gel was yielded. Otherwise, it is probable that C-A-S-H
components were incorporated into N-A-S-H gels due to high temperature curing at 80 ◦C.

In addition, genuine N-A-S-H gels synthesized from fluidal reagents are not composed of albite
composition but composed of nepheline-rich compositions, as plotted along nepheline (Ne)-albite (Ab)
join [30]. The data in the literature were picked up for the gels synthesized only under the alkaline
conditions over pH 12. When plotted along the kalsilite–orthoclase join, the same tendency was able to
find for the K-analog of K-A-S-H [31]. Accordingly, there is a discrepancy between genuine synthetic
gels and in-situ matrix gels presumably due to the difference in kinetics of solution and suspension of
source materials. Incidentally, albite was detected as main phase in GGBS-LCFA based geopolymer
pastes heated at 1150 ◦C [32] so that the matrices have a high albite potential in their compositions in
this case.

Other literature data obtained from MK-GGBFS based geopolymer matrices cured at 40 ◦C [33] are
recalculated into oxide components and also plotted in Figures 6 and 7, in which original oxygen data
were neglected, since energy dispersive spectroscopy (EDS) is incompetent for quantitative analysis of
oxygen [34]. Copresence of the two discrete gels, designated as phase A and phase B in the literature,
would be described as follows: Phase A is Na-rich composition, N20.04-C3.01-A14.81-S62.14-(H) as dry
base that may be MK-origin, and Phase B is Ca-rich, N11.33-C33.66-A6.16-S48.85-(H) as dry base that may
be GGBFS-origin. Accordingly, they are plotted separately from each other.

Therefore, conventionally named N-A-S-H and C-A-S-H gels should be called Na-rich N-C-A-S-H
and Ca-rich N-C-A-S-H gels. The formation areas of N-A-S-H gels encompass a-c-g-e and p-r-u-s
trapezoids, and those of C-A-S-H gels are a-d-k and p-r-z triangles in the SiO2-(CaO + Na2O)-Al2O3

and the Al2O3-CaO-Na2O ternary diagrams in Figures 6 and 7, respectively. It is noted that, when
viewing from the apical CN point, no N-A-S-H gels were found beyond Ab-An join. The boundary
between the two extreme gel phases is estimated to be S55CN45-CN45A55 line and A50C50-C50N50 line,
when GP is cured at low temperature up to 40 ◦C. However, at high temperature probably high above
40 ◦C, both gels would be incorporated to yield a single-phase gel.

Although similar results as in Figure 6 were also obtained for N-A-S-H and C-A-S-H gels of one
year old hybrid cement body, as shown in the literature [17], the big difference from the present study
is whether to consider the Na2O component or not. In their study, geopolymers of the hybrid cement
aged four weeks showed separate distribution between N-A-S-H and C-A-S-H gels and eventually
they lined up after one year and the distribution gap between them disappeared, which is very similar
to the results described in [18]. This is an issue of non-equilibrium and equilibrium or unstable and
stable argument of the two extreme gels with the elapsed time. Our results on PS-GP showed a small
gap between N-A-S-H and C-A-S-H gels for one year old samples and were different from the results
of the one year old hybrid cement body which showed no gap. Further investigation is required to
solve this problem.

4. Conclusions

In this study, a novel technology was developed for treating hazardous water contaminated with
radionuclides by geopolymer technique. The geopolymers (GP) were prepared by two kinds of PS-ash
as active fillers and two kinds of alkaline activator called GP-liquor adding seawater. Non-radioactive
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Sr-nitride and Cs-nitride were added as surrogates as much as 1% by mass, respectively, of the PS-ashes.
All the geopolymers were cured in the ambient air. The immobilization ratios of strontium and cesium
were measured at several ages up to one year, and immobilization mechanism as well as PS-ash based
geopolymer’s compositions and textures were investigated in detail. The main results obtained are
summarized as follows:

When using the GP liquors without seawater, immobilization ratios of strontium and cesium were
unstable, fluctuating with material age. However, when the seawater was mixed into the GP-liquors,
this deficiency was extremely improved. Specifically, the inexpensive GP-liquor #1, which did not
contain caustic soda, effectively stabilized the immobilization ratios, compared to the GP-liquor #0
with NaOH.

When mixing seawater into the GP-liquors, the liquor/filler ratio (L/F) of PS-ash based
geopolymer (PS-GP) could be set larger, compared to the PS-GP without seawater-mixing. Higher
L/F, however, yielded a lower strength of PS-GP. Since the PS-ashes contain free metallic aluminum,
hydrogen was generated during the solidification of PS-GP. Delayed foaming after setting was observed
in some PS-GP.

Strontium distribution is closely related to calcium, whereas cesium is widespread. Strontium may
be accommodated into a calcite, calcite-aragonite complex, Ca-rich N-C-A-S-H gels, conventionally
so-called C-A-S-H, and plagioclase gels—faujasite-Ca complex. Magnesium, originated from talc and
forsterite, may promote the incorporation of strontium with these minerals. On the other hand, cesium
may be incorporated into Na-rich N-C-A-S-H gels, conventionally so-called N-A-S-H, and plagioclase
gels—faujasite-Na complex.

Based on the SEM-EDS analysis, generally so-called N-A-S-H and C-A-S-H gels should be called
Na-rich N-C-A-S-H and Ca-rich N-C-A-S-H gels, respectively. When plotted, the analytical data in the
ternary diagrams of SiO2-(CaO + Na2O)-Al2O3 and Al2O3-CaO-Na2O, most of the two gels concentrate
alongside the CN-Ab join, which can be regarded as trunk trend line. However, some deviations from
this line are noted for geopolymer specimens possessing “plagioclase gels”, which comprise crystalline
faujasite to yield plagioclase gels-faujasite complex. The faujasite is formed at ambient temperature,
and its most probable source mineral is anorthite.

5. Patents

The authors have already applied for a patent in Japan for the technology described in this paper
for stabilizing of immobilization of strontium and cesium in PS-GP.
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Abstract: This paper presents preliminary criticality safety assessments performed by the Paul
Scherrer Institute (PSI) in cooperation with the Swiss National Cooperative for the Disposal of
Radioactive Waste (Nagra) for spent nuclear fuel disposal canisters loaded with Swiss Pressurized
Water Reactor (PWR) UO2 spent fuel assemblies. The burnup credit application is examined with
respect to both existing concepts: taking into account actinides only and taking into account actinides
plus fission products. The criticality safety calculations are integrated with uncertainty quantifications
that are as detailed as possible, accounting for the uncertainties in the nuclear data used, fuel assembly
and disposal canister design parameters and operating conditions, as well as the radiation-induced
changes in the fuel assembly geometry. Furthermore, the most penalising axial and radial burnup
profiles and the most reactive fuel loading configuration for the canisters were taken into account
accordingly. The results of the study are presented with the help of loading curves showing what
minimum average fuel assembly burnup is required for the given initial fuel enrichment of fresh
fuel assemblies to ensure that the effective neutron multiplication factor, ke f f , of the canister would
comply with the imposed criticality safety criterion.

Keywords: spent nuclear fuel; geological repository; criticality safety; burnup credit; loading curves

1. Introduction

The Swiss National Cooperative for the Disposal of Radioactive Waste (Nagra) plans to submit a
general licence application for a deep geological repository for the disposal of spent fuel and high-level
waste (HLW repository) and for low- and intermediate-level waste (L/ILW repository) by 2024. One of
the requirements for the design of the HLW repository is the safety of the installations (encapsulation
facility and repository) from the point of view of a possible criticality excursion over a 1,000,000-year
lifetime. Were it to occur, criticality would affect the properties of the engineered barrier system,
namely the canister, and the backfill material and the near-field of the host rock.

For the above reasons, the criticality safety issue for the disposal of spent fuel canisters was
preliminarily investigated by Nagra already in 2002 in the context of the safety assessment of a
repository for spent fuel and high-level waste in the Opalinus Clay [1]. The results of that study were
not considered sufficiently developed for the detailed design of canisters and for a systematic and
comprehensive application of burnup credit (BUC) to all Swiss spent nuclear fuel (SNF) assemblies.
However, the project came to the important conclusion that a combination of burnup credit and canister
design modifications could ensure subcriticality in all cases. Furthermore, the application of BUC was
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identified as necessary only for the case of PWR SNF but not for the case of Boiling Water Reactor
(BWR) [2]. In fact, such findings were basically in line with the studies performed in the USA in relation
to the Yucca Mountain deep geologic repository project, as can be seen in Reference [3]. Therefore,
a detailed criticality safety analysis for BWR fuel was not considered in the follow-up PSI/Nagra
collaboration; however, internal Nagra activities were carried out to demonstrate compliance with the
subcriticality criteria without the application of a burnup-credit approach, namely by considering ideal
fresh (un-irradiated) fuel, and without any credit from burnable neutron poisons (e.g., gadolinium).
Also, the case of a degraded canister/fuel configuration was outside the scope of the project phase
described in this paper. This is a certain limitation of the preliminary results presented here since the
effects on the criticality evaluations of such medium to very long-term processes as materials corrosion,
alteration and dissolution of the fuel matrix [4], as well as canister deformation or even potential
geochemical separation of Plutonium [5] have not been yet considered. Such studies are thus planned
for investigations in subsequent phases of the PSI/Nagra collaboration.

At the present stage, a dedicated calculation methodology for criticality safety evaluations (CSE)
related to interim dry storage and long-term waste disposal is under development at PSI. The CSE+BUC
assessments require two coupled calculations: first, fuel depletion and decay calculations to obtain
the isotopic compositions of the fuel after the discharge and cooling period and then, criticality
calculations using these compositions, for different initial enrichments and final burnups in order
to create loading curves. All the relevant details of the calculation methodology applied and of
the studies performed are reported below. The numerous validation studies that supported the
described methodology development and qualification are not presented here in detail as they have
been the subject of many previous publications. In particular, the validation studies for the fuel
depletion calculations with the stand-alone CASMO code [6,7] and with the CASMO/SIMULATE
codes using PSI proprietary post-irradiation examination (PIE) data [8], for the reactor core-follow
simulations with the CASMO/SIMULATE codes using the in-core reactor measurements [9] and for the
criticality calculations with the Monte Carlo N-Particle® MCNP® or MCNPX Software (The registered
trademarks are owned by Triad National Security, LLC, manager and operator of Los Alamos National
Laboratory (see https://mcnp.lanl.gov/; assessed on 29 January 2019).) using criticality benchmark
experiments [10,11] should be mentioned as examples.

The paper is structured as follows. Section 2 presents the approach used for defining the bounding
SNF case, including the description of the employed tools and models, as well as the criticality safety
criterion selected for the bounding case assessments. Section 3 presents and discusses the results
obtained for the bounding SNF case definition. Section 4 describes the methodology applied for
the loading curve derivation. The integration of the most penalising burnup profiles and random
uncertainty components in the CSE+BUC are demonstrated in Section 5. The loading curves for the
disposal canisters are finally derived in Section 6. These loading curves are preliminary, since there is
still room for improvement, in particular, in relation to the treatment of uncertainties, as discussed later.
Furthermore, the effect of degraded canister/fuel configurations on criticality has to be considered
in future work for the development of the final loading curves. However, at the same time, these
preliminary loading curves can be used to guide future advanced studies and to serve for verification
of the updated results. Sections 7 and 8 provide a discussion of the results and the conclusions on the
work performed, respectively.

2. Definition of the Bounding SNF Case for Loading in Disposal Canisters

For the specific case in hand in this paper, namely the application of burnup credit to the long-term
disposal of PWR spent nuclear fuel, this work was focused on the simulation of the Nagra conceptual
canister model [12] loaded with the fuel assemblies (FAs) corresponding to the Gösgen nuclear power
plant (KKG) fuel designs. To be on a conservative side, optimum moderation conditions must be
assumed in criticality safety assessments. The determination of the most reactive moderation was done
in the previous preliminary assessments [1] for canisters loaded with PWR/BWR UO2 or UO2/MOX
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(5% Pu-fiss) fuels when ke f f was calculated as a function of the water density. It was found in those
studies that the maximum water density corresponds to the highest ke f f values. Thus, in the given
work, the loaded canister is also assumed to be flooded with water entering through a postulated
breach, as is the case for the Swedish design and related criticality assessment [13]. Additional
verification of the optimal moderation conditions will be performed at future stages of the work when
the canister design will have been fixed.

The determination of final loading curves for SNF to be loaded in disposal canisters was preceded
by a preliminary study, namely the evaluation of the bounding fuel type and/or conservative
conditions, which are discussed in the given chapter. The CSEs were realised for PWR FAs
using realistic irradiation conditions for different enrichments, burnup levels, FA designs and fuel
compositions. Note that the KKG nuclear power plant (NPP) has used the highest possible enrichment
of fuel as compared with two other Swiss PWR reactors Beznau 1 and 2 (KKB1 and KKB2).

2.1. Calculation Tools

For the depletion phase, the two-dimensional (2-D) fuel assembly depletion code CASMO5 [14]
was employed with feedback from the three-dimensional (3-D) reactor code SIMULATE-3 [15] using
the in-house BOHR tool [8,16], as illustrated later in Section 2.3.

Between the depletion calculations and the criticality calculations, a decay phase is introduced
for the study of the long-term evolution of the fuel composition. The decay module of the code
SERPENT2 [17] has been selected as the most preferable based on the analysis of the available
options [18].

For the criticality calculation case, the MCNP6 code [19] has been employed as the most validated
among the Monte Carlo codes available at PSI.

2.2. Development of Models

The disposal canister is basically a carbon steel cylinder, is almost 5 metres long and is designed
to fit 4 PWR FAs in 4 separate inserted and welded carbon steel boxes (see Figure 1). The preliminary
dimensions selected for the present analysis were Rin = 41 cm, Rout = 55 cm, box centre-centre (C-C)
separation = 17.9 cm, A ≈ 21.5 cm (side of the FA top head) and B ≈ 23.5 cm (inner side of the FA box).
The analysis performed refers entirely to this disposal canister concept.

Figure 1. A sketch of the carbon steel disposal canister.

No uncertainties related to the underlying nuclear data, depletion calculations and corresponding
fuel compositions are considered at this stage, but they will be included later to develop the fuel
loading curves. Three types of fuel assemblies were considered for the analysis:
1. UO2 4.94 w/o U-235
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The UO2 assembly is formed by a 15 × 15 array of fuel pins (with 20 guide tubes) which contain
fuel homogeneously enriched at 4.94 weight percent (w/o) of U-235 and operated up to 5 cycles,
reaching discharge burnups of 17.61, 33.82, 50.47, 61.92 and 72.75 GWd/tHM.

2. Mixed Oxide Fuel (MOX) 4.80 w/o Pufiss

The MOX fuel assembly contains a distribution of three slightly different enrichments inside the
assembly, with the central rod empty, i.e., flooded with water. The content of 239Pu and 241Pu fissile
isotopes in the plutonium fuel fraction is approximately 64%. The chosen assembly was operated to
burnups of 18.10, 34.78, 44.96 and 51.72 GWd/tHM.

3. Enriched Reprocessed Uranium (ERU), 4.599 w/o U-235 Equivalent

The ERU fuel assembly is similar in structure to the UO2 fuel assembly and was operated to
burnups of 17.27, 34.58, 50.10, 56.04 and 61.72 GWd/tHM.

The following different loading configurations of the canister were considered for the bounding
case analysis:

• 4 similar UO2 FAs
• mixed burnup UO2 fuel (3 FAs with the same burnup + 1 FA with lower burnup)
• 4 similar ERU FAs
• 4 similar MOX FAs
• 1 MOX FA and 3 similar UO2 FAs
• 3 similar UO2 FAs and an empty position

Configurations with more than 1 MOX FA loaded in a canister are not considered feasible, as their
contributions to the total heat load is too high according to the repository constraints based on the
Nagra safety assessment. In fact, a heat load of 1.5 KW is considered the maximum for the disposal
canister to ensure the functionality of the engineered barrier system (canister-bentonite-Opalinus
Clay). The mixed loading of one MOX with 3 UO2 is, however, considered possible for the Nagra
conceptual design.

The calculational model is bounded by a 35 cm layer of bentonite clay, saturated with water.
Vacuum boundary conditions are employed at the outer surface of the bentonite clay. However, the
impact of the bentonite on the system ke f f is negligible for a flooded canister. Other conservative
assumptions applied to the model are low material temperature and the presence of water without
diluted minerals (these assumptions lead to better neutron moderation and less neutron absorption,
both leading to an increasing ke f f value).

The study was performed with representative assemblies, selected arbitrarily from each assembly
batch considered among the assemblies reaching the highest burnups at the End of Life. The irradiation
history was reconstructed using real plant operating data, as was described above, with the help of the
BOHR tool. Therefore, the best estimate axial burnup profiles were utilised for the bounding fuel case
analysis. In this sense, the bounding assessments performed, described in the next section, are based
on the best estimate modelling of the fuel operating history.

Figure 2 shows the MCNP model describing the canister (not in full detail as compared with Figure
6 given later; the model’s outer boundaries are cut as they are not significant for presentation) and the
fuel assemblies with the discrete axial spent fuel specifications (see further details in Section 4.2.1).
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Figure 2. The axial (left) and radial (right) views of the canister MCNP model loaded with fresh
UO2 fuel.

2.3. The Calculation Route

The computational scheme developed and implemented at PSI [16] is based on the suite of
reference CASMO5/SIMULATE-3 core models, continuously developed and validated for all Swiss
reactors and all operated cycles within the PSI Core Management System (CMSYS) platform [20]. These
core models are based on the real reactor operating histories. The core nodal-wise thermal-hydraulic
conditions are calculated with the SIMULATE-3 code using the plant-provided boundary conditions
on the inlet coolant temperature and core exit coolant pressure during the reactor cycle.

A principal limitation of the SIMULATE-3 code is that it is not suited for providing detailed
spent fuel composition (SFC), which is required for the criticality calculations, because such data are
not needed for the two-group nodal diffusion approximation employed in SIMULATE-3 for full core
neutron transport calculations. The detailed fuel isotopic composition is actually required at the stage
of preparation of the neutron cross section libraries with the CASMO5 code, which involves a higher
order method of characteristics for the neutron transport solution at the spatial level of the FA axial
slice. To overcome the limitations of the presently used CASMO5/SIMULATE-3 system of codes with
respect to the BUC application calculation needs for which this system of codes was not designed, a
specific calculation scheme was developed called BOHR (which stands for “Bundle Operating History
Reconstruction”). BOHR can provide CASMO5 with the realistic operating history conditions, which
can be retrieved from SIMULATE-3 full core calculations, to rerun CASMO5 depletion calculations and
obtain the pin-by-pin detailed burnt fuel isotopic composition for an axial slice of the fuel assembly.
Thus, CASMO5 depletion calculations are performed up to the “discharge burnup” for each particular
axial FA slice, with the actual operating history which is known from the SIMULATE-3 core-follow
calculations (when conservative axial burnup profiles are applied, the burnup does not correspond to
realistic discharged burnup but is defined based on the conservative assumptions, as explained later in
Section 4.2.1). Thus, the power history in the CASMO calculations following BOHR procedures (third
step in Figure 3) is exactly the same as was used in the original SIMULATE calculations, i.e., detailed
(e.g., daily-wise) power history provided by the plant operator.

In the next step, the burnt compositions are translated into the input file of SERPENT2 to compute
the change in the isotopic concentrations during different decay periods. In other words, the fuel
depletion is simulated in the given approach with the CASMO code, while discharged spent fuel decay
is done with SERPENT (recall Section 2.1). The coupling between the basic MCNP canister model
and the CASMO5/SERPENT results is performed with the help of the COMPLINK tool [21], which
imports detailed SNF compositions for every assembly to define a complete canister loading.
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The MCNP model of the canister loaded with burnt fuel assemblies is then used to compute the
ke f f of the system at different time steps during the decay, aiming to assess if the system remains
subcritical in the postulated case of a flooded canister. In order to ensure criticality safety, the calculated
ke f f must be assessed with the Nuclear Criticality Safety (NCS) Criterion. Figure 3 provides an
illustration of the scheme and related processes described in the following subsections. Here, the
symbols Tf, Tc, rc, CB and P mean respectively the fuel temperature, the coolant temperature, the coolant
density, the soluble boron concentration in the coolant and the coolant pressure in the computation
node (i,j,k) (the axial slice of a fuel assembly in the SIMULATE-3 full core 3-D model) in the x,y,z system
of coordinates at time t.

Figure 3. The computational scheme for the burnup credit in a disposal application.

2.3.1. Retrieval of the Nodal History

The sequence of calculations begins with the generation of the data library using CASMO5 2D
lattice calculations. The nuclear data library employed in this step was based on the ENDF/B-VII.0
library [22]. The spacers are smeared along the full axial length of the FA, which complies with the
SIMULATE-3 model requirements. Every FA type is computed, and the initial isotopic composition is
taken from the final state of the previous cycle.

The reactor cycle operation is computed with SIMULATE-3. From these results, the values for the
state parameters are retrieved for every FA and axial elevation at different cycle instants. The explicit
spacer model for the neutronics solution is activated in SIMULATE-3.

The BOHR tool is employed for the extraction of the required values from SIMULATE-3, which
provides the values for the nodal power, the fuel temperature, the coolant temperature and density
and the boron concentration for every axial and radial location in the nodal calculation. The presence
of inserted control rods during the operation is also taken into account.

2.3.2. Lattice Calculations for Discharge Composition Estimation

In order to extract and make use of the composition for every fuel pin at the discharge burnups
and for every axial FA slice, new 2-D lattice calculations are performed with CASMO5. During every
time interval, the actual irradiation history (fuel and coolant temperatures and densities, positions
of control rods, etc.) is employed based on the core cycle depletion/operation calculations with
SIMULATE-3. The nuclear data library used at this stage was upgraded to ENDF/B-VII.1 (The new
release of the nuclear data library for CASMO5 became available at the time of the study and was
therefore employed for the new calculations; however, the original CASMO5/SIMULATE-3 models
described in the previous section were based on the older ENDF/B-VII.0 version. Nevertheless, this
inconsistency should not be of any practical significance for the present analysis.) [23].
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The spacer mass is, again, smeared along the whole axial length, introducing an approximation
to realistic conditions. The additional approximations are that the irradiation-induced changes of
the FA structures and the materials are currently not taken into account. More importantly, it must
also be underlined that the CASMO5 reconstructed depletion calculations are performed using single
assembly reflected models, i.e., without accounting for a realistic leakage term representative of the
3-D environment under which the assembly was irradiated. The impact of this approximation and
the ways to improve it still need to be analysed. It should be noticed, however, that the effects of the
intra-fuel assembly pin-by-pin horizontal burnup distributions are taken into account later at the stage
of the full-scale MCNP criticality calculations for the loaded canister, as presented in Sections 4.2.2
and 5.2. It is foreseen that the application of the newer Studsvik codes SIMULATE5 and SNF may
allow for the improvement of the presently developed BUCSS-R methodology (see later Section 7.1).

2.3.3. Decay Calculations after Discharge

From the detailed burnup results, the compositions obtained are decayed over a one-million-year
period using the Transmutation Trajectory Analysis algorithm programmed in the burnup module of
the code SERPENT2 [17]. The decay data from ENDF/B-VII.1 were employed. The concentrations
were computed at the following times: 0, 1, 2, 5, 10, 20, 40, 60, 80, 100, 120, 150, 200, 300, 500, 1000,
2000, 5000, 8000, 10,000, 15,000, 20,000, 25,000, 30,000, 40,000, 45,000, 50,000, 100,000, 500,000 and
1,000,000 years. The fuel pin compositions in the FA decay individually at every axial elevation.

2.3.4. Criticality Calculations for the Disposal Canister

Each particular MCNP model, which includes the SFC for every discharge burnup at the end
of each fuel operation cycle and for each decay period, is generated starting from a base input file
with the canister model loaded with FAs of equal uniform composition corresponding to fresh fuel
(illustrated in Figure 2). The tool COMPLINK is used for this purpose. The SFC is provided at the
pin-by-pin and axial node-wise level, as further explained in Section 4.2.1.

Only the isotopes usually accounted for in burnup credit calculations are included in the fuel
composition. Two sets of isotopes are considered following the specifications given in Reference [24],
customarily termed the actinides only (AC) and the actinides plus fission products (AC+FP) groups.
The AC group includes U-233, U-234, U-235, U-236, U-238, Pu-238, Pu-239, Pu-240, Pu-241, Pu-242,
Am-241, Cm-242, Cm-243, Cm-244, Cm-245 and Cm-246, and the AC+FP group includes in addition
to the isotopes in the AC group Np-237, Am-242m, Am-243, Mo-95, Tc-99, Ru-101, Rh-103, Ag-109,
Cs-133, Nd-143, Nd-145, Sm-147, Sm-149, Sm-150, Sm-151, Sm-152, Eu-151, Eu-153 and Gd-155. Note
that compared with the list of isotopes considered in Reference [24], here, the curium isotopes are also
taken into account.

The nuclear data from ENDF/B-VII.1 coming with the MCNP6 software distribution have been
used in the calculations. The canister and fuel geometry are considered to be constant over time, which
is a common approach in this type of preliminary criticality safety assessments [13]. The material
temperature is 293.16 K everywhere, and corresponding densities and dimensions are employed.

The MCNP criticality calculations for most of the analysed cases were performed with 80
inactive cycles and 60 active cycles. The number of inactive cycles was chosen following the MCNP
recommendation based on the Shannon entropy estimation of the fission distribution [25] for the
AC+FP case with mixed MOX and UO2 fuels, as this is the most challenging in terms of initial fission
source convergence. All the cycles were run with 200,000 neutron histories each. The resulting
ke f f statistical uncertainty (ke f f standard deviation reported by the MCNP code) was approximately
±25 pcm.

2.4. Criticality Criterion Selected for the Bounding Case Assessments

The criterion for nuclear criticality safety assessment, conventionally termed the Upper Subcritical
Limit (USL) hereafter, which accounts for the burnup credit of the spent nuclear fuel, is discussed in
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detail later in Section 4.1. Here, it must only be mentioned that the criticality safety criterion may vary
depending on the methodology definition and on the national regulatory requirements. However, one
particular component is basically common to all countries and methodologies, namely the so-called
“administrative margin” (also referred to as “an arbitrary margin to ensure the subcriticality” [26]),
which will be denoted here as ΔkAM

e f f . Normally this margin equals 0.05 in terms of the absolute ke f f
value [13,27], and it is typically dominant compared to all other margins and imposed uncertainty
components. The last comment is especially true for the fresh fuel case, but even in the case of spent
fuel, the depletion-related uncertainties and margins, e.g., assessed in Reference [13], are noticeably
smaller as compared with 0.05. Thus, the USL values obtained with different methodologies by
different organisations and countries for the same type of applications may vary but are normally not
too far from the ke f f = 0.95 value. Therefore, for the sake of a better representability and an easier
comparison with similar studies, it makes sense to consider the ke f f = 0.95 value as the simplified
criticality criterion selected for the consequent bounding case assessments, while for the final loading
curve derivations, the PSI methodology-specific USL value will be employed.

3. Results of the Bounding Fuel Case Assessments

3.1. Fresh Fuel

To start, a set of calculations has been performed with fresh fuel configurations. The configurations
considered are the following:

• The canister in dry conditions (actually filled with helium gas)
• The canister flooded with water at 293.16 K
• The canister flooded with the FAs displaced diagonally towards the centre of every fuel box

(within the design tolerances)
• The canister flooded with the FAs displaced diagonally towards the outer part of the fuel box

When several assemblies of the same type are considered (UO2, ERU and MOX), they are assumed
to be fully identical (originating from the same batch, i.e., with the same nuclear and mechanical
design). The calculated ke f f values for each of these cases are presented in Table 1.

Table 1. The ke f f values for the canister configurations with fresh fuel.

Assumed Conditions 4 UO2 4 ERU 4 MOX 1 MOX + 3 UO2 1 Empty + 3 UO2

Helium filled 0.21146 0.20772 0.26259 0.20743 0.17861

Flooded/centred 1.09513 1.08022 0.96180 1.07035 1.02971

Flooded/inwards 1.12903 1.11227 0.98601 1.10079 1.04864

Flooded/outwards 1.04355 1.02920 0.91990 1.02301 0.99541

The canister in dry conditions is clearly subcritical for any combination of fresh fuel. However,
in all other cases (except the case of MOX/flooded outwards), the calculated ke f f values are above
0.95 and the ke f f increases notably if a less favourable position of the assemblies inside the canister
is considered (inwards). The importance of the distance between assemblies for the ke f f is clearly
reflected in the table. This also means that the material of the wall boxes has a small impact on
decoupling the neutron fluxes of each assembly, so the loading position of the assemblies into the
canister seems to be important for the ke f f values in flooded conditions.

3.2. Discharged Fuel

The burnup credit approach can reduce the system ke f f (In fact, the major change in the system
ke f f which occurs due to taking into account the burned fuel composition is associated with the change
in the infinite multiplication factor of the fuel lattice (k∞), while the changes in the neutron leakage
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should be the effects of the second order. Nevertheless, for the sake of rigor, all presented evaluations
were done for realistic 3-D canister models, and therefore, only the results for the system ke f f are
discussed in this work.) as a consequence of the presence of neutronic poisons (fission products and
some non-fissile actinides), as well as due to the depletion of multiplicative materials (major actinides)
(Although some amount of fissile major and minor actinides is produced in the reactor operation, the
net ke f f (primary k∞) effect with fuel burnup is negative.). The impact on ke f f has been evaluated for
both the AC and AC+FP cases.

For these calculations, the same configurations (as the fresh fuel case) are used; however, in this
case, the canister is loaded with an SFC with different burnups and at different cooling times, covering
the one-million-year period.

For the burnt fuel configurations, the analyses were conducted for each of the assembly-averaged
burnup levels reached after every reactor cycle. The spent fuel compositions keep changing after
irradiation due to the decay processes, and therefore, the fuel neutronic properties (“reactivity”) are
changing as well. The calculated curves of the ke f f evolution are plotted in Figure 4 for a flooded
canister at different instants during the decay of the isotopes for both AC and AC+FP cases.

Figure 4. Cont.
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(e)          (f) 

Figure 4. The evolution of ke f f for the intact canister loaded with (a) spent UO2 fuel; (b) mixed burnup
UO2 fuel (the first burnup value for one position, the second value for the three remaining); (c) ERU
fuel; (d) MOX fuel; (e) one low burnup MOX (18 GWd/tHM) and three UO2 fuel at different burnups;
and (f) 3 UO2 assemblies and one empty position.

The results obtained are summarised below in Sections 3.2.1–3.2.4. It should be mentioned that
the observed behaviour is in line with already published results for similar situations analysed and
discussed in detail in Reference [28]. In brief, it can be recalled here that the decrease of ke f f within the
first approximate 100 years is mainly related to the decay of 241Pu (T1/2 ≈ 14.4 years), as well as the
build-up of 241Am (in the case of AC+FP, also the build-up of 155Gd as a result of the beta-decay of
155Eu is important). Later, the increase of ke f f up to around 30,000 years is explained by the decay of
241Am (T1/2 ≈ 432 years) and 240Pu (T1/2 ≈ 6,560 years). At a later time, ke f f starts to decrease again
mainly due to 239Pu decay (T1/2 ≈ 24,100 years). The given explanations and the half-life (T1/2) data
are borrowed from Reference [28].

3.2.1. UO2 Fuel Assemblies

Figure 4a shows the ke f f results as a function of the decay time obtained for the disposal canister
loaded with the UO2 FAs of the same burnup for both the AC and the AC+FP approaches. It was
assessed using quadratic interpolation that the spent fuel with a burnup of less than 24 GWd/tHM
(For the bounding fuel case assessments reported in this section, a quadratic interpolation technique
was applied to estimate the limiting burnup values based on the data illustrated in Figure 4. A more
robust method explained in Section 6 was finally applied for the derivation of the limiting burnup
values for the loading curves.) (for the AC+FP case) does not meet even the limit of ke f f = 0.95 for
loading unless a mixed configuration with higher burnup fuel was to be considered. If an AC approach
was considered, a burnup higher than approximately 38 GWd/tHM needs to be reached. The ke f f
of the system after 10,000 years could reach a value above that of the initial discharged fuel for the
AC approach.

3.2.2. UO2 Fuel Assemblies of Mixed Burnups

Next, a mixed burnup configuration was investigated, as reported in Figure 4b. One FA at low
burnup (17.61 GWd/tHM) is considered in the mixed loading with the other three FAs of higher
burnups. The results show that high burnup fuels are needed (above 50 GWd/tHM) when taking
credit only for actinides.

3.2.3. ERU Fuel Assemblies

The ERU FA corresponds to fuel enriched up to 4.6 w/o 235Ueq and operated until
61.72 GWd/tHM. The evolution of ke f f through time, shown in Figure 4c for both the AC and
AC+FP cases, is very similar to that of UO2 fuel.
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3.2.4. MOX Fuel Assemblies

The MOX FA corresponds to fuel enriched to 4.8 w/o Pufiss and operated until 51.72 GWd/tHM.
The evolution of ke f f through time in Figure 4d has stronger dip and peak values around 100 and
30,000 years (case AC+FP) or 45,000 years (case AC), respectively. Notable is that the ke f f peak after
thousands of years would be higher than any previous value calculated for the AC case, meaning
that using the discharge compositions without decay would not be a bounding assumption for the
whole disposal period (moreover, taking only actinide changes into account leads to a remarkable
case where ke f f of partly burned fuel can go above the ke f f of fresh fuel; see the Figure 4d case for
18.1 GWd/tHM (AC)).

On the other hand, considering additional minor actinides and fission products in the fuel
composition also has a stronger impact on the ke f f than for UO2 fuel, and this impact is more important
at later periods, thus reducing the ke f f peak below former values in time. Therefore, the use of the
discharge compositions would be bounding for the AC+FP approach.

3.2.5. One MOX and Three UO2 Fuel Assemblies

In this model, the canister is loaded with one MOX and three UO2 FAs. Figure 4e shows the ke f f
evolution for the canister loaded with low burnup MOX (18 GWd/tHM) together with the three UO2

assemblies at different burnup levels. The main findings from these graphs are as follows:

• For the AC case, ke f f is increasing from 100,000 years and keeps growing at the end of the period
considered of 1 million years. At the cooling time of 1 million years, the ke f f values are greater
than at the zero cooling time.

• For the AC+FP case, the bounding value of ke f f corresponds to zero cooling time.

The AC approach would require UO2 fuel burnt to around 40 GWd/tHM, and the AC+FP
approach would require burnup of approximately 20 GWd/tHM.

3.2.6. Empty Position and Three UO2 Fuel Assemblies

The empty position is assumed to be also flooded with water. The results plotted in Figure 4f
show that fuel with a limiting burnup of 19 GWd/tHM can be considered if using the AC approach
and 10 GWd/tHM for the AC+FP approach.

3.3. Findings from the Bounding Fuel Case Analysis

The bounding fuel case analyses consisted of assessing the multiplication factor variation as
a function of the discharge burnup and decay time, ranging between fresh fuel conditions and
best-estimate burnt fuel configurations. The main findings of the analysis are that UO2 fuel could be
problematic if featuring low burnups, especially for the AC case where all fuels suffer a rise in ke f f in
later time periods after disposal, which may violate the USL value. ERU fuel has a similar behaviour
to the UO2 fuel. The mixing of UO2 and MOX fuel in the canisters could be a good compromise to
keep ke f f below the safety margin while avoiding the thermal limitations more easily violated by MOX
fuel filled canisters.

Figure 5 summarises the minimum burnup credit which would be required for every type of
loaded nuclear fuel considered in this study for both the AC and AC+FP cases.
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Figure 5. The evolution of minimum burnup credit required to comply with a ke f f value below 0.95
within the geological disposal timeframe: AC case (left) and AC+FP case (right).

For the AC case, the loadings of UO2 fuel operated for just one cycle (17.61 GWd/tHM) could be
allowed only if mixed with 3 other UO2 assemblies with burnups above 45 GWd/tHM (the second
ke f f peak is decisive for the AC approach). It can also be noted from Figure 5 for the AC case that the
minimum burnup required for a homogeneous UO2 fuel loading is not always above the minimum
burnup required for the canisters filled with MOX fuel (mixed UO2/MOX case or full MOX case) since
the second ke f f peak in the MOX cases is very high.

For the AC+FP case, the mixed burnup loading (1 MOX + 3 UO2) requires a minimum burnup of
20 GWd/tHM for the UO2 fuel (fuel operated at least for two operating cycles). In this case, the burnup
credit required for canisters loaded with MOX fuel would be dominated by the ke f f at discharge and it
will not be higher than the corresponding UO2 case.

Finally, it should be borne in mind that all these results imply that the fuel matrix is still intact,
maintaining the actinide and fission product mixture even after 100,000 years which is far from
the normal FA design target, which ensures FA integrity during irradiation in core but not for the
geological timeframe.

The main driving parameter for criticality in the current canister design is the distance between
the FAs, due to the compact configuration (and also because neutronic poisons are not present in the
canister basket material). Fresh fuel calculations indicate a difference of 2–5% in ke f f values between
nominal and displaced configurations, which is very important.

The results obtained are in line with the analyses performed for other canister designs [28] and
indicate that the inclusion of the fission products in the burnup credit could allow 2-cycle-operated
FAs to be safely loaded into disposal canisters. However, the margin is very close to the limit, and
once the biases, uncertainties and further bounding assumptions are introduced for the loading curves
generation, it will be further reduced, as will be discussed in the following sections.

Fuel with low burnup (corresponding to one cycle of operation) cannot be loaded to fill all the
positions of the same canister. A dedicated study with mixed UO2-MOX models demonstrated that
the fuel with low burnup could meet the requirements in some mixed configurations or in the empty
position configuration.

Finally, based on the reported findings for the currently considered canister design, the canister
model loaded with 4 similar PWR UO2 spent FAs (i.e., the type of fuel employed at KKG) will be
used for the preliminary loading curve derivation as it is the most problematic configuration among
those studied.

4. Methodology for Preliminary Loading Curve Derivation

As a main outcome of the study outlined to this point, the application of burnup credit to the
criticality calculations for disposal canisters appears to be necessary for the safe disposal of the PWR
spent FAs operated in the Swiss reactors according to the current design concept for the Nagra
disposal canister.
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This section presents the results of the final stage of the preliminary loading curve derivation.
The application of a best-estimate computational route is now complemented with conservative
coverage in the form of a stochastic analysis of the main uncertainty components in combination
with the application of bounding burnup profiles, as illustrated below. Furthermore, the USL value
considered in this final stage of the work is now based on the comprehensive validation study for LWR
fuel performed at PSI for the MCNP code in combination with the ENDF/B-VII.1 library, which has
been selected for the routine criticality calculations [10,11].

Note that the general practice in the burnup credit applications is based on choosing a set
of bounding parameters for the burnup calculations in terms of power density, fuel and coolant
temperatures, coolant densities, etc. so that the ke f f at discharge for such conservative assumptions
will be higher than the ke f f obtained with any possible real irradiation history. This path, however,
was not adopted for the BUCSS-R project. In fact, the approach in the BUCSS-R project is different
because real operational data are employed (using SIMULATE-3 for accurate core-follow calculations)
for the FAs of different enrichments in order to estimate the loading curves on the basis of best-estimate
assessments integrated with a conservative but rational treatment of the uncertainties. Therefore, at
present, only some representative FAs operated at KKG could be considered and explicitly analysed.
It is foreseen that, in the future, the studies performed should be repeated for a statistically significant
number of FAs, at least for the most reactive design/enrichment types, to allow for statistically
confident verification/updating of the presently evaluated preliminary loading curves.

4.1. Chosen Criterion for Criticality Safety Accounting for Burnup Credit

The criticality safety criteria applied for derivation of the loading curves can be presented with
the following relations (adapted from Reference [29]):

ke f f

∣∣∣Canister

Bounding FA pos
(BU) + ΔkAx

e f f (BU) + ΔkRad
e f f (BU) + 2σtot(BU) <USL = KLTB

e f f

∣∣∣
AOA

− ΔkAM
e f f , (1)

where
σtot (BU) =

√
σ2

ND(BU) + σ2
BU−e f f (BU) + σ2

OC(BU) + σ2
TP + σ2

T1/2 + σ2
MC; (2)

σND(BU) = σCASMO
ND−SNF(BU) + σMCNP

ND−Ke f f (BU); (3)

ke f f

∣∣∣Canister

Bounding FA pos
is the neutron multiplication factor corresponding to the disposal canister loaded

with SNF placed in the most penalising positions considering the canister technological tolerances
(see Section 3.1 for details);ΔkAx

e f f and ΔkRad
e f f are the ke f f penalties to cover the bounding axial and

radial burnup profiles, respectively; USL is the Upper Subcritical Limit (see Reference [10] for details);
and σND, σBU−e f f , σOP, σTP, σT1/2 and σMC are the uncertainties at one standard deviation level
respectively for the nuclear data (ND), radiation/burnup-induced changes/effects (BU-eff ), operating
conditions (OC), technological parameters components (TP), decay constants (T1/2) and the Monte
Carlo statistical uncertainty of the employed MCNP code for the criticality calculations. The listed
components of the σtot (BU) uncertainty are assumed to be random (not systematic) and uncorrelated.
The resulting σtot (BU) is further assumed to be normally distributed. Under these conditions, the
term 2σtot (BU) in Equation (1) is assumed to represent the 95% confidence interval for ke f f , which is,
for instance, in line with the recommendations provided, e.g., in References [30,31].

The σCASMO
ND−SNF nuclear data-related component is responsible for the ke f f uncertainty associated

with the SFC (due to the propagation of nuclear data uncertainties during depletion calculations), and
the σMCNP

ND−Ke f f component is the ke f f uncertainty due to the nuclear data uncertainties themselves (see
Section 5.3.3. for further details).

The KLTB
e f f

∣∣∣
AOA

term stands for the Lower Tolerance Bound for the particular Area of Applicability
(AOA; here, this is limited to Swiss LWR fuel), and its value was reported in Reference [10] as 0.99339
(following the Gaussian-based derivation; see Reference [10] for details) for the PSI CSE methodology
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using the MCNP code in conjunction with the ENDF/B-VII.1 library. As outlined in Section 2.4,
ΔkAM

e f f is the “administrative margin” normally imposed to cover the unknown uncertainties to ensure
subcriticality, which is assumed here to be 0.05000 (The administrative margin to criticality is normally
set at 5000 pcm, i.e., the keff of the system plus the calculation bias and uncertainty in the bias should
not exceed 0.95. More recently, an administrative margin of 2000 pcm was suggested for very unlikely
accident conditions [32].) (5000 pcm). Thus, for the final loading curve derivations, USL = 0.99339 −
0.05000 = 0.94339 is employed. As for the above listed components of the σtot uncertainty, they are
presented in more detail in Section 5.4.

4.2. Spatial Burnup Distribution Assumptions

This section comprises most of the modelling and simulation assumptions employed. First of all,
it addresses the derivation of bounding burnup profiles and the assessment of their impact on the
canister ke f f value, to derive the ΔkAx

e f f and ΔkRad
e f f penalties for Equation (1). The impact of the cooling

time is also addressed.

4.2.1. Axial Burnup Distribution

Axial burnup profiles of the spent fuel operated at KKG and irradiated to different average
burnups were retrieved from the PSI CMSYS database, which includes all the burnup values per fuel
assembly at every axial node of the SIMULATE-3 calculations, as described in Section 2. The burnup
profiles were normalised with these average values and separated into two families corresponding
to the models with 40 axial nodes in SIMULATE-3 with active fuel regions between 358 and 352 cm
height and the models with 38 axial nodes in SIMULATE-3 with an active region of 340 cm height.
The reason for having SIMULATE-3 models with different numbers of axial layers of nodes with fuel
is that the active fuel length of KKG FAs was changed from earlier cycles to the later ones. The older
FAs have reflector segments at the 2 bottom nodes instead of fuel nodes. It can also be noted that the
older and shorter FAs had lower fuel enrichment compared to the later and longer FAs. Therefore, it
is important to take into account an actual axial burnup profile for every specific enrichment for the
correct derivation of the loading curves.

Following standard practice [33], the approach was to choose the lowest normalised burnup
values of all the profiles for the first and the last 9 nodes and the highest normalised burnup values
of the profiles for the remaining central nodes. This resulted in the renormalised profiles shown
later in Figure 6 (the average node burnup fraction is normalised to unity in both the cases of 38 and
40 axial nodes).

The change in the bounding axial profiles with the average assembly burnup was not considered
and could be a way of reducing conservatism if needed. Also, a mass calculation with all the profiles
in the database could be a different approach to deriving bounding profiles.

4.2.2. Radial Burnup Distribution

For the radial burnup profiles within the FAs, there were no operational or CMSYS data available
at the time of the study (such data could be obtained by upgrading the reference CMSYS models
and also can be obtained in line with the discussions provided later in Section 7). Therefore, as
an alternative solution, the publicly open information on the bounding horizontal burnup profile
reported in Reference [34] was employed (and this is one of the items requiring further verification).
The bounding profile is expressed with Equations (4) and (5), which were derived from real
measurements (see Reference [34] and references therein for details) to generate a radial burnup
tilt varying for each assembly row:

Brel =
BH − Bav

Bav
= 0.33 − 0.08

15
·(Bav − 10), (4)
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B(n) =
[

Brel + 1 − 4
N
·Brel ·

(
n − N + 2

4

)]
·Bav (5)

where N is the number of rows in the square assembly, 15 in our case; Brel is the relative difference
between the horizontally averaged burnup value for the half of the assembly (BH) with the highest
burnup and the horizontally averaged assembly burnup Bav; and n is the row number in the assembly
to which the computed burnup B(n) corresponds (The second formula includes a correction of a sign
from the one in the original report [34].).

It must be underlined that, in fact, CASMO5 does not allow the specification of the burnup value
desired for each row of the FA. To overcome this difficulty, a surrogate approach was utilised: the
CASMO5 input file was modified such that the fuel composition is printed at the 15 burnup steps
which correspond to the desired burnups of each of the fuel rod rows, as obtained with Equations (4)
and (5). After this, the fuel compositions from every burnup step were transferred to the SERPENT
and later to the MCNP6 models row by row, providing required intra-assembly fuel burnup horizontal
distributions. In this sense, the approach differs slightly from the one described in Reference [34],
where it was assumed that “all the fuel rods belonging to one and the same row have one and the
same burnup”. In the present approach, each fuel rod has its own composition, but the horizontally
averaged burnup of the entire row is preserved as defined by the above procedure. However, an
examination of the typical ratios between the burnup value of each pin and the average assembly
burnup showed that, to avoid burning the pins in the regions of higher power above the desired value
for the row, a factor of 0.93 should be applied to each B(n). This implies that the assembly burnup
is lowered by 7%, which introduces an additional conservatism in the sequence as peripheral pins
typically have already lower burnup than average. In addition, the lowest burnup regions of the
assemblies are later faced in the canister so as to produce the highest ke f f .

To illustrate the outcome of the employed methodology, Figure 6 below shows an example of the
radial (horizontal) U-235 concentration distribution on a pin-by-pin basis within a FA axial node.

4.3. Impact of Cooling Time

The cooling time between cycles was explicitly considered in the burnup calculations with
CASMO5. As it was illustrated in Section 3, in the case of the actinides only credit, the impact of
cooling time after discharge on the system ke f f is characterised by an initial decrease in ke f f in the first
approximate 100 years and then a steady increase which reaches its maximum at around 30,000 years
after discharge. The important point is that the ke f f value at that time for intact canister configurations
could be higher than the initial ke f f value just after discharge, so taking this initial value cannot be
considered bounding in all cases and that decay calculations up to 100,000 years also need to be
considered to generate the loading curves. Beyond that time, the flooded intact canister approximation
would be totally unrealistic for a canister with a lifetime of approximately 10,000 years, and degraded
models should start to be considered in that range.

The time positions where decay compositions have been used to compute ke f f values were 0, 5,
20,000, 30,000, 40,000 and 50,000 years.

4.4. Canister Modelling

At the stage of the loading curve analyses, the canister model was updated based on the most
detailed and actual design information received by PSI from Nagra. The modelling included all the
details provided in Reference [12] as well as the detailed structure of the FAs, including heads, grids
and rods from the internal documentation available at PSI. The illustration of the final MCNP model
with the indications of the spatial burnup distributions employed in the loading curve derivation
analysis is shown in Figure 6.
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Figure 6. The illustrative MCNP model (1/4th symmetry sector; schematic and not to scale): the axial
(left) and radial (right) view of the refined canister model. The bounding axial burnup profiles (relative
units) for the models with 38 and 40 axial fuel nodes and radial burnup profiles (here, the U-235 atomic
density is *1024at/cm3) are illustrated.

As outlined in Section 3, the fuel assemblies were conservatively placed towards the centre of the
canister at the storage positions as this was found to be the most reactive configuration.

5. Quantification of the Bounding Effects and Random Uncertainties Components

The results for criticality calculations of the canister loaded with the same fuel assembly in the four
positions were compiled for the different enrichments covering the values employed from the initial to
the latest fuel cycles of KKG. In the following sections, the Δke f f effects resulting from substituting the
nominal burnup profiles by the penalising (conservative) ones are quantified and reported.

5.1. Axial Burnup Effect

The results of substituting the original burnup profiles by the penalising profiles while keeping
the average assembly burnup are illustrated in Table 2 for the highest considered fuel enrichment of
4.94 w/o.

Table 2. The Δke f f penalty due to the bounding axial burnup profiles for the case of 4.94 w/o, pcm.

Discharge Burnup (GWd/tHM)

Time (a)
17.61 * 33.82 50.47 61.92 72.75

AC AC+FP AC AC+FP AC AC+FP AC AC+FP AC AC+FP

0 - - 983 1792 2359 3390 3604 4880 4737 6223

5 - - 1273 2203 2752 4042 4141 5642 5322 7144

20,000 - - 1209 2445 2886 4946 4571 7113 6210 9078

30,000 - - 1197 2445 2930 4968 4675 7218 6414 9236

40,000 - - 1225 2544 2950 5064 4729 7307 6538 9493

50,000 - - 1213 2533 2993 5154 4901 7381 6693 9609

* At the first discharge burnup of 17.61 GWd/tHM, the nominal axial burnup profile is actually more reactive than
the penalising one.

At first glance, it can be observed that the impact on ke f f is stronger for the following cases:

• AC+FP credit
• Longer decay periods
• Increasing burnup
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Table 3 shows similar information for the lower enrichment of 3.5 w/o. In this case, the proposed
profile is conservative even for the lowest burnup, so the impact of the conservative axial burnup
profile is apparently also stronger with lower enrichments. As in the previous case, the added ke f f is
notably larger in the AC+FP approach.

Table 3. The Δke f f penalty due to the bounding axial burnup profiles for the case of 3.5 w/o, pcm.

Discharge Burnup (GWd/tHM)

Time (a)
18.9 33.66 45.25 56.15

AC AC+FP AC AC+FP AC AC+FP AC AC+FP

0 401 1037 1703 2306 3711 4705 4910 6211

5 592 1387 1931 2860 4129 5575 5484 7252

20,000 587 1769 2143 3603 4904 7184 6808 9472

30,000 577 1905 2248 3698 4974 7258 6982 9647

40,000 674 1919 2274 3760 5064 7411 7271 9944

50,000 634 2026 2350 3826 5294 7593 7401 10,144

Finally, regarding the effect for the lowest enrichments of 1.9 w/o and 2.5 w/o, the impact of
the proposed profiles is not conservative and the ke f f from the nominal profile is higher and will be
maintained for the final loading curves. Other profiles could be proposed to create a unique bounding
axial burnup profile for these enrichments.

5.2. Radial Burnup Effect

In this section, the impact is considered of the intra-assembly burnup profiles obtained in
accordance with the descriptions given in Section 4.2.2, in such a way that the lowest radial burnup
regions are facing the centre of the canister to raise ke f f . Results for the cases of 4.94 w/o and of 3.5
w/o are given respectively in Tables 4 and 5.

Table 4. The Δke f f penalty due to the bounding radial burnup profiles for the case of 4.94 w/o, pcm.

Discharge Burnup (GWd/tHM)

Time (a)
17.61 33.82 50.47 61.92 72.75

AC AC+FP AC AC+FP AC AC+FP AC AC+FP AC AC+FP

0 1380 1729 2008 2230 2100 2656 2449 2829 2375 2820
5 1464 1947 2187 2475 2364 3016 2584 3268 2548 3103

20,000 1246 1832 2194 2743 2553 3550 2917 3959 2926 3858
30,000 1202 1831 2185 2821 2601 3652 3009 3952 3040 3883
40,000 1208 1860 2225 2815 2630 3663 3028 3976 3121 3973
50,000 1260 1860 2219 2888 2670 3751 3073 3997 3102 4045

Table 5. The Δke f f penalty due to the bounding radial burnup profiles for the case of 3.5 w/o, pcm.

Discharge Burnup (GWd/tHM)

Time (a)
18.9 33.66 45.25 56.15

AC AC+FP AC AC+FP AC AC+FP AC AC+FP

0 1966 2339 2278 2511 2866 3210 2780 3163
5 2140 2575 2248 2975 2928 3710 2972 3617

20,000 2150 2761 2633 3553 3567 4429 3642 4601
30,000 2107 2799 2603 3657 3577 4572 3701 4617
40,000 2151 2770 2666 3677 3586 4624 3851 4750
50,000 2198 2911 2754 3733 3754 4638 3879 4826
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In general, the ke f f impact is

• stronger for the AC+FP credit;
• increasing from lower to higher burnups; and
• mainly increasing during the decay period up to 20,000 years and then stabilising.

As with the axial burnup profiles for the lowest enrichments of 1.9 and 2.5 w/o, the proposed
radial profiles are not conservative in any case and so the nominal profiles are kept.

5.3. Assessment of Uncertainties

In the following subsections, quantitative assessments are given for the uncertainties components
of σtot (BU) from Equations (1)–(3) listed in Section 4.1. It must be outlined that, at present, some of
the values provided are rather preliminary and may require verification depending on the availability
of related information.

5.3.1. Reactor Operating Conditions and Radiation-Induced Changes

The impact of the reactor operational parameter variations was estimated in a dedicated study
with the help of the CASMO-5 code (the results have been partly presented in Reference [8]).
As mentioned, proprietary information on the PIE data for various burned fuel rods from Swiss
reactors is available at PSI together with detailed information on the fuel operation and fuel design
parameters. This allows for the validation of the fuel burnup calculations together with an assessment
of the calculational vs. experimental uncertainty components of the obtained C/E results. Such studies
were conducted for a KKG fuel rod sample (from a 15 × 15 fuel assembly irradiated during 3 cycles up
to the sample final burnup above 50 GWd/tHM), and two types of uncertainties were assessed within
this analysis:

• The uncertainties related to operating conditions, including boron concentration, moderator
temperature, reactor power, etc. (the power and the moderator density were assumed fully
correlated with the fuel and moderator temperatures in the underlying work described in
Reference [8])

• The radiation (BU-)induced changes in the geometry (i.e., fuel pin position shift, moderator pin
position shift, fuel pellet diameter increase, etc.)

As can be seen, these uncertainties represent the terms σOC and σBU−e f f of Equation (2). The final
assessments accepted for the given study are shown below in Table 6 (only the first figures are deemed
significant). It shall be noticed that at present stage, the uncertainty components of Equation (2) are
assumed to be uncorrelated. In reality, there might be some correlations between them, although they
are not expected to be strong a priori, to the best knowledge of the authors. Stronger correlations
would occur if one imposed into analysis certain reactor operational constraints, e.g., ke f f = 1, at the
reactor core follow simulations. However, in such cases the posterior uncertainties of the affected
parameters are normally significantly reduced. Some representative illustrations on the example of the
nuclear data evaluations can be found in References [35–37]. Furthermore, these types of uncertainties
are most difficult for quantification and are already quite conservative by themselves, and therefore,
questions on the uncertainties of these uncertainties or their correlations go far beyond the current
work on the preliminary loading curves development.

Table 6. The available uncertainty data on the operating conditions and the BU-induced geometry
changes, pcm.

Burnup (GWd/tHM) 0.0–17.6 17.6–33.8 33.8–50.5

Operating conditions 100 400 500
BU-induced changes 200 200 700
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5.3.2. Technological Tolerances Impact

The impact of the PWR fuel technological and manufacturing parameter tolerances on the
criticality calculations was analysed in Reference [38] with another PSI in-house tool “MTUQ”
(Manufacturing and Technological Uncertainty Quantification). Taking into account only the fuel
assembly-related uncertainties from the list of parameters used, the total σTP uncertainty component is
assessed as only 10 pcm. In particular, the uncertainty components from all parameters considered
in Figure 9 of Reference [38], except parameters 11 (Absorber Box—Inner boundary) and 13
(FA rack—Centre-to-centre distance), should be summed as random uncorrelated uncertainties, thus
leading to a total uncertainty value limited by 10 pcm.

5.3.3. Nuclear Data Uncertainty Impact

The uncertainties in the nuclear data employed in the calculations contribute to the uncertainty
in the computed canister ke f f values. Their impact was considered in the CASMO5 burnup
calculations using SHARK-X methodology (see References [39,40] and references therein), providing
the σCASMO

ND−SNF(BU) estimation (uncertainties of the cross sections and the fission yields were taken into
account), and in the MCNP6 criticality calculations using the Nuclear data Uncertainty Stochastic
Sampling (NUSS) methodology to assess the σMCNP

ND−Ke f f (BU) component (see References [39] and [29];
uncertainties of the thermal scattering (S(α,β)) data were ignored (see details and discussions in
Reference [41]). The approach to estimate σCASMO

ND−SNF(BU) was explained also in Reference [29]: “The
nuclear data uncertainty propagation in CASMO depletion calculations, resulting in the spread of the
SNF composition, was done using SHARK-X tool. The obtained set of the different SNF compositions
was further translated to the SERPENT decay module for the decay simulation and finally provided
to the MCNP6 models of the disposal canister to compute the spread of the ke f f values due to the
spread of the SNF compositions, using the nominal ENDF/B-VII.1 ND files.” Interested readers can
find alternative ways of assessing the uncertainties associated with depletion calculations, for example,
in References [42,43].

For an additional illustration, Figure 7 shows the scheme of the ND-related uncertainties (given as
covariance matrices (CM)) propagation in compliance with the flowchart in Figure 3.

The Monte Carlo sampling method employed to obtain the estimated uncertainty in ke f f requires
a large number of calculations and has thus been realised only for the 4.94 w/o fuel enrichment case
so far.

Figure 8 shows the estimated σCASMO
ND−SNF(BU) and σMCNP

ND−Ke f f values for the fuel just after discharge
and after 50,000 years of decay; uncertainties from all AC and FP are considered. The direct effect
from the nuclear data in the MCNP6 calculation, σMCNP

ND−Ke f f , is similar in both periods and decreases
slightly with the burnup level attained. The indirect effect of the nuclear data contained in the isotopic
uncertainties, σCASMO

ND−SNF(BU), increases with decay time and grows with burnup. These observations
are valid for UO2 fuel and for the employed ENDF/B-VII.1 CM. Details of the calculations performed
are given in Reference [39].
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Figure 7. The presently employed nuclear data (ND) stochastic sampling methodology (“XS” is
cross sections).

Figure 8. The estimated nuclear data-related uncertainties of ke f f .

The decrease of the σMCNP
ND−Ke f f uncertainty component with burnup is consistent with the results

presented earlier in Reference [44], where even the net effect (uncertainty propagations through both
the depletion and criticality calculations) of the ND uncertainties originating from the ENDF/B-VII.1
library was also found to decrease with burnup for UO2 fuel (see [44] and note that the impact of the
fission yields uncertainties was not accounted for in [44], while in the given work the fission yields’
contribution is taken into account [39]). The decreasing uncertainty can potentially be explained by the
decrease in the contribution of U-235 cross section uncertainties with burnup and probably with some
spectrum-related effects (see also comments provided in Reference [29] for Figure 6 of Reference [29]).

It should be noted that the uncertainty components σCASMO
ND−SNF and σMCNP

ND−Ke f f must be correlated
since the underlying nuclear data are the same for the independent estimations performed for
both components. However, the correlation level has not been assessed. In the ideal case, all
calculations should be done in a single set using the same original perturbation factors for the
nuclear data in both the depletion and the criticality calculations; however, this will require significant
additional computational burdens. Therefore, it will be conservative to assume a full correlation
between both components and thus to estimate the total ND-related ke f f component according to
Equation (3). More advanced assessments are planned for the near future with the latest release of the
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ENDF/B library (ENDF/B-VIII), including the analysis of the ND-related correlations, as proposed in
References [10,29].

Next, to be on the conservative side, the total ND-related uncertainty will be composed of the
σCASMO

ND−SNF component corresponding to 50,000 years of cooling and the σMCNP
ND−Ke f f corresponding to

zero cooling time (Figure 8).

5.3.4. Long-Term Nuclide Evolution

The performance of the decay module of the SERPENT2 code and the employed nuclear data
library was investigated and benchmarked in Reference [18]. Later, the impact of the nuclear data
uncertainty on the decay calculations realised with the SERPENT2 code was studied by perturbing the
decay data with a modified version of the ENDF2C tool [39,45]. The main outcome shows an impact
of σT1/2 ≈ 15 pcm on the ke f f for the studied load.

5.3.5. MCNP Monte Carlo Uncertainty

The Monte Carlo statistical uncertainty σMC of the calculations for the loading curve analysis was
approximately ± 25 pcm, which is sufficiently low.

5.4. Summary of Bounding Burnup Distributions and Random Uncertainties

The analysed random uncertainty components are summarised in Table 7 (adapted from
Reference [29]) together with the total sum of the uncertainties, σtot , which will be used in Equation (1).
It is important to note that the total uncertainty is burnup-dependent due to the burnup dependency
of the components σND, σOP and σBU−e f f .

Table 7. A summary of all the random uncertainty components, pcm.

Burnup (GWd/tHM) σND σOP σBU−eff σTP σT1/2 σMC 1σtot 2σtot

0 367 0 0 10 15 25 368 737
17.61 560 100 200 10 15 25 604 1208
33.82 700 400 200 10 15 25 831 1662
50.47 834 500 700 10 15 25 1199 2397
61.92 930 500 700 10 15 25 1267 2534
72.75 1026 500 700 10 15 25 1339 2679

To better illustrate the impact of the considered burnup profile penalties and the uncertainty
components, Figure 9 shows the results obtained for the case of AC+FP based on the data reported in
Table 6, Figure 8 and Table 7 (the red line is the direct sum of the axial (Table 2) and radial (Table 4)
effects; adapted from Reference [29]).

Figure 9. The impact of the burnup profiles and the total uncertainty on the canister ke f f value.
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6. Loading Curves with Combined Uncertainties Effects

The final target of this work was to assess a minimum average burnup for individual fuel
assemblies required for a full loading of the disposal canister without exceeding the defined upper
subcritical limit. This goal is accomplished by the development of specific loading curves for discharged
spent fuels, where the initial enrichment and final burnup of a fuel bundle will function as the
acceptance criteria for the loading of the disposal canister.

The development of the curve is done as follows: the left part of Equation (1) is represented by a
curve depending on the burnup, while the right part of Equation (1) is a constant corresponding to
the given USL value. If the burnup-dependent curve of Equation (1) and the burnup-independent
USL line intersect, the burnup at the point of the intersection becomes the point on the loading curve
corresponding to the given fuel enrichment. If the burnup-dependent curve of Equation (1) is always
below the USL value, then for the given enrichment, the minimum burnup equals zero on the loading
curve. As presented in Section 4.1, for the PSI CSE methodology using the MCNP code in conjunction
with ENDF/B-VII.1 and assuming the “administrative margin” equals 5000 pcm, the USL value is
defined according to Equation (1) as 0.99339 − 0.05000 = 0.94339.

To give an outlook on the general behaviour of the curve over the burnup, Figure 10 shows the
examples for the case of AC (left) and AC+FP (right) corresponding to the highest of all the considered
enrichments, 4.94 w/o.

Figure 10. An illustration of the determination of the minimum burnup required for fuel to meet the
Upper Subcritical Limit (USL) criticality safety criteria for AC (left) and AC+FP (right).

It can be seen again that the most conservative case for the credit of AC+FP is zero cooling time
after discharge, while in the case of only AC, the most conservative results generally correspond to
the cooling time of about 30,000 years (in particular, for the AC cases with 2.50 w/o and 3.50 w/o
enrichments, the highest ke f f results took place at zero cooling time, and in the case of 3.50 w/o
enrichment, at 20,000 years cooling time; in all other cases, the most conservative cooling time was
30,000 years).

The computed minimum required burnups for each particular enrichment are shown in Table 8.

Table 8. The minimum burnup required for meeting the criticality safety criteria.

Enrichment w/o AC AC+FP

1.90 0 0
2.50 ~6.0 * 3.7
3.20 21.5 13.8
3.50 33.9 21.4
4.10 ~51.0 * 31.5
4.30 ~51.7 * ~36.4 *
4.94 ~73.0 * 49.1

* These values are based on extrapolations or involve certain (minor) interpolations.
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The loading curves are then derived by applying the data from Table 8 as shown in Figure 11
(adapted from Reference [29]).

Figure 11. The preliminary loading curves with all the conservative effects for discharged spent fuel
(valid only for the criticality safety criteria, and subject to discussed important assumptions).

Some examples on the KKG discharged fuel assemblies’ characteristics (viz., initial enrichment
and discharged burnup) are also demonstrated in Figure 11. From these results, it becomes clear
that the given canister design meets the criticality safety criteria if the burnup credit is based on
the AC+FP approach. A potential exception could be, for instance, the 5 w/o enriched FAs if they
were irradiated for a lower number of cycles than designed, e.g., discharged once-burned from a last
operated core. In reality, the last cycles can be loaded with a lower enriched fuel to avoid the inefficient
use of fissile material.

It can be seen from Figure 11 that, for the given USL value and for the case of UO2, 4.94 w/o
fuel, the saving in terms of the minimum required burnup as compared between the cases of AC+FP
vs. AC is about 24 GWd/tHM (this has been illustrated in more detail in Reference [29]). This result
was obtained by comparing the cases which take into account the bounding burnup profiles and also
all uncertainties listed in Table 7. Basically, the same effect (23 GWd/tHM) can be observed for the
case when only bounding burnup profiles are taken into account with no uncertainties contribution.
A much weaker effect would be obtained (16 GWd/tHM) if the calculations were done with nominal
burnup profiles instead of the bounding ones. Finally, a comparison between two values of the
administrative margin was also shown in Reference [29]: for the conventional value of 5000 pcm and
for a reduced one of 2000 pcm. This illustration allowed the prediction of what saving in the minimum
burnup requirement could be achieved, provided the administrative margin could hypothetically be
relaxed to 2000 pcm. The extra saving for such a case was estimated as approximately 12 GWd/tHM.

7. Outlook and Discussion

The classical practice for criticality safety calculations for applications out of the reactor has relied
on the fresh fuel assumption. The advantages of taking credit for changes in the actinide compositions
after irradiation and the build-up of fission products in the spent fuel, with a net effect of decreasing
the ke f f of the systems formed by burned fuel assemblies, have been given major attention during the
last decades. Initially applied to spent fuel pools and fuel dissolution facilities and later to transport
and dry storage, burnup credit has also been used in waste disposal applications in the USA, Sweden
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and Finland. The waste management applications in these three countries have been reviewed by the
regulators, are under review or are under development respectively.

In line with this, a preliminary criticality assessment study has been performed taking into account
the burnup credit within the PSI/Nagra BUCSS-R research project recently conducted at PSI. Ways for
further methodological improvements and the verification of the present results are discussed below.

7.1. Ways to Improve the Reference BUCSS-R Methodology

Based on the analyses performed so far, it can be concluded that the most significant uncertainty
components at the current stage are

• the nuclear data (ND) combined impact (σND),
• the operating conditions (σOC), and
• the radiation-/burnup-induced geometry changes (σBU−e f f ).

Obviously, it can be recommended at first to verify, in particular, the most significant contributors
to the loading curve burnup penalties in future work (although future studies should not be limited
to only the listed components since other parameters can appear significant in more comprehensive
simulations). Also, it would be relevant to assess the SIMULATE-3/BOHR/CASMO5 methodology
component approximations, namely the infinite lattice calculations of the pin-wise SNF compositions
with CASMO5 code. With respect to this limitation, the transition to the SIMULATE5 code in
combination with another Studsvik code “SNF” (in quotation marks to distinguish from the earlier
spent nuclear fuel abbreviation) could provide intra-assembly pin-wise isotopic distributions from the
real core-follow calculations, as discussed in the next section. Such work is currently ongoing at PSI
outside the present research collaboration with NAGRA.

Furthermore, a comparison of the current methodologies, which can be classified as a combination
of the best estimate plus uncertainties (BEPU) approach with certain conservative assumptions, against
more traditional methodologies can be recommended. In particular, the comparison of the BEPU
SNF compositions versus analogue data but with application of the so-called isotopic correction
factors [13] obtained from the validation studies with the post-irradiation examination (PIE) data
should be considered.

Finally, the inclusion of the correlation analysis in the CSE methodology, as discussed in
Reference [29], should be considered, since it would lead to more accurate and probably less penalising
loading curves.

7.2. Alternative Advanced Way to Derive the Loading Curves under Development and Verification

The presently developed BUCSS-R calculation scheme is considered at PSI to be sufficiently
detailed and accurate for the construction of the BEPU-type loading curves, provided that statistically
representative samples can be obtained for FAs with all considered fuel types and enrichments.
A drawback of this system is that it is rather demanding in terms of calculation resources. Important
to mention is that the SIMULATE/BOHR/CASMO calculations required for the BUCSS-R scheme are
basically not needed for any other type of simulation, so they are practically solely dedicated to the
BUCSS-R methodology for the loading curve derivations (As outlined before, the BOHR methodology
is also useful for the PIE data analysis, but in that case, only important FA segments can be calculated,
which drastically reduces the computational demands.). Since the CASMO calculations generally have
to be redone every time an updated/new version of the CASMO code or/and its cross section library
are released, such a method for the derivation of the loading curves becomes costly and inefficient.

However, an alternative way to derive the loading curves recently became available based on
the exploitation of the advanced features of the additional CMS code “SNF”, which can be seamlessly
integrated into the PSI CMSYS system. A description of the new methodology developed at PSI outside
the BUCSS-R project, which is based on the CASMO/SIMULATE/SNF/COMPLINK/MCNP system
of codes and which was named the CS2M method has been presented in Reference [46], together
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with examples of its trial application. Thus, the concept of the new and more advanced approach for
the loading curve derivation is to rely on the nominal and validated CMSYS CASMO/SIMULATE
core-follow models and calculations, with no need for complementary CASMO calculations to derive
the SFC. All required information can now be obtained directly from the CASMO/SIMULATE results
with the help of the “SNF” code, as illustrated schematically in Figure 12 (see Reference [47] for details
on the relative perturbation factors).

Figure 12. An alternative computational scheme based on the “SNF” code integration into the
CMSYS system.

Furthermore, as already mentioned, it is recommended in the future to use the SIMULATE5 code,
as it has a more accurate inter-assembly SFC characterisation capability. In doing so, it will be in
principle possible to extract the SFC for every individual fuel assembly ever operated in Switzerland
and thus to avoid all undesirable approximations to realise the BEPU calculations. The uncertainty
propagation can be done with the same tools as used before in the BUCSS-R scheme. This is illustrated
with the shaded boxes in the top part of Figure 12.

Therefore, although the new CS2M approach is also time-consuming, it does not require any
complementary and unnecessary simplified assessments, and for that reason, it is more efficient and
transparent for verification and validation.

Finally, since both approaches being developed at PSI to derive the loading curves for the
Swiss reactor spent fuel assemblies differ from the more conventional “conservative” approaches
(see Section 4 “Group Discussions” of Reference [48]), it is definitely an advantageous situation at PSI
that two different methods can be compared, and in such way, the resulting loading curves can be
verified with high confidence. In line with this, the results of the work in Reference [46] and of the
BUCSS-R assessments presented in this paper have been compared, as demonstrated in Figure 13.
For a consistent comparison, the BUCSS-R results were reevaluated for this particular graph, using
the same conditions as were applied in Reference [46]: no uncertainty components and no bounding
burnup profiles are taken into account in this test exercise, i.e., only the reference/nominal burnup
profiles are considered. As can be seen, the results are in good agreement. Future work will be
focused on the extended and more representative verification studies using both BUCSS-R and CS2M
calculation schemes.
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Figure 13. A comparison of the test loading curves obtained with the reference BUCSS-R and the
advanced CS2M schemes (for the same simplified conditions).

8. Conclusions

This work was oriented towards deriving the preliminary loading curves for the SNF disposal
canisters to be used in a Swiss deep geological repository currently being planned by Nagra. This paper
contains a description of the applied methodology and presents the main findings and results.

In the initial stage of the study, bounding fuel type analyses using representative fuel assemblies
operated in the Swiss PWR plant KKG were performed. The UO2, MOX and ERU fuels were analysed
using the highest enrichments used to date and operated to the highest burnups to properly assess their
behaviour. As detailed as possible, intra-assembly SNF compositions have been used in the MCNP
criticality calculations based on the results of calculations corresponding to realistic cycle operating
conditions extracted from the validated PSI core management models. The case of PWR UO2 has been
confirmed to be the most limiting, and consequently, the loading curve analysis was done for this fuel.

The methodology applied for the loading curve derivation integrated the outcome of the standard
PSI criticality safety validation procedure with the estimated penalties on the computed due to the
uncertainties in the nuclear data, fuel assembly design parameters and operating conditions as well as
radiation-induced changes in the fuel assembly geometry. Furthermore, bounding axial and radial
burnup profiles and the most reactive fuel loading configuration in the canister, in terms of penalising
radial tilt, were taken into account accordingly.

The loading curves obtained for the reference disposal canister (as illustrated in Figure 11) show
what minimum average fuel assembly burnup is required for the given original fuel enrichment
of fresh fuel assemblies so that the ke f f of the canister would comply with the imposed criticality
safety criterion.

The loading curves presented were obtained for a reference disposal canister design provided by
Nagra in the course of the project. However, Nagra is exploring various options for the selection of the
materials and design concepts for the canister, which may require a reevaluation of the loading curves.
A preliminary study demonstrating the plausibility of the alternative canister designs can be found in
Reference [2].

The loading curves presented in this work show that the AC credit approach would not be
sufficient to meet the USL criticality safety criterion for a non-mixed loading with fuel with an initial
enrichment above approximately 3.5 w/o, while the AC+FP approach justifies the applicability of the
canister design considered for the safe disposal of spent nuclear fuel with all the existing enrichments
with required minimum burnups.

A postulated hypothetical case consisting of FAs with 5 w/o initial enrichment and relatively low
burnup would be the only exception to fitting the loading criteria; however, this case belongs only to a
theoretical last core discharge, where, in reality, a lower enriched fuel should be employed. The option
of some canisters being not fully loaded could be an alternative approach but would be challenging
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from another point of view (logistics and cost optimisation). Theoretically, mixed configurations of
SNF with different burnup levels could also be a solution for the most problematic cases.

The loading curves must be treated as preliminary since there is still room for improvement in the
assessment of different components of Equations (1)–(3). However, valuable findings have already
been obtained concerning the identification of the most problematic scenarios and loading schemes,
which will serve as guiding information for the next phases of the research and development at PSI and
Nagra, in particular for the optimisation of the canister design and the mixed burnup/fuel assembly
design loading schemes.

Among the topics for further improvement of the BUCSS-R methodology (with respect to only the
criticality safety and burnup credit assessments), other aspects can be proposed for consideration, such
as the extension of the analysed FA sample to yield 95%/95% tolerance bounds for the loading curves
(i.e., to safely cover the potential uncertainties from the operating condition variations); a refinement
of the treatment of the uncertainties with respect to the burnup axial and radial profiles, allowing
a consistent “Total Monte Carlo” assessment (“seamless” calculations of both depletion/decay and
criticality models using the same ND perturbation factors, as outlined in Figure 12); and the assessment
of long-term scenarios with canister and fuel evolution and degradation. In addition, an improvement
of the nuclear criticality safety criterion based on a detailed analysis of the nuclear data-related
uncertainties and correlations, which can be done, e.g., with NUSS [10,49], has been proposed in
References [10,29] and should be further explored.

In parallel, assessments of an alternative option for the currently used BUCSS-R methodology
are ongoing independently at PSI, for which Studsvik’s code “SNF” is integrated into the CS2M
scheme [46] to substitute the BOHR component of the BUCSS-R scheme. At present, the new approach
is basically used for the verification of the base BOHR/BUCSS-R results; however, if confirmed to be
more efficient, this new calculation scheme can replace the original one in the future studies at PSI.
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Abstract: To prevent the release of radioiodine during the reprocessing of used nuclear fuel or
in the management of other wastes, many technologies have been developed for iodine capture.
The capture is only part of the challenge as a durable waste form is required to ensure safe disposal
of the radioiodine. This work presents the first durability studies in dilute conditions of two
AgI-containing waste forms: hot-isostatically pressed silver mordenite (AgZ) and spark plasma
sintered silver-functionalized silica aerogel (SFA) iodine waste forms (IWF). Using the single-pass
flow-through (SPFT) test method, the dissolution rates respective to Si, Al, Ag and I were measured
for variants of the IWFs. By combining solution and solid analysis information on the corrosion
mechanism neutral-to-alkaline conditions was elucidated. The AgZ samples were observed to
have corrosion preferentially occur at secondary phases with higher Al and alkali content. These
phases contained a lower proportion of I compared with the matrix. The SFA samples experienced a
higher extent of corrosion at Si-rich particles, but an increased addition of Si to the waste led to an
improvement in corrosion resistance. The dissolution rates for the IWF types are of similar magnitude
to other Si-based waste form materials measured using SPFT.

Keywords: iodine; waste form; corrosion; microscopy; silver iodide

1. Introduction

In the reprocessing of used nuclear fuel, radioiodine will be released, primarily during the
dissolution of the fuel [1]. A portion of this iodine is 129I with a half-life of 15.7 million years; to prevent
discharge of this long-lived radionuclide, the released iodine needs to be captured in the off-gas
management system of the reprocessing facility. Multiple approaches to removing the iodine from the
off-gas system (which contains large amounts of water and NOX) and can be grouped into: (A) wet
scrubbing methods such as Mercurex, Iodox, electrolytic scrubbing, and alkaline scrubbing [2,3]; and (B)
solid sorbent capture including resins [4], carbon-based materials [5–7], metal organic frameworks [8,9],
zeolites [10–12], silica [13] and aerogels [14–16]. The wet scrubbing processes would all require a
secondary process(es) for the iodine-loaded product to be converted to a waste form such as grouting
or vitrification. One of the primary advantages of solid sorbents is their potential to be readily
transformed into a final waste form, through either direct post-processing in a canister or densification.

The presence of silver (Ag) in solid sorbents can enhance iodine capture through the generation
of silver iodide (AgI) in the material. AgI is widely considered of as a desirable form of iodine for
disposal because it has a low solubility (AgI Ksp = 8 × 10−17) [17]. However, the stability of AgI can be
impacted by its local environment, as its dissolution can be highly affected by redox conditions [18],
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increasing pH or the presence of sulfide [19]. Placing the AgI within a durable matrix can ensure
further protection in long-term disposal.

While many solid sorbents with and without Ag have been developed for iodine capture, the
consolidated waste form development for the materials and their associated durabilities have been
sparsely investigated. The durabilities of these candidate waste forms need to be understood to
facilitate predictions of their behavior over long disposal time frames in a repository.

Two of the most technologically mature iodine waste forms (IWF) developed to date are
silver-exchanged zeolites, such as silver mordenite (AgZ) [20–22], and silver-functionalized silica
aerogels (SFA) [14,23,24]. Silver exchanged zeolites, specifically the mordenite form that has higher
Si:Al ratio compared with faujasite zeolites [25], have been researched for iodine capture in the US.
Reduced Ag (Ag0) is present in the AgZ to reduce iodine (I2) to iodide (I−) and the eventual formation
of AgI while in use [20]. The loaded AgZ can then be converted to a final waste form through
post-processing in a canister [22,26]. These demonstrations have been performed using hot isostatic
pressing (HIP) and hot uniaxial pressing (HUP) to create a consolidated AgZ in steel canisters.

SFAs have been developed in the last decade as a moderate specific surface area (~150 m2/g)
material for iodine capture. An aerogel backbone can be thiolated and functionalized with Ag0

nanoparticles to create the SFAs [23]. The SFAs are capable of high iodine loadings (up to 40 wt %),
are stable in expected off-gas operating conditions (e.g., high humidity and NOx) and can be
directly densified to a final waste form using HIP or spark plasma sintering (SPS). In both processes,
the application of heat collapses the aerogel backbone, reducing its volume and eliminating void
spaces to create a final, high density waste form. This densification process has been demonstrated
previously [23].

This work presents the first study of the corrosion behavior of AgZ and SFA based IWF in
aqueous environments using the single-pass flow-through (SPFT) technique [27]. The consolidated
AgZ and densified SFA samples are comprised of multi-component microstructures, which may lead
to heterogeneous dissolution of the waste form. To assess such behavior, monolithic samples of each
material were evaluated to track corrosion using solution and solid analyses. The materials were evaluated
pre- and post-corrosion with optical microscopy, optical profilometry, electron microscopy, and X-ray
diffraction (XRD). This study will help inform further development of IWF to improve durability and the
data within can be used to develop long-term predictive models for iodine releases from candidate waste
forms. It should be made clear that the IWF samples used in this study have not yet been optimized for
durability, but can be used as comparisons for any future assessments of IWF durability.

2. Materials and Methods

2.1. Materials

The AgZ samples were prepared at Oak Ridge National Laboratory [26]. The base zeolite
used was Ionex Type Ag 900 E16 from Molecular Products and had a chemical composition of
Ca8(Al8Si40O96)·24H2O [22] with ~9 wt % Ag content. A steel cylindrical canister (25 mm” diameter,
75 mm” tall) was filled with AgZ and HIPed for 3 h at 175 MPa. Three samples were included in this
testing: AgZ 1-3 (HIPed at 700 ◦C at 175 MPa for 3 h, no iodine loading), AgZ 1-7 (HIPed at 525 ◦C at
175 MPa for 3 h, loaded with iodine) and AgZ 1-8 (HIPed at 700 ◦C at 175 MPa for 3 h, loaded with
iodine); the numeration sequence corresponds to the previously reported sample preparation [28].
From the canisters, two horizontal pucks were sectioned from the ingot (2 mm thick) to produce
a flat surface encapsulated in a steel ring. Visual images of the samples are shown in Figure 1a–c.
The chemical makeup of the AgZ samples was determined using energy dispersive X-ray spectroscopy
(EDS, Bruker Quantax 6|60; Bruker Nano GmbH, Berlin, Germany) by taking the average composition
of a minimum of four 250 μm × 350 μm areas on the sample and these are listed in Table 1. Because
there were only two small AgZ samples, and to keep the integrity of the samples, no digestion for
chemical composition was conducted.
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Figure 1. Photographs showing the samples used in this study: (a) AgZ 1-3; (b) AgZ 1-7; (c) AgZ 1-8;
(d) SPS-1; and (e) SPS-2.

Table 1. Composition of the AgZ samples used in this study determined using the average area scan
from multiple EDS maps. The standard deviation is representative of the multiple areas imaged to
determine the average composition.

Sample AgZ 1-3 AgZ 1-7 AgZ 1-8

Element wt % St.Dev wt % St.Dev wt % St.Dev

Ag 8.70 2.21 10.94 1.74 9.78 1.57
I 0.00 0.00 6.02 1.34 4.79 1.52
O 43.10 2.02 37.84 2.96 39.85 2.23

Na 0.30 0.10 0.27 0.19 0.22 0.21
Mg 0.62 0.11 0.53 0.11 0.38 0.24
Al 6.48 0.75 6.18 0.90 6.02 0.59
Si 34.64 2.89 33.73 3.59 33.85 3.07
K 0.66 0.17 0.70 0.25 0.53 0.24
Ca 0.87 0.08 0.86 0.15 0.74 0.23
Fe 1.20 0.86 1.35 1.05 1.45 0.96

Others 3.42 - 1.57 - 2.39 -

The spark plasma sintered (SPS) SFA samples were prepared using SFA fabricated at Pacific
Northwest National Laboratory using a commercially available silica aerogel from United Nuclear
(Laingbrugh, MI, USA). The as-received SFA materials were functionalized in-house using the method
reported previously [29]. Two samples were used in the study and given the designations of SPS-1 and
SPS-2. SPS-1 was densified without alterations to the materials while the SPS-2 sample included an
additional 20 wt % of raw SFA added prior to the SPS process. The samples (~5 g) were sintered in a
graphite die set and heated to 1200 ◦C (ramp of 100 ◦C/min) under Ar atmosphere. The temperature
was held at 1200 ◦C for 30 min at 70 MPa and allowed to cool to room temperature under Ar atmosphere
until below 400 ◦C. The final waste form samples to be used in the testing are shown in Figure 1d,e.
Because there was only a single sample for each condition, no digestion for chemical composition was
possible. The compositions of the SPS-SFA samples were determined from the original SFA material
prior to densification and are given in Table 2. The densified SFA materials are highly sensitive to
electron beam exposure and lose I with increased exposure time. A difference between the composition
measured with EDS for SFA and the actual composition has been observed in a previous study [23].
Thus, EDS compositions were not used for the SFA in this work.
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Table 2. Composition of the SFA SPS samples based on the initial composition of the SFA material.
The “Others” is comprised primarily of oxygen and minor species (e.g., Fe).

Sample SPS-1 SPS-2

Element wt % wt %

Ag 24.9 19.9
I 30.0 24.0
Si 16.8 33.0
S 0.7 0.5

Others 27.6 22.1

One face of the each sample was polished prior to being exposed to the SPFT test. For the AgZ
samples, the faces polished for each of the samples were adjacent to each other when cut. The samples
were placed on a rotating polishing unit at 15 μm SiC for 20 min with 20 lbs of force at 240 rpm,
followed by successive 5 min sets at 9 μm and 3 μm. Following these steps, the samples were finalized
on a vibratory polisher with 1-μm SiC followed by 0.05-μm colloidal silica for 4 h each. A final ethanol
rinse was used to remove any remaining debris. The opposite face of the samples was then masked
using room temperature vulcanizing (RTV) silicone (Locktite®). The masking was done to limit
damage to the samples as there were only a few unique samples.

2.2. Single-Pass Flow-Through Testing

Corrosion testing of the samples was performed with the SPFT technique following ASTM Method
C1662-17 [27]. In general, the SPFT test utilizes a flowing solution through a saturated, sealed vessel
containing a sample and the effluent solution from the reactor was monitored. The monolithic samples
were placed on a cage within a 60 mL reaction vessel made of high-density polyethylene (HDPE,
Savillex) with the polished face directed upward. The flow rate was provided by a syringe pump
(Nordgren-Khloen, V6 syringe drive pump, Las Vegas, NV, USA) and was targeted at 20 mL/day
to provide dilute conditions (<5 mg/L for species in solution) yet keep the concentrations within a
measurable range (above instrument detection limits). All experiments were performed in an oven, in
open atmosphere (sealed reactor), at 90 ◦C. Effluent samples were collected in polytetrafluorethylene
(PTFE) bottles and flow rates were determined gravimetrically. Only a single test was performed at
pH 7 and pH 11 to preserve the unique samples due to the loss of material experienced during the test
and the post-test polishing procedure. A repeat experiment at shorter duration (17 days compared to
36 days) was performed on the AgZ samples at pH 9 to ensure reproducibility of the SPFT technique.

At the conclusion of the test, flow to the reactors was stopped and the samples were removed and
rinsed three times with double deionized water (18.2 MΩ·cm) and three times with anhydrous ethanol
(98%, Fisher Scientific). Solutions buffered at pH (at room temperature, RT) 7 and pH 9 were made
with 0.05 M tris(hydroxylmethyl)aminomethane (TRIS, Fisher Scientific) adjusted to the desired pH
using HNO3, while solutions at pH (RT) 11 were a 0.001 M LiOH + 0.01 M LiCl solution.

2.3. Post Analysis

Concentrations of the analytes in the collected effluents were measured using inductively coupled
plasma (ICP) mass spectroscopy (Thermo X-Series 2, Waltham, MA, USA) for total I (detection limit of
1.26 μg/L) and ICP optical emission spectroscopy (Perkin Elmer Optima 8300 DV, Perkin Elmer, Shelton,
CT, USA) for Si, Ag and Al (with detection limits of 54.6 μg/L, 17.9 μg/L and 15.6 μg/L, respectively).

The sample surfaces were imaged using scanning electron microscopy (SEM) and elemental
distributions were determined using EDS. Attempts were made to correlate the same area on the
sample surface both before and after corrosion. Images were collected at 70× and 250× magnifications.
SEM analyses were performed with a JSM-7001F microscope (JEOL USA, Inc., Peabody, MA, USA)
with an XFlash 6|60 EDS Si-drift detector (Bruker) for elemental mapping and spot analysis.
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The samples were also characterized post-corrosion for any changes in their structure using X-ray
diffraction (XRD). The samples were not altered prior to the XRD measurements; they were analyzed as
intact coupons. The XRD patterns were collected with a Bruker D8 Advance XRD system (Bruker AXS,
Tuscon, AZ, USA) equipped with a Cu target (Kα1 = 0.15406 nm) over a scan range of 5◦ 2θ to 75◦ 2θ
using a step size of 0.015◦ 2θ and a hold time of 4 s per step. The scans were analyzed with TOPAS
(v4.2) whole pattern fitting software according to the fundamental parameters approach [30]. Structure
patterns were selected from the Inorganic Crystal Structure Database (release 2013) with unit cell
dimensions refined in the fitting process of each pattern.

The topographical evolution of the surface following corrosion was observed using optical
profilometry (OP) on a Bruker GTK profilometer with a 5× or 50× lens before and after corrosion.

3. Results

3.1. Pre-Corrosion Characterization

The initial microstructures of the AgZ samples prior to corrosion were observed with SEM
and EDS. The multiphase structure of AgZ 1-3 is shown in the SEM micrograph in Figure 2a.
The microstructure contained a continuous matrix and large isolated secondary phases (the lighter
grey regions in the SEM image) within the matrix. The Ag particles (Figure 2b) were present in both
the matrix and in the secondary phases. No iodine was present in AgZ 1-3 (Figure 2c). The secondary
phases present within the matrix contained high amounts of Al and K (i.e., Figure 2d,e, respectively).
Si comprised the matrix phase (Figure 2f). The larger white inclusion in the center of Figure 2a was
composed primarily of Zr and S, the origin of which is unknown. An example of a commonly observed
secondary phase is highlighted with a white box in Figure 2a. EDS analysis of this location, shown in
Table 3, revealed higher amounts of K (1.5 wt %) than the matrix as a whole. This phase also contained
Ag inclusions.

Figure 2. Microstructure of the AgZ 1-3 sample shown by: (a) SEM micrograph; and the corresponding
EDS maps of: (b) Ag; (c) I; (d) Al; (e) K; and (f) Si. The large white inclusion in (a) is made of Zr and S
whose origin are not known. The white box marked “1” is the location where an EDS spot analysis was
performed and listed in Table 3.
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Table 3. Composition of the features highlighted in the SEM images in Figures 2a and 3a determined
with EDS spot analysis.

Image Figure 2a Figure 3a Figure 3a

Location 1 2 3

Element wt % wt % wt %

Ag 5.7 1.8 4.5
I 0 0.2 0.4
O 46.3 41.6 43.0
Na 0.5 3.4 0.2
Mg 0.3 0.08 0.9
Al 6.9 10.9 8.0
Si 37.2 35.5 36.9
K 1.5 5.1 0.9
Ca 0.6 0.2 3.4
Fe 0.3 0.3 0.2

Others 0.7 0.92 1.6

The AgZ 1-7 sample is shown in Figure 3a. AgZ 1-7 had similar features to AgZ 1-3. The two
main differences between AgZ 1-3 and AgZ 1-7 were the presence of I (Figure 3c), and more even
distribution of Ag in the AgZ 1-7 sample. The I and Ag distribution in the AgZ 1-7 sample were
observed to be even with one another and with few discrete Ag particles, such as those observed in
the AgZ 1-3 sample. These changes were possibly due to the higher temperature used in the HIP
process of the AgZ 1-3 sample. Similar secondary phases of Al and K (Figure 3d,e, respectively) were
observed within the widespread Si matrix (Figure 3f). A different type of inclusion was observed in
this image being comprised of Fe and Mn, the origin of these species is not known. (EDS not shown).
Two common microstructural features are highlighted in the SEM micrograph (Figure 3a). Area #2
was measured to be comprised of higher levels of Na (3.4 wt %), Al (10.9 wt %), and K (5.1 wt %)
with lower Ag (1.8 wt %) and I (0.2 wt %) compared to the bulk composition (see Table 3). Area #3
contained higher amounts of Ca (3.4 wt %) and Al (8 wt %) than the bulk.

Figure 3. Microstructure of the AgZ 1-7 sample shown by: (a) SEM micrograph; and the corresponding
EDS maps of: (b) Ag; (c) I; (d) Al; (e) K; and (f) Si. The large white inclusion in (a) is comprised of Fe
and Mn whose sources are not known. The white boxes marked “2 and 3” are the locations where an
EDS spot analysis was performed and listed in Table 3.

Figure 4 displays the microstructure of the AgZ 1-8 sample. The elemental distributions across
the microstructure were similar to AgZ 1-3 including small isolations of Ag that were associated with
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I in the AgZ 1-8. Such a distribution can be expected as the AgZ 1-3 and 1-8 sample had identical
processing parameters.

Figure 4. Microstructure of the AgZ 1-8 sample shown by by: (a) SEM micrograph; and the
corresponding EDS maps of: (b) Ag; (c) I; (d) Al; (e) K; and (f) Si. The large white inclusion in
(a) is Fe (source not known) with AgI particles within the structure.

The SFA samples were also comprised of a multiphase microstructure. The SPS-1 sample can be
seen in the SEM micrograph in Figure 5a and large features were observed in the image. The Ag was
observed to be sitting on the edges of the large particles and in smaller discrete isolations (see Figure 5b).
The I was generally located throughout the sample but not as intimately associated with areas of high
Ag (see Figure 5c). The SFA samples contained S from the thiol backbone of the original aerogel and
the S was distributed evenly (Figure 5d), except for areas of high Si observed in Figure 5e. The SPS-2
sample, with 20 wt % additional Si added had a similar microstructure to the SPS-1 with a larger
coverage of Si-rich particles (see Figure 6) and a more widespread distribution of Ag compared with
the SPS-1 sample.

Figure 5. Microstructure of the SPS-1 sample shown by: (a) SEM micrograph; and the corresponding
EDS maps of: (b) Ag; (c) I; (d) S; and (e) Si.
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Figure 6. Microstructure of the SFA SPS-2 sample shown by: (a) SEM micrograph; and the corresponding
EDS maps of: (b) Ag; (c) I; (d) S; and (e) Si.

3.2. Corrosion Testing of HIPed Ag Mordenite

SPFT testing was performed on the AgZ samples with inlet solutions at pH 7, pH 9, and pH 11.
The errors presented represent the standard deviation of the individual rates measured during the
test. All dissolution rates in this work were normalized to the individual sample compositions
(Tables 1 and 2) and the dissolution rates of the samples were determined using the following equation:

rate =
[X] ∗ V

SA ∗ t ∗ fi

where
X is the concentration of the analyte in the effluent, g/L;
V is the volume of the collected effluent during the interval, L;
SA is the surface area of the sample, m2;
t is the duration of the interval, day; and
f i is the normalization factor based on the mass % of analyte, unitless.

Figure 7 displays the normalized dissolution rates measured for the three AgZ samples in pH 7
solution. For the iodine-free AgZ 1-3 sample (Figure 7a), the dissolution rates were fairly constant
over the duration of the test. The decreases observed at 63 days were due to a pump failure. The Ag
dissolution rate was higher (0.65 ± 0.07 g/m2/day average) compared with the Si dissolution rate
(0.17 ± 0.01 g/m2/day average). There was only detectable Al in four samples throughout the duration
of the test, the rest falling below the instrument detection limit. Using the instrument detection limit
for Al as an input, a maximum rate of 0.06 g/m2/day can be presumed for the Al dissolution rate.
The AgZ 1-7 sample (Figure 7b) showed an average Si dissolution rate of 0.066 ± 0.009 g/m2/day
while the I dissolution rate was lower at 0.015 ± 0.008 g/m2/day. Neither the Ag nor the Al had
measurable concentrations in the effluent and maximum rates of 0.04 g/m2/day and 0.07 g/m2/day,
respectively, can be assumed using the associated instrument detection limit. The AgZ 1-8 sample,
having identical processing parameters to the AgZ 1-3 but with I (Figure 7c), behaved similarly to
the iodine-free sample. The Ag dissolution rate was again higher (0.30 ± 0.11 g/m2/day) than the Si
dissolution rate (0.08 ± 0.01 g/m2/day). The Al was measurable for this sample for the majority of the
test with an average dissolution rate of 0.09 ± 0.02 g/m2/day being measured. The I dissolution rate
was measured at 0.005 ± 0.001 g/m2/day, which was lower than the AgZ 1-7. Near the conclusion of
the test, the I dissolution rate increased with time and is possibly due to the corrosion of the surface
exposing more AgI that could dissolve. The difference between the AgZ 1-3 and Ag 1-8 Ag and Si
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dissolution rates compared with the AgZ 1-7 sample may have arisen from Ag particles being present
outside of the Si matrix in the 1-3 and 1-8 samples (Figures 2 and 4) and thus more readily attacked.

Figure 7. Normalized dissolution rates calculated from SPFT experiments using the AgZ samples
at pH 7 for: (a) AgZ 1-3 (iodine-free sample); (b) AgZ 1-7; and (c) AgZ 1-8. The dashed lines, when
present, represent the maximum rate for samplings where the analyte concentration was below the
detection limit of the instrument and a dissolution rate calculated using the detection limit value. The
asterisks (*) mark samplings where the flow rate deviated by >10% from the average flow of the test.

Figure 8 presents the AgZ normalized dissolution rates in pH 9 solution. With the increased
alkalinity of the test solution measurable analyte concentrates were present in all effluent samples.
AgZ 1-3 (Figure 8a) showed a higher Ag dissolution rate (1.16 ± 0.49 g/m2/day in the 36-day test and
1.01 ± 0.37 g/m2/day in the 17-day test) compared with the Si dissolution rate (0.34 ± 0.12 g/m2/day
in the 36-day test and 0.19 ± 0.05 g/m2/day in the 17-day test). The Al dissolution rates were measured
to be 0.30 ± 0.13 g/m2/day (36 day) and 0.30 ± 0.13 g/m2/day (17 day). The AgZ 1-7 (Figure 8b)
showed I dissolution rates of 0.25 ± 0.09 g/m2/day (36 day) and 0.27 ± 0.08 g/m2/day (17 day), Ag
dissolution rates of 0.14 ± 0.05 g/m2/day (36 day) and 0.31 ± 0.08 g/m2/day (17 day), Si dissolution
rates of 0.31 ± 0.23 g/m2/day (36 day) and 0.15 ± 0.04 g/m2/day (17 day) and Al dissolution rates of
0.14 ± 0.06 g/m2/day (36 day) and 0.13 ± 0.10 g/m2/day (17 day). The AgZ 1-8 (Figure 8c) showed I
dissolution rates of 0.14 ± 0.06 g/m2/day (36-day test) and 0.30 ± 0.14 g/m2/day (17-day test), Ag
dissolution rates of 1.32 ± 0.53 g/m2/day (36 day) and 1.01 ± 0.36 g/m2/day (17 day), Si dissolution
rates of 0.49 ± 0.24 g/m2/day (36 day) and 0.20 ± 0.08 g/m2/day (17 day) and Al dissolution rates of
0.39 ± 0.30 g/m2/day (36 day) and 0.41 ± 0.13 g/m2/day (17 day). The measured dissolution rates
at pH 9 in the 36-day tests and 17-day tests highlight the reproducibility using the SPFT technique.
Similar to the pH 7 tests, the AgZ 1-3 and AgZ 1-8 samples showed similar dissolution rates with the
rates for Ag being larger than the Si and Al. The AgZ 1-7 sample showed dissolution rates that tracked
with one another for all four analytes. The I dissolution rates for AgZ 1-7 and AgZ 1-8 were similar
despite the higher Ag dissolution rate for the AgZ 1-8. This would suggest some free Ag is generated
at the higher HIP temperature of the AgZ 1-8 sample.

Moving to pH 11 (see Figure 9), an expected increase in overall dissolution of the samples was
observed with new trends in the elemental releases. The AgZ 1-3 (Figure 9a) displayed an increase
in dissolution rate until >7 days and the values measured beyond this were used to determine the
average rates. The AgZ 1-3 sample showed higher Si dissolution rates (1.05 ± 0.21 g/m2/day) than
Ag (0.14 ± 0.05 g/m2/day), which were different than rates for pH 7 and pH 9. The inversion of the
two rates may have been due to the increased solubility of Si and potential decrease in Ag solubility
(through formation of Ag2O) with increased alkalinity [31]. The Al dissolution rate was measured
to be 0.49 ± 0.18 g/m2/day. The AgZ 1-7 (Figure 9b) showed a similar trend with a Si dissolution
rate of 1.20 ± 0.32 g/m2/day and an Ag dissolution rate of 0.09 ± 0.02 g/m2/day. The I dissolution
rate was measured to be 0.22 ± 0.02 g/m2/day and the Al dissolution rate was 0.39 ± 0.18 g/m2/day.
AgZ 1-8 (Figure 9c) showed a Si dissolution rate of 0.99 ± 0.46 g/m2/day, an Ag dissolution rate of
0.81 ± 0.19 g/m2/day, an I dissolution rate of 0.06 ± 0.02 g/m2/day, and an Al dissolution rate of
0.52 ± 0.38 g/m2/day. The last three sampling of the pH 11 test had a lower flow rate through the
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reactor and conditions within the reactor may have changed, leading to the stark decreases observed
after 14 days.

Figure 8. Normalized dissolution rates calculated from SPFT experiments using the AgZ samples
at pH 9 for: (a) AgZ 1-3 (iodine-free sample); (b) AgZ 1-7; and (c) AgZ 1-8. The asterisks (*) mark
samplings where the flow rate deviated by >10% from the average flow of the test.
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Figure 9. Normalized dissolution rates calculated from SPFT experiments using the AgZ samples at pH
11 for: (a) AgZ 1-3 (iodine-free sample); (b) AgZ 1-7; and (c) AgZ 1-8. The dashed lines, when present,
represent the maximum rate for samplings where the analyte concentration was below the detection
limit of the instrument and a dissolution rate calculated using the detection limit value. The asterisks
(*) mark samplings where the flow rate deviated by >10% from the average flow of the test.

Based on the solution data presented above, an incongruent dissolution of the sample surface
is likely occurring. The different phases of the heterogeneous microstructure shown in Figures 1–3
can each corrode independently of one another. The monolithic samples were imaged following SPFT
testing to observe any physical changes on the sample surface. Using SEM, no observable changes were
present on the AgZ samples following the pH 7 and pH 9 tests. Following the pH 11 tests, noticeable
changes were present on the AgZ samples. Figure 10 shows the AgZ sample surfaces before and after
the pH 11 exposure. The AgZ 1-3 sample (Figure 10a) appears to have corroded at the secondary
phases and not the continuous Si matrix. The Ag particles (bright spots) appeared larger following
corrosion as the higher alkalinity environment may increase their stability while the rest of the material
corrodes. Based on the Pourbaix diagram for Ag, above pH 9 AgO becomes a stable phase for Ag
and such a process may be occurring in the pH 11 tests [32]. For the AgZ 1-7 sample (Figure 10b),
the secondary phases also appeared to have corroded. This observation is best exemplified by the
rhomboid-shaped particle in the left center of the image, which was a K-rich particle. Following
corrosion, the sharp edges of this phase had disappeared. The AgZ 1-8 sample also showed attack of
the secondary phases and, similar to the AgZ 1-3 sample, an apparent growth of the Ag-containing
particles (Figure 10c). The SEM micrographs suggest that corrosion preferentially occurred at the
secondary phases, yet this was only observed from a two-dimensional view.

Optical profilometry was used to observe the three-dimensional (3D) profile of the AgZ samples
following the SPFT experiments (Figure 11). At pH 7, all three samples showed only minor surface
topography. In fact, the surface had retained enough of its polished nature to make it difficult to
create the proper reflection to image at higher resolution, and as a result, a lower magnification image
is shown. At pH 9, the surface morphology resembled what was suggested by the SEM images
in Figure 10. Here, the lowest points on the surface were found to be the secondary phases for all
three samples. The shapes and distributions of the phases suggest that these are the alkali- and
alkaline-earth-rich phases shown in Figures 2–4. At pH 11, more extensive damage was observed and
the AgZ 1-7 sample could not be fully resolved to generate a 3D image.
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Figure 10. SEM micrographs of the samples both before and after corrosion in pH 11 SPFT experiments:
(a) AgZ 1-3; (b) AgZ 1-7; and (c) AgZ 1-8.
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Figure 11. Optical profilometry images of the samples following the SPFT experiments: (a) AgZ 1-3;
(b) AgZ 1-7; and (c) AgZ 1-8. At pH 7, the surface could not be resolved at the higher magnification
(50×) so a lower magnification (5×) was used.

XRD analysis of the AgZ samples following testing at pH 9 and pH 11 showed no substantial
difference (spectra not shown) to the starting material [26]. Following the test, the sample surface was
composed of a mixture of silicon oxides, Ag metal, and AgI (Table 4). It should be noted that the XRD
mode used generated excitation volumes between 5 μm and 50 μm and the information within this
table includes the signal from the surface and inner sample in the excitation volume.

Table 4. Summary of the crystalline phases measured with XRD following SPFT AgZ tests at pH 9 and
pH 11.

Sample pH 9 pH 11

AgZ 1-3
Ag metal, aluminum silicon oxide,

silicon oxide, anorthite
Ag metal, aluminum silicon oxide,

silicon oxide

AgZ 1-7
Ag metal, silicone oxide, anorthite, Ag
iodide, aluminum silicate, cristobalite

Ag metal, silicone oxide, anorthite, Ag
iodide, aluminum silicate, cristobalite

AgZ 1-8
Ag metal, silicone oxide, anorthite, Ag
iodide, aluminum silicate, cristobalite

Ag metal, silicone oxide, anorthite, Ag
iodide, aluminum silicate, cristobalite

3.3. Corrosion Testing of Spark Plasma Sintered Silver-Functionalized Silica Aerogels

The densified SFA materials were tested using the SPFT method in a similar fashion to the
AgZ. In pH 7 solution (Figure 12a), the SPS-1 sample experienced consistent dissolution, with an
average Si dissolution rate of 4.49 ± 1.52 g/m2/day and an I dissolution rate of 0.12 ± 0.05 g/m2/day.
The SPS-2 sample (Figure 12b), with higher Si content, measured lower Si dissolution rates averaging
0.65 ± 0.16 g/m2/day and I dissolution rates measuring 0.06 ± 0.02 g/m2/day. No Ag release was
measured at pH 7 for either sample.
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Figure 12. Normalized dissolution rates calculated from SPFT experiments using the SFA samples at
pH 7 for: (a) SPS-1; and (b) SPS-2 (+20 wt % SFA). The asterisks (*) mark samplings where the flow rate
deviated by >10% from the average flow of the test.

In pH 9 solution (Figure 13), both samples showed a continual increase in dissolution rate with
time. At the conclusion of the test on the SPS-1 sample (Figure 13a), the measured Si dissolution
rate was 4.67 g/m2/day and the measured I dissolution rate was 0.37 g/m2/day. The SPS-2 sample
(Figure 13b) showed a Si dissolution rate of 1.26 g/m2/day and an I dissolution rate of 0.56 g/m2/day.
Only at the conclusion of the test was Ag measurable for the SPS-1 sample, corresponding to an Ag
dissolution rate of 0.02 g/m2/day. No Ag release was measurable for the SPS-2 sample.

Figure 13. Normalized dissolution rates calculated from SPFT experiments using the SFA samples at
pH 9 for: (a) SPS-1; and (b) SPS-2 (+20 wt % SFA). The asterisks (*) mark samplings where the flow rate
deviated by >10% from the average flow of the test.

At pH 11 (Figure 14a), the SPS-1 sample measured an average Si dissolution rate of
33.3 ± 5.6 g/m2/day and an I dissolution rate of 1.04 ± 0.56 g/m2/day prior to the decrease at
the final interval. The SPS-2 sample (Figure 14b) showed a Si dissolution rate of 10.21 ± 1.73 g/m2/day.
The I release was initially low before increasing past seven days. After this increase, the average I
dissolution was measured at 0.54 ± 0.16 g/m2/day. Ag was measured in the effluent at two time
points for the SPS-1 sample equaling an Ag dissolution rate of 0.02 g/m2/day.
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Figure 14. Normalized dissolution rates calculated from SPFT experiments using the SFA samples at
pH 11 for: (a) SPS-1; and (b) SPS-2 (+20 wt % SFA). The asterisks (*) mark samplings where the flow
rate deviated by >10% from the average flow of the test.

In all cases, the Si dissolution rates measured for SPS-2 were lower than those for SPS-1. The SPS-2
sample had additional Si added (as raw SFA) prior to sintering to improve durability and this
methodology appeared to be successful. With the exception of the SPS-2 at pH 9, the I dissolution
rates were also lower than the Si dissolution rates for the SFA samples. The microstructure of the
SFA samples had areas of higher Si without any I present. Dissolution of those particles may have
caused the higher Si dissolution rates, and more-so if the Si isolations were less durable than the
matrix. The minimal release of Ag observed may be a result of the S presence in the SFA. AgS is a very
insoluble compound and it is possible that dissolved Ag can become associated with S and be retained
on the surface.

As with the AgZ samples, there were observable changes on the SFA surfaces following pH 11
exposure. SEM-EDS analysis performed on SPS-1, shown in Figure 15, provided some insight as to the
retention of Ag during the testing of the SFA samples. In the SEM micrographs (Figure 15a), the large
Si particles in the uncorroded image (those depleted in Ag and I) were heavily corroded, the large
particle in the upper right being a perfect example. The attack appeared to have moved from the outer
edge of the particles inward. The Ag remained evenly distributed following corrosion while some new
Ag particles also appeared (Figure 15b). The I-rich particles in the uncorroded image near the large
particles had disappeared in the corroded image (Figure 15c). The dissolution of the large particles
likely drove the I-release. The most prominent change, however, is the increased definition of S in the
image following corrosion (Figure 15d). After corrosion, a large particle has been exposed or generated
that also contained Ag (Figure 15b) and I (Figure 15c). The appearance of the Ag-S-containing particles
coordinated with I (see the large particle in the center of the corroded images) suggests that S may be
responsible for the low Ag release and present a possible mechanism for improving I-retention in the
sintered SFA. Previous work has shown that S behaves as a redox control agent over the Ag [33]. More
work is planned to pursue understanding of this possible mechanism.
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Figure 15. (a) SEM micrographs of the SPS-1 sample (left) before and (right) following SPFT testing at
pH 11; and the corresponding EDS maps of: (b) Ag; (c) I; and (d) S.

For the SPS-2 sample, clear corrosion attack of the Si-rich particles was observed (Figure 16a),
with the large particle in the center of the image being almost fully removed. An AgI particle was
observed in the center of the non-corroded image (Figure 16b,c). Following corrosion, this particle
was more visible as a result of the Si matrix removal around the particle. Other large AgI isolations
behaved similarly in the images. Compared with the small AgI particles at the boundaries of the
Si-particles in SPS-1 that were removed, large AgI isolations appeared to be retained better on the
surface of the SPS-2.
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Figure 16. (a) SEM micrographs of the SPS-2 sample before (left) and following (right) SPFT testing at
pH 11; and the corresponding EDS maps of: (b) Ag; (c) I; and (d) S.

The change in overall surface roughness of the SFA samples based on exposure pH can be
observed in the optical profilometry images shown in Figure 17. For both the SPS-1 (Figure 17a) and
SPS-2 (Figure 17b), following exposure at pH 7, the surface was notably roughened compared with the
polished surface. The suppressed regions of the sample following corrosion appeared to be isolated
and would suggest a similar dissolution pathway targeting the Si particles, as was observed at pH 11
in the SEM images. The surface was heavily corroded at pH 11.
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Figure 17. Optical profilometry images before and after the SPFT experiments at pH 7 and pH 11 of:
(a) SPS-1; and (b) SPS-2.

3.4. Comparison to Other Materials

Dissolution rates for Si-based materials in SPFT testing are highly dependent on the flow to surface
area (q/S) ratio. This can limit direct comparisons between the dissolution rates measured for materials
in different SPFT testing efforts. However, any comparative assessment of the overall durability of
IWFs should be made against other material types under investigation for the long-term disposal of
nuclear wastes. Other iodine-containing waste forms have been tested with SPFT but the tests were
performed with differing conditions. Neeway et al. performed SPFT on iodine-containing fluidized
bed steam reforming (FBSR) material at 40 ◦C and at far lower q/S (largest being 3 × 10−4 m/day)
than this work [34]. Higher temperature dissolution data on FBSR material (without iodine) has been
reported but the q/S used in the testing was not included [35]. Mowry et al. used a small-volume SPFT
design to assess the durability of low-temperature Bi-Si-Zn oxide glass-composite materials (GCM) that
contained AgZ [36]. The experiments focused on solutions with pH < 7, a maximum temperature of
60 ◦C and a q/S of 2 × 10−4 m/day. An iodine-containing glass (BNDL-A-S98) was investigated with
SPFT at 90 ◦C but the raw data is not available in the report to compare the q/S values [37]. The best
available comparisons are works on the dissolution of high-level nuclear waste glasses [38] and glass
ceramic waste forms [39] where SPFT tests were performed (on powdered samples) at 90 ◦C in pH 9 and
pH 11 solutions with similar q/S values to this work. The glass ceramic waste forms were multi-phase,
borosilicate-based materials comprised of a borosilicate glass matrix with crystalline powellite and
oxyapatite phases within. A summary of the normalized dissolution rates determined in this study
as well as the comparative examples is given in Table 5. The three high-level waste glasses AFCI,
ISG, and SON68 had Si dissolution rates of 0.350 g/m2/day, 0.154 g/m2/day, and 0.369 g/m2/day,
respectively, while the glass-ceramic waste form had a Si dissolution rate of 3.39 g/m2/day in pH 9
tests. The highest pH 9 dissolution rates in the current study were 0.20 g/m2/day for AgZ 1-8 and
4.67 g/m2/day for SPS-1. This comparison suggests that the Si-matrices of the IWFs in the study are as
durable as other Si-based waste form materials at pH 9. At pH 11, ISG had the highest Si dissolution
rate at 3.44 g/m2/day while AgZ 1-7 had a Si dissolution rate of 1.20 g/m2/day and SPS-1 was
higher at 33.3 g/m2/day. The limited number of available datasets to directly compare IWF durability
highlights the need for a standardized test to be defined to assess IWFs on an even playing field and to
provide data to be used in long-term modelling predictions of IWF durability upon disposal.
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Table 5. Summary of the normalized dissolution rates measured with SPFT testing in this report and
comparison to dissolution rates measured for other materials in similar test conditions.

Sample
Test pH
(Room
Temp)

Length
(d)

q/S
(m/day)

I Dissolution
Rate

(g/m2/day)

Ag
Dissolution

Rate
(g/m2/day)

Si
Dissolution

Rate
(g/m2/day)

Al
Dissolution

Rate
(g/m2/day)

AgZ 1-3

7 68 0.21 N/A 0.65 ± 0.07 0.17 ± 0.01 < 0.06

9
17 0.18 N/A 1.01 ± 0.37 0.19 ± 0.05 0.35 ± 0.14
36 0.17 N/A 1.16 ± 0.49 0.34 ± 0.12 0.30 ± 0.13

11 18 0.21 N/A 0.14 ± 0.05 1.05 ± 0.21 0.49 ± 0.18

AgZ 1-7

7 68 0.24 0.015 ± 0.008 <0.04 0.066 ± 0.009 < 0.07

9
17 0.21 0.27 ± 0.08 0.31 ± 0.08 0.15 ± 0.04 0.13 ± 0.10
36 0.17 0.25 ± 0.09 0.14 ± 0.06 0.32 ± 0.23 0.14 ± 0.06

11 18 0.23 0.22 ± 0.02 0.09 ± 0.02 1.20 ± 0.32 0.39 ± 0.18

AgZ 1-8

7 68 0.24 0.005 ± 0.001 0.30 ± 0.11 0.08 ± 0.01 0.09 ± 0.02

9
17 0.18 0.30 ± 0.14 1.01 ± 0.36 0.20 ± 0.08 0.41 ± 0.13
36 0.17 0.14 ± 0.07 1.32 ± 0.53 0.49 ± 0.24 0.39 ± 0.30

11 18 0.23 0.06 ± 0.02 0.81 ± 0.19 0.99 ± 0.46 0.52 ± 0.38

SPS-1

7 68 0.41 0.12 ± 0.05 ND 4.49 ± 1.52 NA

9 17 0.36 0.37 0.02 4.67 NA

11 18 0.31 1.04 ± 0.56 0.02 33.3 ± 5.6 NA

SPS-2

7 68 0.37 0.06 ± 0.02 ND 0.65 ± 0.16 NA

9 17 0.32 0.56 ND 1.26 NA

11 18 0.28 0.54 ± 0.16 ND 10.21 ± 1.73 NA

AFCI (€)
9 21 0.35 NA NA 0.350 NA

11 21 0.35 NA NA 3.36 NA

ISG (€)
9 21 0.35 NA NA 0.154 NA

11 21 0.35 NA NA 3.44 NA

SON68
(€)

9 21 0.35 NA NA 0.369 NA

11 21 0.35 NA NA 2.11 NA

Glass
Ceramic

(¥)
9 21 4.1E-01 NA NA 3.39 NA

NA, data not available or analyte not present in sample; ND, analyte below detection limit, thus no rate calculations;
€ Ref [38]; ¥, Ref [39].

4. Conclusions

In summary, the dilute-condition chemical durability of two IWF types, HIPed AgZ and SPS-SFA,
were investigated using the SPFT method. For the AgZ samples, the following trends were observed:
(1) at pH 7 and 9, the releases of Ag were larger than that of Si for samples HIPed at higher temperature;
(2) at pH 7, the release of I was much slower compared to the other analytes; (3) at pH 11, the release
of Si was higher than Ag; and (4) preferential corrosion attack was observed on secondary phases that
contained higher amounts of Al and alkali species but were lower in overall I content. The following
observations were made for the SFA samples: (1) lowered I release compared with Si; (2) corrosion
attack was preferential at Si-rich particles making small AgI isolations near these particle boundaries
susceptible to dissolution; (3) an increased addition of Si (in the form of 20 wt % SFA) to the SFA
waste form improved chemical durability; (4) minimal Ag release was observed; and (5) Ag- and
S-containing isolations were found to contain I after corrosion testing. Both IWF types had similar
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dissolution rates to other Si-based waste forms at pH 9 and pH 11. The information collected here can
be used in the development of long-term predictive models for disposal of IWFs, help direct improved
chemical durability of the IWFs, and highlighted a need for a standardized test to be used for the
durability of IWF.
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Abstract: Initial leaching characteristics of simulated nuclear waste immobilized in three alkali-
borosilicate glasses (ABS-waste) were studied. The effects of matrix composition on the containment
performance and degradation resistance measures were evaluated. Normalized release rates are
in conformance with data reported in the literature. High Li and Mg loadings lead to the highest
initial de-polymerization of sample ABS-waste (17) and contributed to its thermodynamic instability.
Ca stabilizes non-bridging oxygen (NBO) and reduces the thermodynamic instability of the modified
matrix. An exponential temporal change in the alteration thickness was noted for samples ABS-waste
(17) and Modified Alkali-Borosilicate (MABS)-waste (20), whereas a linear temporal change was
noted for sample ABS-waste (25). Leaching processes that contribute to the fractional release of all
studied elements within the initial stage of glass corrosion were quantified and the main controlling
leach process for each element was identified. As the waste loading increases, the contribution of
the dissolution process to the overall fractional release of structural elements decreases by 43.44,
5.05, 38.07, and 52.99% for Si, B, Na, and Li respectively, and the presence of modifiers reduces
this contribution for all the studied metalloids. The dissolution process plays an important role in
controlling the release of Li and Cs, and this role is reduced by increasing the waste loading.

Keywords: fractional release; alkali borosilicate glass; leaching processes; modeling

1. Introduction

Radioactive waste disposal is considered to be the last step (end point) in radioactive waste
management systems [1–3]. The design of both geological and near-surface disposal facilities relies on
the application of passive safety functions to ensure the containment and confinement of the radiological
hazards of these wastes, where the wastes are isolated for periods sufficient to allow for radioactive
decay of the short-lived radionuclides and limit the release of long-lived radionuclides [1,2,4,5].
To ensure safe performance of these facilities throughout their life cycles, assessment studies have to
be conducted to support the decision-making process. In these assessments, temporal evolution of
engineering barriers and the dynamic nature of hydrological and biological subsystems in the host
environment are considered by applying a modular approach [3,5,6]. In this approach, the disposal
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system is divided into near- and far-field subsystems that are subsequently divided into their main
components [3].

The waste-immobilizing matrix is the main component of the near-field subsystem. Its main
safety functions are to ensure structural stability, resist degradation, and limit water ingress
and radio-contaminant releases. Several waste matrices have been proposed to stabilize the
radioactive/nuclear wastes, including, cement-, bitumen- and polymer-, glass-, and ceramic-based
matrices [4,6–14]. The main safety function of glass waste matrices is to slow down radionuclide
releases from a geological disposal facility [15]. In this respect, two performance indicators are used to
assess the quality, reliability, and efficiency of the waste matrices, namely the glass–water reaction
rate and the radionuclide leach rate that ensure the degradation resistance and containment ability of
the matrices, respectively. These indicators are evaluated by conducting leaching experiments that
simulate leaching conditions under conservative disposal conditions.

Generally, leaching characteristics of radioactive/nuclear waste matrices are highly dependent on
the chemical compositions of the waste matrices and leaching experimental conditions [6–9,11–17].
A huge research effort was directed at studying the leaching characteristics of glass-based waste
matrices using static and dynamic leaching experiments, i.e., PCT (product consistence test), MCC
(Material Characterization Center), and single pass flow through tests, by investigating different waste
matrices and leachant compositions at varying pH and temperature values and leachant-to-waste
volumes [10–25]. These studies identified hydrolysis, ion exchange, diffusion, dissolution, and
re-precipitation as the main corrosion processes for glass structural elements that led to glass
degradation [10–25]. The overall temporal evolution of the glass waste matrix was attributed to
these processes and their interactions and is conventionally divided into four [11–14] or three [16,17,24]
basic stages, namely initial/forward (inter-diffusion and hydrolysis), residual/final, and resumption
of alteration.

Safety assessment studies for the glass waste matrices are based on kinetic models to predict
temporal variation in radio-contaminant releases and glass degradation [17,23]. Long-term assessment
studies are challenged by the quantification of potential formation of zeolites and their roles in enhancing
long-term glass degradation, whereas short-term assessments are challenged by the dynamic changes
in the leachant chemical composition and glass surface area [11–14,16,17,23,24]. In addition, the initial
leaching stage is characterized by the fastest leaching rates that result from contributions of different
leaching processes [11–14,17,24,26]. An understanding of the leaching characteristics of all the matrix
elements at this stage and an assessment of initiating leaching processes can help in predicting and
controlling the releases at subsequent stages of the degradation process.

Borosilicate glasses (BSs) were proposed as nuclear-waste-immobilizing matrices because of their
ability to incorporate a wide variety of metal oxides, high waste loading, physical and radiological
stability, and simplicity of production [10–14,27]. Alkali modifiers can affect the durability of borosilicate
matrices as a result of a boron anomaly and formation of non-bridging oxygen (NBO) [10,11,28]. Table 1
summarizes normalized release rates for different contaminants and structural elements for different
alkali-borosilicate waste glass (ABS) matrices [29–33]. In this work, the short-term temporal evolution
of glass-waste matrices will be investigated by assessing the initial glass leaching characteristics for all
the matrix constituents in three borosilicate waste glasses. The aim is to identify the effects of waste
loading and matrix modification on the containment performance and degradation resistance and
vindicate the controlling leaching mechanism for each metal group. In this context, we investigate
short-term MCC1 leaching characteristics of three borosilicate waste glass matrices that represent
modified/unmodified vitreous waste forms of varying metal oxide loading. Temporal changes in the
leaching solutions’ composition will be presented for all the matrices constituents, glasses composition
evolution will be traced by calculating the non-bridging oxygen (NBO), and the associated degradation
will be evaluated by calculating the corresponding altered glass fraction (δAGF(t)) and alteration
thickness (ET). The hydration free energies of the glasses will be calculated to have insights into the
effect of the chemical composition on the glass stability and identify the role of the structural elements,
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modifiers, and different waste constituents on the initial thermodynamic stability of the matrices.
The leaching mechanisms of all the studied elements will be identified, and corresponding leaching
parameters will be estimated. Finally, the contribution of each leaching process to the short-term
releases will be presented and linked to the structure of the glasses. The main text is divided into two
sections; the first (Section 2) presents the glass preparation, leaching test, free energy of hydration
calculation, and leaching mechanism evaluation procedures and the second (Section 3) presents the
results and discussions of the experimental and theoretical investigations.

Table 1. The normalized release rate (mg·m−2·d−1) of different elements from different alkali-borosilicate
glasses matrices (ABS), including calcined Prototype Fast Reactor-Raffinate (PFR), Reactor Bolshoy
Moshchnosty Kanalny-concentrate (RBMK), Water-Water Energetic Reactor-concentrate (WWER),
RBMK-evaporator concentrate (K-26), High Level Waste Simulant (BS-5), and PyroGreen salt waste (PG).

ABS Glass Waste PFR RBMK WWER K-26 BS-5 PG

Test Type PCT ISO-6961 PCT PCT PCT Field Data

Alkali

Na 16.9–21.7 101–102 102 59.3–90.9 378 1.42–8.57

Li - - - - - 5.7–37.14

Cs - 101–102 102 - - -

Alkaline earth metal
Ca 3.62–5.89 - - - - -

Sr - 100–101 101 - - -

Post-transition Al 0.29 - - - - -

Transition

Mo 4.44–6.38

100–10−1 100

- - -

Ba 1.47–4.43 - - -

Cr 0.16–0.35 - - -

Metalloid
Si 7.18–8.4 - - 28.1–29.3 174 4.28–17.1

B 32.4–33.3 <10−1 <10−1 31.3–40.5 435 1.42–18.57

Rare earth elements - 10−1 10−1 - 7.11 -

Reference [29] [30] [30] [31] [32] [33]

2. Materials and Methods

2.1. Glasses Preparation

Alkali-borosilicate glasses were prepared using the melt quenching technique, where powders were
mixed, as indicated in Tables 2–4, and milled to obtain homogeneous batches. These samples simulate
the performance of ABS-17% Magnox (ABS-waste (17)), Modified ABS-20% Magnox (MABS-Waste (20)),
and ABS-25% Mixed oxide (ABS-Waste (25)). The powder mixes were melted in a platinum crucible at
1060 ◦C for 1 h and stirred for 4 h before casting into blocks using a preheated stainless steel mould.
Glasses were allowed to cool before being placed into an annealing furnace at 500 ◦C for 1 h then to cool
to room temperature at a rate of 1 ◦C/min. The glasses were kindly supplied by Dr. Cassingham, N.C.
and Prof. Hyatt, N.C., Immobilization Science Laboratory, The University of Sheffield, Sheffield, UK.

Table 2. Chemical composition of the studied glasses (structural elements and modifiers).

Compound SiO2 B2O3 Na2O Li2O CaO ZnO Total

ABS-Waste (17) 50.200 15.400 8.800 8.700 – – 83.100
MABS-Waste (20) 44.260 17.950 9.010 2.110 1.390 4.430 79.150
ABS-Waste (25) 46.280 16.430 8.330 3.980 – – 75.020
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Table 3. Chemical composition of the studied glasses (waste components: alkali, alkaline,
post-transitions, and metalloids).

Compound
Alkali Alkaline Earth Metals Post-Transitions and Metalloids

Cs2O BaO MgO SrO Total Al2O3 TeO2 Total

ABS-Waste (17) 0.300 0.200 8.200 0.200 8.60 3.100 0.100 3.200
MABS-Waste (20) 0.890 0.40 4.100 0.240 4.740 4.110 0.150 4.260
ABS-Waste (25) 1.590 0.470 1.610 0.410 2.490 1.910 0.280 2.190

Table 4. Chemical composition of the studied glasses (waste components: transitions and rare
earth elements).

Compound
Transition Metals* Rare Earth *

Cr2O3 Fe2O3 MoO3 RuO2 ZrO2 Y2O3 Total CeO2 La2O3 Nd2O3 Total

ABS-Waste (17) 0.300 1.300 0.700 0.200 0.800 0.100 3.400 0.500 0.100 0.400 1.000
MABS-Waste (20) 0.630 2.790 1.320 0.520 1.240 0.160 6.660 0.960 0.520 1.530 3.010
ABS-Waste (25) 0.510 2.060 2.490 0.550 2.820 0.310 8.740 1.450 0.730 2.170 4.350

* Ni, Pr, and Gd oxides were neglected in this study.

2.2. Leaching Test

Glass leaching was assessed by conducting an MCC1 (ASTM C1220-10) static leaching test [11],
where glass coupons of 1 × 1 × 0.5 cm3 were immersed in deionized water in Perfluoroalkoxy (PFA)
vessels. The test was performed at 90 ◦C using a constant surface area to volume ratio (S/V) 10 m−1 for
all samples studied. The spectroscopic analyses of the leachants as a function of time were conducted
using inductively coupled plasma optical emission spectroscopy (ICP-OES). The experimental data
(average of triplicates) were used to calculate four performance measures that represent temporal
changes in the leaching solution composition and glass waste matrices compositions, i.e., normalized
release rates (NRi, mg·m−2·d−1) and non-bridging oxygen (NBO), and its corresponding degradation,
i.e., altered glass fraction (δAGF(t)) and altered thickness (ET(t), μm) [6,10,19,22,23,33,34]:

NRi =
CiV
fiSΔt

(1)

NBO = 2(R2O + RO) + 6R2O3 − 2(Al2O3 + Fe2O3) + 4RO2 (2)

δAGF(t) =
(
CBt −CBt−1

)( V
mB

)
(3)

ET(t) =
(
1− (1−AGF(T))

1
3

)( 3
ρ× SA

)
(4)

where Ci is the measured element (i) concentration in leachant released at a specified time t (g/m3), V
and S are the leachant volume (m3) and sample surface area (m2), respectively, fi is the fraction of the
element in the sample, Δt is the time change, RxOy is the metal oxide amount, mB is the mass of boron
(g), ρ is the glass density (g/cm3), and SA is the specific surface area (m2/g).

2.3. Free Energy of Hydration

Leaching behavior can be viewed as a combination of two subsequent reactions. The first is the
waste matrix hydration followed by elemental transport through the matrix and interaction with the
leachant solution. Subsequently, the tendency to undergo a hydration reaction could be seen as an
indication of the waste matrix instability. The hydration free energy (ΔG) for glass waste matrices was
correlated to the thickness of the altered glass, pH, Eh, and former normalized release rates [29,30,35].
The free energy of hydration reaction is expressed as an additive function of individual glass units’
hydration free energies (ΔGi), as follows:
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ΔG =
∑

i

xiΔGi (5)

where xi is the mole fraction of an individual glass unit (i). The hydration free energy was determined
based on the assumption that the glass matrix is homogenous and the presence of crystalline phases,
i.e., iron spinel, is of negligible effect on the hydration. This negligible effect is attributed to their
isotropic nature that minimizes grain boundary dissolution [26]. All the metal oxides were converted
into silicates except silicon, boron, aluminum, and iron and the individual hydration free energy at
90 ◦C was obtained as indicated by Perret et al. [35].

2.4. Leaching Mechanisms Evaluation

Glass leaching mechanisms were evaluated based on the analysis of the experimental data to
a collective model that represents the cumulative leach fraction (CLFi) of the structural elements,
modifiers, and waste oxides as superimposed leaching processes that include a first-order reaction
exchange between the leaching solution and bounded element on the matrix or the formed colloides,
bulk diffusion of elements throughout the matrix, congruent dissolution, and instantaneous release of
loosely bounded element from the surface [6,7,9–14,36]:

CLFi = QOi

(
1− e−Kit

)
+

( S
V

)⎛⎜⎜⎜⎜⎝2

√
Dit
π

+ Uit

⎞⎟⎟⎟⎟⎠+ C, (6)

where Qoi is the initial exchangeable fraction of element on the surface of the waste form, Ki is the rate
constant for the exchange reaction (h−1), Ui is the glass network dissolution rate (m·h−1), and Di is
the effective diffusion coefficient of the element (m2·h−1) .This equation is used in conditions when
saturation effects are not important, such as the initial stage of glass dissolution.

3. Results and Discussion

3.1. Leaching Behavior

Elemental releases (Ci) for all the studied elements show an increasing pattern with time
characterized by an initial slow portion (within 7 days) followed by steep increase rates (Figures 1–3).
The release of alkaline earth metals from MABS-Waste (20) and ABS-Waste (25) is characterized by
very slow rates (Figure 1e,f) and their normalized release rates are in conformance with published
data for different ABS-waste matrices [30]. Glass formers have higher releases than that of Al and
Te (Figure 2), and increasing the metal oxide loading led to a reduction in the releases for metalloid,
post-transition, and transition elements (Figure 2). Finally, for rare earth elements, releases are
characterized by a slow increase as time passes (Figure 3). The normalized release rates of alkali metals
(Tables 5–7) are in conformance with reported data for ABS-Reactor Bolshoy Moshchnosty Kanalny
(RBMK), ABS-Water-Water Energetic Reactor (WWER), K-26, and composite glass [31,32]. Sample
ABS-waste (17) has the highest normalized release rates for most of the studied elements, whereas
ABS-waste (25) has the lowest normalized release rates for formers, alkaline earth elements, and
transition elements. The low values of boron’s normalized leach rates suggest the formation of smectite
alteration phases in the three samples at extended leaching times [37]. From the abovementioned data,
it can be concluded that the releases for all studied elements are monotonically increasing with time,
and the changes in the slope of the release-time represent a possible change in the controlling leaching
mechanisms [7,9,11–14,27].
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Figure 1. Elements releases from the studied samples: (a) Group I-Alkali-Borosilicate (ABS)-Waste (17);
(b) Group I- Modified Alkali-Borosilicate (MABS)-Waste (20); (c) Group I-ABS-Waste (25); (d) Group
II-ABS-Waste (17); (e) Group II-MABS- Waste (20); (f) Group II-ABS-Waste (25).
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Figure 2. Elemental releases from the studied samples: (a) Metalloid and post-transition-ABS-Waste
(17); (b) Metalloid and post-transition-MABS-Waste (20); (c) Metalloid and post-transition-ABS-Waste
(25); (d) Transition-ABS-Waste (17); (e) Transition-MABS-Waste (20); (f) Transition-ABS-Waste (25).
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Figure 3. Rare earth elements releases from the studied samples: (a) ABS-Waste (17); (b) MABS-Waste
(20); (c) ABS-Waste (25).

Table 5. The normalized release rate (mg·m−2·d−1) for structural elements and modifiers.

Compound SiO2 B2O3 Na2O Li2O CaO ZnO

ABS-Waste (17) 50.814 36.024 28.301 37.940 - -
MABS-Waste (20) 41.361 31.541 22.256 25.977 1.041 0.397
ABS-Waste (25) 22.918 20.121 40.363 32.122 - -

Table 6. Normalized release rate (mg·m−2·d−1) for waste components: Alkali, alkaline, post-transitions,
and metalloids.

Compound
Alkali Alkaline Earth Metals Post-Transitions and Metalloids

Cs2O BaO MgO SrO Al2O3 TeO2

ABS-Waste (17) 40.927 2.588 0.706 4.479 3.443 4.568
MABS-Waste (20) 47.539 1.288 1.587 3.447 2.038 1.493
ABS-Waste (25) 27.198 0.928 3.686 1.266 3.464 0.857
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Table 7. Normalized release rate (mg·m−2·d−1) for waste components: transitions and rare
earth elements.

Compound
Transition Metals Rare Earth

Cr2O3 Fe2O3 MoO3 RuO2 ZrO2 Y2O3 CeO2 La2O3 Nd2O3

ABS-Waste (17) 15.648 1.766 12.841 6.458 0.670 2.818 3.781 6.639 8.578
MABS-Waste (20) 3.146 0.708 5.624 3.790 0.187 2.668 8.044 1.924 3.457
ABS-Waste (25) 3.590 0.696 0.811 3.726 0.071 0.702 3.852 2.017 1.670

NBO are formed in ABS-waste matrices due to the presence of alkali modifiers and the
waste metal oxides (Equation (2)); a higher value of NBO fraction is indicative of glass matrix
de-polymerization [15,34]. The silicon-to-boron (Si/B) ratio for all studied samples is greater than 2,
which highlights the role of NBO in glass degradation and refers to the neglected effect of cluster
detachment in this process [38]. ABS-waste (17) has the highest de-polymerization potential due to the
presence of the largest fraction of higher field strength elements, i.e., Li and Mg represent 16.9%, that
enhances BO3 and NBO cluster formation [10,19,39,40]. The NBO are reduced during the progress
of the leaching process due to modifiers and waste metal oxides releases; the overall NBO reduction
is in the order ABS-Waste (25) > ABS-waste (17) >MABS-waste (20) (Figure 4a). It is noted that the
MABS-waste (20) sample, which is the highest polymerized matrix, has a different NBO reduction
pattern that is characterized by its slowest rate of NBO reduction within the first week. This behavior
is accompanied by reduced silicon and boron releases (Figure 2b) and nearly unleached Zn (Figure 2e).
This can be attributed to the nature of modifier incorporation in the matrix, where Ca incorporated in
the vitreous structure of the matrix to compensate for the charge and Zn formed a spinel crystalline
structure [10]. Although calcium has high field strength and is involved in the formation of NBO, the
enhanced highest polymerization of this matrix might be related to the following [37,39–41]:

• The ratio between alkali and alkaline elements to boron is greater than 1, which led to enhanced
calcium stabilization;

• Ca silicate has a lower hydration free energy compared to alkali elements silicates, which led to
lower calcium hydration and subsequently a more stable sample.

Figure 4b quantifies the effect of glass former fraction evolution during the leaching process on
glass matrix de-polymerization. A reducing linear pattern is noted, where the lowest NBO fractions
(0.6–0.76) are noted for the unleached samples (higher glass former fraction content). As the leaching
process continues, the glass former fraction is reduced and the NBO fraction increases. The linear
dependency between the formers and NBO fractions indicates that both silicon and boron sites are linked
to NBO [37]. ABS-waste (17) has the highest NBO fraction, which explains its higher normalized release
rate, whereas the ABS-waste (25) has the lowest fraction. The linear regression coefficients are in the range
(0.994–0.999), where the highest NBO fractions of fully degraded samples are in the range (1.7–1.8), and
the degradation slope is in the order ABS-Waste (25) <MABS-waste (20) <ABS-waste (17).

Table 8 shows glass matrix degradation measures. It reveals that the fraction of the degraded glass
increases with time and the highest degraded sample is ABS-waste (17), which is more stable than
that of international simple glass [22]. The calculated alteration thickness for modified glass is similar
to that of the experimentally deduced value of sample MABS-waste (20) [10]. The relations between
the calculated ET values and the leaching time (t) and the Boron releases in terms of cumulative
leach fraction of boron (CLFB) were calculated via regression as illustrated in Table 8. The alteration
thickness increases exponentially as the leaching period for ABS-waste (17) and MABS-waste (20)
samples increases, whereas a linear dependence is noted with time for the ABS-Waste (25) sample.
The linear dependence between the alteration thickness and the time was noted for some glass samples
during a very short leaching experiment (t < 8 h) [19]. This indicates that the mechanism that controls
that leaching process within the studied period is not diffusion [42,43]. It should be noted that the
formed alteration layer is inhomogeneous, as it is formed under non-equilibrium conditions, and the
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main driving degradation force is the matrix chemical composition within the studied period [44].
The investigations of the relation between alteration layer thickness and boron cumulative leach
fraction shows a linear dependency, where the formation of the alteration layer is the most sensitive in
the case of ABS-waste (17).

Figure 4. The evolution of glass matrix composition during the leaching process: (a) temporal changes
in non-bridging oxygen (NBO); (b) The NBO fraction as a function of former fraction.

Table 8. The evolution and dependency of glass degradation measures.

Glass Sample

AGF% × 10−4 ET (μm)

1 d 7 d 14 d 21 d Time Dependency R2 Boron Release
Dependency

R2

ABS-Waste (17) 5.419 10.437 16.423 50.337 ET = 0.466e0.106t 0.969 ET = 9.032CLFB − 0.842 0.976

MABS-Waste (20) 0.780 1.832 6.889 42.672 ET = 0.052e0.199t 0.983 ET = 8.023CLFB − 0.235 0.989

ABS-Waste (25) 1.629 10.448 13.540 18.685 ET = 0.080t + 0.244 0.943 ET = 5.395CLFB − 0.072 0.997

3.2. Hydration Free Energy of the Studied Matrices

The hydration free energies of the matrices were −6.7, −5.45, and −6.0 kcal/mol for ABS-waste (17),
MABS-waste (20), and ABS-Waste (25), respectively. These values refer to the spontaneous nature of
the hydration reaction that is reduced with increasing the metal oxide loading. The use of calcium
and zinc additives has reduced this spontaneous nature of the reaction. The contribution of the glass
constituents to the hydration free energy is shown in Figure 5. It is clear that the presence of the rare
earth elements does not contribute to the hydration reaction, which is attributed to their low content
and small hydration energy. These elements could be used to stabilize the hydration reaction. Alkali
metals have the highest contribution to the hydration reaction and this contribution is reduced by
increasing the metal oxide loading and additive presence. Transition metals have considerable effect on
the hydration reaction, and this effect increases as the metal oxide loading increases. The contribution
of alkaline metals, metalloids, and post-transition elements to the hydration reaction is slightly affected
by the metal oxide loading or the additive presence. It should be noted that the contribution of Li and
Mg to the overall hydration free energy of the sample ABS-waste (17) represents 46.73%, which is
reduced to 18.92% and 27.22% for the samples MABS-waste (20), and ABS-Waste (25), respectively. So,
it could be concluded that the presence of Li and Mg had led to the higher degradation of the sample
ABS-waste (17), as their presence increases the thermodynamic instability of the sample by increasing
the hydration free energy. Reported studies indicated that the presence of Na- and Mg-silicates have
reduced the glass stability [35].
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Figure 5. Contribution of the waste matrix constituents to the hydration free energy.

3.3. Leaching Mechanism of Structural Elments and Metaloids

The controlling leaching mechanism is preliminarily screened by plotting the release of structural
glass elements (Si and B) as a function of square root time; linear plots indicate the diffusion-controlled
process [7,9,11,24,26,43]. Visual examination of the experimental patterns for both silicon and boron
show non-linear dependency between elemental release in the leachant and the square root of time
for the sample that contains the lowest metal oxide loading. As the waste loading increases, a weak
linear dependency starts to appear (Figure 6a–c). The mask of the linear dependency reflects that the
dominant leaching process is congruent dissolution not diffusion [10,24,43]. This indicates that, as the
metal oxide loading increases, the diffusion through the matrix or the ion-exchange mechanism plays
an important role in determining the leaching characteristics. An earlier study on the characterization
of sample MABS-waste (20) showed that ion-exchange contributed to the leaching mechanism after
7 days of the leaching experiment [10].

To identify the controlling mechanism and the effect of the metal oxide loading on the mechanisms,
the experimental data were fitted to the collective leaching model. Tables 9–11 list the fitting parameters
for metalloids and post-transition elements incorporated in the waste matrices; it is obvious that
diffusion only contributes to the release of boron (i.e., the diffusion coefficient has a significant value)
from the highest metal oxide waste. Silicon release takes place via dissolution and a first-order reaction
independently on the mixed oxide incorporation percentage. This also applies to boron release, except
for low metal oxide incorporation (sample ABS-waste (17%)), where some fraction of loosely bounded
boron is released. The loosely bounded boron fraction is independent of time and could be related to
the reduced polymerization due to the presence of Li and Mg [38]. The maximum dissolution rates
for both elements are the highest for the ABS-waste (17) sample and decreased with increasing the
metal oxide loading. Figure 7a shows that linear dissolution is the main leaching mechanism that
causes the release of both structural elements from ABS-waste matrices (17 and 25%). This finding
is in conformance with the interfacial dissolution-reprecipitation theory that proposes dissolution of
structural elements as the controlling process in the initial stage of glass degradation [39,40,45]. For the
MABS-waste (20) matrix, the main leaching process is a first-order reaction, which could be attributed
to the absence of a large ring of silica tetrahedrons that limit the water diffusion into the matrix as a
result of matrix modification [40,46]. It is clear that, as the waste loading increases, the contribution
of the dissolution process to the overall release of silicon and boron decreases by 43.44 and 5.05%,
respectively, and the presence of modifiers reduces this contribution by 56.19 and 65.60% for silicon
and boron, respectively.
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Figure 6. Preliminary investigation of structural element leaching mechanisms for samples:
(a) ABS-waste (17); (b) MABS-waste (20); (c) ABS-waste (25).

Table 9. Nonlinear curve fitting parameters of the cumulative leach fraction of metalloid and
post-transition elements: ABS-Waste (17).

Element D (m2·h−1), × 10−13 U (m·h−1) × 10−7 Qo, K (h−1) × 10−8 C × 10−4 R2

Si 0 1.583 0.004 938.143 0 0.912
B 0 1.013 0.001 619.759 62.200 0.940
Te 0 0.127 0.105 49.556 0 0.830
Al 0 0.074 0.058 0.845 22.400 0.879

Table 10. Nonlinear curve fitting parameters of the cumulative leach fraction of metalloid and
post-transition elements: MABS-Waste (20).

Element D (m2·h−1), × 10−13 U (m·h−1) × 10−7 Qo, K (h−1) × 10−8 C × 10−4 R2

Si 0 1.211 0.094 10.397 0 0.934
B 0 0.851 0.152 4.011 0 0.899
Te 0 0.033 0.084 0.122 7.264 0.806
Al 0 0.065 0.009 14.107 1.576 0.917
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Table 11. Nonlinear curve fitting parameters of the cumulative leach fraction of metalloid and
post-transition elements: ABS-Waste (25).

Element D (m2·h−1), × 10−13 U (m·h−1) × 10−7 Qo, K (h−1) × 10−8 C × 10−4 R2

Si 0 0.648 0.003 1.630 0 0.868
B 0.678 0.303 3.20 × 10−4 0.149 0 0.967
Te N* 0.028 0.002 1.592 1.879 0.902
Al 0 0.102 8.05 × 10−4 0.747 0 0.886

N* neglected value.

Figure 7. Contribution of different leaching processes to the fractional release: (a) structural element;
(b) post-transition and other metalloid elements.

On the other hand, the fractional releases of Al as a post-transition element and Te as a metalloid
waste component are mainly controlled by the first-order reaction (Figure 7b). A small fraction
of Al release could be attributed to the instantaneous leaching of loosely bound Al in the sample
(ABS-Waste (17)). This fraction was not noted for the other samples; this might be due to the
effect of the modifier and the decreased Al loading, where a higher Al loading can create an Al
cluster and large silicon rings [38]. The contribution of the dissolution process to Te release is fairly
constant independently of its loading, except for the modified sample that has a lower contribution to
the dissolution.

3.4. Leaching Characteristics of Alkali and Alkaline Earth Metals

Tables 12–14 list the estimated leaching parameters, revealing that the diffusion of alkali and
alkaline earth metals does not play any role in controlling their leaching behavior at any waste loading.
To quantify the role of each mechanism in the overall cumulative leaching fraction, the contribution
of each mechanism was plotted and is shown in Figure 8. It is clear that congruent dissolution of Li
and Cs is the major mechanism for ABS-waste (17) and MABS-waste (20). As the metal oxide loading
increases, the first-order exchange reaction becomes a dominant leaching process. The increase in the
waste loading from 17 to 25% reduced the contribution of the dissolution mechanism to the release by
38.07, 52.99, and 31.25% for Na, Li, and Cs, respectively. Alkaline metal leaching is controlled by a
first-order exchange reaction. This notable change in the controlling leaching process for alkali and
alkaline metals could be attributed to the higher field strength of the alkaline metals that leads to glass
stabilization [46].
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Table 12. Nonlinear curve fitting parameters of the cumulative leach fraction of alkali and alkaline
earth metals: ABS-Waste (17).

Group Element D (m2·h−1), × 10−13 U (m·h−1), × 10−7 Qo, K (h−1), × 10−8 C × 10−4 R2

Alkali metals
Na 0 0.904 0.055 3.444 3.192 0.966
Li 0 1.266 0.038 0.0001 0 0.952
Cs 0 1.119 0.028 1.935 49.301 0.870

Alkaline earth
metals

Ba 0 0.075 0.034 0.112 0 0.907
Mg 1.570 0.009 0.223 2.407 0.975 0.914
Sr 0 0.126 0.054 0.124 0 0.838

Table 13. Nonlinear curve fitting parameters of the cumulative leach fraction of alkali and alkaline
earth metals: MABS-Waste (20).

Group Element D (m2·h−1), × 10−13 U (m·h−1), × 10−7 Qo, K (h−1), × 10−8 C × 10−4 R2

Alkali metals
Na 0 0.576 0.009 0.287 0 0.867
Li 0 0.752 0.006 0.558 0 0.876
Cs 0 1.399 0.002 0.193 0.009 0.974

Alkaline earth
metals

Ca 0 0.133 0.088 39.593 0.039 0.989
Ba 9.159 0.002 8.2*10-4 0.196 0 0.805
Mg 0 0.041 0.084 0.289 5.844 0.968
Sr 0 0.093 0.041 5.769 0 0.902

Table 14. Nonlinear curve fitting parameters of the cumulative leach fraction of alkali and alkaline
earth metals: ABS-Waste (25).

Group Element D (m2·h−1), × 10−13 U (m·h−1), × 10−7 Qo, K (h−1), × 10−8 C × 10−4 R2

Alkali metals
Na 0 1.273 0.084 2.157 0 0.949
Li 0 1.595 0.075 37.659 0 0.890
Cs 0 0.743 0.008 3.074 0.003 0.867

Alkaline earth
metals

Ba 0 0.029 0.758 0.629 0.333 0.869
Mg 0 0.109 0.006 0.139 4.169 0.952
Sr 0 0.042 0.001 359.254 0 0.907

Figure 8. Contribution of different leaching processes to the fractional release: (a) alkali elements; (b)
alkaline earth metals.

3.5. Leaching Characteristics of the Transition and Rare Earth Elements

The leaching parameters as estimated from the nonlinear regression of the experimental data to the
collective model for transition and rare earth elements are given in Tables 15–17, and the contribution
of each leaching process to the overall release fraction is presented in Figures 9 and 10. Ru and Mo
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release from ABS-Waste (17) sample is only controlled by the dissolution, and the rest of the releases
are controlled by the first-order model. Increasing the metal oxide loading can lead to the formation of
spinels that are used to immobilize transition metal ions [10].

Figure 9. Contribution of different leaching processes to the fractional release of transition metals.

Table 15. Nonlinear curve fitting parameters of the cumulative leach fraction of transition and rare
earth elements: ABS-Waste (17).

Group Element D (m2·h−1), × 10−13 U (m·h−1), × 10−7 Qo, K (h−1), × 10−8 C × 10−4 R2

Transition
elements

Cr 0 0.516 0.415 2.883 16.600 0.994
Fe 0 0.005 0.006 0.239 0 0.876
Mo 0 0.359 0.001 1.302 0 0.917
Ru 0 0.172 0.001 0.747 5.654 0.898
Zr 2.047 N* 0.022 0.609 0.600 0.961
Y 0 0.063 0.0247 0.913 15.000 0.892

Rare earth
Elements

Ce 0 0.100 0.070 0.583 0 0.885
La 0 0.027 0.241 0.003 2.326 0.926
Nd 0 0.026 0.110 0.352 1.033 0.971

N* neglected value.

Table 16. Nonlinear curve fitting parameters of the cumulative leach fraction of transition and rare
earth elements: MABS-Waste (20).

Group Element D (m2·h−1), × 10−13 U (m·h−1), × 10−7 Qo, K (h−1), × 10−8 C × 10−4 R2

Transition
elements

Zn 0 0.003 0.033 0.341 0.103 0.968
Cr 0 0.078 0.087 2.343 8.234 0.857
Fe 0 0.018 0.017 0.105 2.321 0.914
Mo 1.294 0.060 0.007 0.157 0 0.962
Ru 27.347 0.005 0.014 42.141 22.100 0.837
Zr 0.118 N* 0.034 0.137 0 0.946
Y 0 0 0.005 358 × 103 8.762 0.953

Rare earth
Elements

Ce 0 0.212 0.048 0.005 24.600 0.929
La 0 0.005 0.020 350.372 0 0.83
Nd 0 0.089 0.144 7.292 11.900 0.936

N* neglected value.
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Table 17. Nonlinear curve fitting parameters of the cumulative leach fraction of transition and rare
earth elements: ABS-Waste (25).

Group Element D (m2·h−1), × 10−13 U (m·h−1), × 10−7 Qo, K (h−1), × 10−8 C × 10−4 R2

Transition
elements

Cr 0 0.085 0.008 742.683 6.376 0.721
Fe N* 0.019 0.021 21.050 0 0.974
Mo 0 0.025 0.072 9.901 0.313 0.871
Ru 0 0.071 0.583 0.135 28.400 0.823
Zr 0 0.023 0.018 2.098 0 0.919
Y 0 0.002 0.015 4.655 0.128 0.815

Rare earth
Elements

Ce 64.407 0.003 0.062 393.147 0.207 0.983
La 2.602 0.045 0.010 0.135 0 0.993
Nd 3.063 0.019 0.038 0.279 5.912 0.944

N* neglected value.

Figure 10. Contribution of different leaching processes to the fractional release of rare earth elements.

4. Conclusions

Leaching characteristics of different structural elements, modifiers, and waste components were
investigated for three alkali-borosilicate-mixed oxide glasses that represent different waste loadings.
The main concluding remarks from this work are as follows:

1. The normalized release rates of the studied elements are in conformance with data reported in
the literature for borosilicate waste glass matrices.

2. Elemental releases monotonically increase with time; the changes in the slope of the Release-Time
represent a possible change in the controlling leaching mechanism.

3. The high incorporation of Li and Mg in the ABS-waste (17) glass led to a high de-polymerization
of glass and contributed to the thermodynamic instability of the matrix.

4. The MABS-waste (20) glass has the slowest rate of NBO reduction due to the incorporation of Ca
as matrix modifier of low hydration free energy which increased the thermodynamic stability
against a hydration reaction.

5. Rare earth elements could be used to stabilize the glass hydration reactions.
6. The alteration thickness increases exponentially with increasing the leaching period for the

ABS-waste (17) and MABS-waste (20) samples, whereas a linear dependence is noted with time
for the ABS-Waste (25) sample.

7. The alteration layer thickness is linearly dependent on boron’s cumulative leach fraction and the
formation of the alteration layer is the most sensitive in the case of ABS-waste (17) glass.
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8. As the waste loading increases, the contribution of the dissolution process to the overall fractional
release of structural elements decreases and the presence of modifiers reduces this contribution
for all the studied metalloids.

9. The use of Zn and Ca modifiers could reduce the instantaneous release of Al.
10. The initial fractional release of alkaline earth metals and transition and rare earth elements is

mostly controlled by the first-order reaction process, with notable exceptions for Mo and Ru.
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Abstract: Borosilicate glasses are the favored material for immobilization of high-level nuclear waste
(HLW) from the reprocessing of spent fuel used in nuclear power plants. To assess the long-term
stability of nuclear waste glasses, it is crucial to understand how self-irradiation affects the structural
state of the glass and influences its dissolution behavior. In this study, we focus on the effect of
heavy ion irradiation on the forward dissolution rate of a non-radioactive ternary borosilicate glass.
To create extended radiation defects, the glass was subjected to heavy ion irradiation using 197Au
ions that penetrated ~50 μm deep into the glass. The structural damage was characterized by
Raman spectroscopy, revealing a significant depolymerization of the silicate and borate network in
the irradiated glass and a reduction of the average boron coordination number. Real time, in situ
fluid-cell Raman spectroscopic corrosion experiments were performed with the irradiated glass
in a silica-undersaturated, 0.5 M NaHCO3 solution at temperatures between 80 and 85 ◦C (initial
pH = 7.1). The time- and space-resolved in situ Raman data revealed a 3.7 ± 0.5 times increased
forward dissolution rate for the irradiated glass compared to the non-irradiated glass, demonstrating
a significant impact of irradiation-induced structural damage on the dissolution kinetics.

Keywords: borosilicate glass corrosion; heavy ion irradiation; in situ fluid-cell Raman spectroscopy;
forward dissolution rate

1. Introduction

Borosilicate glass is the favored material for the geological disposal of high-level nuclear waste
(HLW) from the reprocessing of spent fuel used in nuclear power plants [1–3]. Vitrification of HLW
is currently the treatment of choice for immobilization of radionuclides for the following reasons:
(a) high capability of glass to reliably incorporate a wide spectrum of isotopes with different ionic
charges and sizes, (b) simple and economic production technology adapted from glass manufactures,
(c) small volume of the resulting waste form, (d) high chemical durability of waste form glasses
in contact with natural waters, and (e) high tolerance of these glasses to self-irradiation damage.
Vitrification is also attracting great interest for other types of wastes, such as operational radioactive
wastes from nuclear power plants as well as radioactive and toxic legacy waste from medicine [4].
In a deep geological disposal, the vitrified nuclear waste can come into contact with infiltrating
ground waters once the protective metallic containers are broken or corroded. Numerous laboratory
experiments were conducted to identify the key mechanisms that lead to glass breakdown in aqueous
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solutions and to determine the reaction kinetics [1,2,5–12]. There is still an intensive debate on the
reaction and transport mechanisms controlling glass alteration and the formation of silica-based surface
alteration layers (SALs) over geological time scales, reflected by the formulation of several different
mechanisms, including the fundamentally different and highly debated leaching and interface-coupled
dissolution-precipitation (ICDP) models [5–13]. While the leaching model is based on the fact that
the SAL forms by diffusion-controlled chemical leaching of the glass, the ICDP model is based on
the notion that the glass initially dissolves congruently until a surface solution boundary layer is
supersaturated with amorphous silica, which eventually precipitates at the surface of the glass. Both,
glass dissolution and silica precipitation are coupled in space and time, resulting in the formation of
an inwardly migrating dissolution-precipitation front. In a recent study, however, Lenting et al. [14]
presented a unifying model based on an ICPD mechanism as the SAL forming process, but also includes
an interdiffusion zone that develops ahead of the ICDP front inside the glass once the ICDP reaction
slowed down due to chemical transport limitations.

Regardless of the mechanistic details, several kinetic stages have been identified during nuclear
glass corrosion as schematically shown in Figure 1 [2,15,16]. During the first kinetic stage, the corrosion
rate r0, defined as the amount of glass lost per unit time, is assumed to be constant until it linearly
drops to a residual rate rr [3,16,17]. However, Ojovan et al. [4] proposed an exponential decrease of the
elemental release rate already from the beginning of reaction. A late-stage resumption of the corrosion
rate can occur under yet unclear circumstances, which are in focus of current research [18–20].

Figure 1. Kinetic regimes of glass corrosion that have been identified to date [2], illustrated by a plot of
the reaction rate and the extent of reaction, ξ (inset diagram), as a function of time. Here, ξ represents
the amount of glass dissolved into solution or transformed into a silica-based surface layer (SAL). In the
present work, we are mainly concerned with the initial reaction rate, r0, that represents the forward
dissolution rate of the glass. Gin and coworkers [2] proposed a constant r0 for a certain time until
an SAL is formed. In contrast, Geisler et al. [21] recently observed a linearly decreasing r0 over time
already from the beginning of the reaction without the formation of an SAL.

Using a unique experimental setup that allows the in situ observation of the corrosion process by
fluid-cell confocal Raman spectroscopy, Geisler et al. [21] found a linear decrease of the dissolution rate
with time already from the beginning of the reaction (Figure 1). The in situ experiments with a ternary
Na borosilicate glass revealed an initially continuously retreating glass-water interface without any
evidence for the formation of an SAL, suggesting that the glass initially dissolved congruently and that
affinity effects control the initial rate decrease until a several micrometer-thick SAL had formed and
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the rate dramatically dropped to zero. The initial dissolution rate r0 was determined from the intercept
of a linear fit with the rate axis and interpreted to be the forward dissolution rate of the investigated
borosilicate glass far away from equilibrium under the given physicochemical conditions (Figure 1).

To reliably assess the chemical durability of nuclear waste glasses over geological time scales, it is
critical to understand the impact of self-irradiation damage on the glass properties and particularly
its effect on the aqueous dissolution kinetics. Self-irradiation damage from alpha-decay falls into
two categories: (i) the transfer of the energy from the damaging energetic alpha particle to the
electrons of the glass (ionization and electronic excitations); and (ii) the transfer of energy to the atomic
nuclei, primarily by ballistic processes involving elastic collisions. The more massive, but low energy
(70–100 keV) α-recoil particles account for most of the total number of displacements produced by
ballistic processes in HLW glasses. The α-recoils lose nearly their entire energy in elastic collisions
over a very short range, producing highly localized damage (displacement cascades) [22–25]. For the
simulation of the absorbed dose from both types of electronic or nuclear collisions, the irradiation of
non-radioactive glass with heavy or light ions is a scientifically valuable method [13]. In particular,
ion accelerator experiments allow an assessment of the effect of a single process on the material
structure that is produced during the radioactive decay under well-controlled conditions. The ability
to isolate defect mechanisms is crucial to the study of complex irradiation-damage problems, where
both competing and synergistic contributions from the irradiation environment of temperature and
stress exist [26].

In this study, Au ions of ~1 GeV energy were chosen to evaluate the effect of purely electronic
collisions on the glass network and ultimately on the initial forward dissolution rate r0. The use of
swift heavy ions has the advantage that a relatively thick layer of irradiated material can be produced
(Figure 2). For this, we performed two in situ and real time, fluid-cell Raman spectroscopic corrosion
experiments with an ion-irradiated Na borosilicate glass in a 0.5 mol NaHCO3 solution, following
the method described in detail in Geisler et al. [21]. These authors already carried out corrosion
experiments with non-irradiated glass samples of the same composition and under very similar
physicochemical conditions, which serve as reference. In addition, we repeated one experiment with a
non-irradiated sample to test the reproducibility of the method.

Figure 2. The energy loss of 4.8 MeV/u Au ions calculated with the SRIM code [27] (dashed gray line)
and the frequency of the Q3 Si-O stretching mode (red circles) as a function of depth. Note the good
agreement between the SRIM calculation, indicating a maximum Au penetration depth of 48 ± 5 μm,
and structural changes reflected by the shift of the frequency of the Q3 band.
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2. Materials and Methods

2.1. Glass Synthesis

The irradiation experiment was carried out with a polished, homogenous, ternary Na borosilicate
glass (TBG) coupon (13 × 5 × 3 mm3) that was prepared from a second production batch of the glass
used by Geisler et al. [18]. The nominal composition of the glass was 57.9 wt.% SiO2, 19.7 wt.% Na2O,
and 22.3 wt.% B2O3 [21]. It was synthesized from SiO2, B2O3, and Na2CO3 precursors in a platinum
crucible at 1400 ◦C. The glass was molten a second time after crushing and milling it in a ball mill to
ensure chemical homogeneity. After quenching the melt in a pre-heated stainless steel mold, it was
tempered at 560 ◦C for 6 h and then letting it cool down over night by switching off the oven.

2.2. Heavy Ion Bombardment

One side of the polished sample was irradiated at room temperature and at normal incidence
with 197Au ions at the beamline M3 of the UNILAC at the GSI Helmholtz Center for Heavy Ion
Research in Darmstadt, Germany. The generated 197Au ions had an energy of 4.8 MeV/u (with u being
the mass unit) and an effective energy of 4.5 MeV/u at the sample surface, i.e., a kinetic energy of
945.6 MeV. The samples were irradiated to a fluence of 5 × 1012 ions/cm2 with an uncertainty in the
order of 10–20%. The penetration depth of the 197Au ions in the Na borosilicate glass (2.51 g/cm3) was
48 ± 5 μm as calculated with the SRIM 2013.00 code [27] (Figure 2). For the two corrosion experiments,
the irradiated glass coupon was cut in two smaller coupons with a size of about 6 × 5 × 3 mm3 and
7 × 5 × 3 mm3, respectively.

2.3. Raman Spectroscopy

All Raman measurements were conducted with a high resolution Horiba Scientific HR800 confocal
Raman system at the Institute for Geosciences and Meteorology of the University in Bonn, Germany.
A 2 W solid state Nd:YAG laser (532.09 nm) with about 600 mW power at the sample surface was
used. The scattered light was detected with an electron multiplier charge-coupled device detector
after having passed a 1000 μm confocal aperture and a 100 μm spectrometer entrance slit, and being
dispersed by a grating of 600 grooves/mm. A 100× long working distance (LWD) microscope objective
with a numerical aperture of 0.8 was used for all measurements, yielding an empirically determined
lateral resolution of about 6 μm at the depth of the in situ Raman measurements [21]. The Raman
signal was measured in the wavenumber ranges from 200 to 1800 and from 2800 to 4000 cm−1. The first
frequency range includes a Ne line at 1706.06 cm−1 that was recorded as an internal wavenumber
standard to correct each spectrum for any spectrometer shift during long term measurements of up to
75 h (resulting from ±0.5 ◦C temperature variations in the laboratory) by placing a Ne lamp in the
beam path of the scattered light.

To determine the relative fractions of different structural glass units in the non-irradiated and
irradiated glass from Raman intensities, the measured Raman intensities I(ν) were corrected for (1) the
wavelength-dependent instrumental sensitivity (white light correction); (2) the thermal population of
the excited states by the Bose–Einstein temperature factor B = [1 − exp(−hνc/kT)] with h, k, c, and T
being the Planck and Boltzmann constant, the speed of light, and the absolute temperature, respectively;
(3) the scattering factor qs = (νe – ν)–3 with νe and ν being the excitation wavenumber and Raman shift,
respectively; (4) the frequency factor ν; and, finally, (5) for background signals (stray light, fluorescence)
that were fitted with a third order polynomial function. The corrected spectrum, the so-called reduced
or R(ν) spectrum, is directly proportional to the relative scattering activity in terms of mass-weighted
normal coordinates and thus most closely matches the vibrational density of states.

2.4. Experimental Set-Up and Determination of Glass Retreat/Dissolution Rate

Three in situ experiments were performed with two irradiated and one non-irradiated reference
glass coupon under similar physiochemical conditions using a home-made fluid-cell (Figure 3a) [21].
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Before each experiment, the fluid-cell was disassembled, cleaned with 35% HCl solution and rinsed
with MilliQ© water. The glass coupon was placed in a sample holder that is integrated in the sealing
cap. In the closed fluid-cell the accurate positioning of the glass coupon, perpendicular to the fused
silica window, is of great importance for the reliable determination of the glass retreat, i.e., the glass
dissolution rate. Furthermore, the distance between the window and the glass sample surface was
kept as small as possible in order to minimize corrosive processes in this region and to obtain the best
possible spatial resolution. In the first experimental set up the distance between the fused silica window
and the sample surface was ~60 μm. In the second experiment the distance was ~20 μm. The fluid-cell
was then filled with 13.0 ± 0.2 mL of 0.5 M NaHCO3 solution (initial pH of 7.1 at 85 ◦C; [21]) and
heated to nominal temperature of 90 ◦C. Due to a slight temperature gradient in the cell, the actual
temperature at the position of the Raman measurements was between about 80 and 85 ◦C (Table 1),
which was accurately determined from the temperature-related frequency shifts of the ν5(HCO3) band
as described in detail in [21].

Figure 3. (a) Schematic drawing of the fluid cell (not to scale) used in this study, and (b) the location of
the Raman spectroscopic line scans cross the heavy ion bombarded (5 × 1012 Au ions/cm2) surface layer
into the non-irradiated glass.

Point-by-point parallel Raman line scans were performed every ~2 h about 100 μm below the
surface of the glass monolith with a 2-μm step size by automatically moving the stage in y–x direction
(Figure 3a). The total counting time for each point was about 25 s, involving the two spectral windows
that were each measured for 2 × 6 s. For the determination of the glass retreat as a function of time, the
integrated total intensity of the Qn species between 1000 and 1250 cm−1 was determined from white
light- and background-corrected I(ν) spectra. The resulting intensity profiles across the glass-water
interface were than fitted with an exponential function from which the glass retreat was determined
with an error better than about ± 1 μm. For a more detailed description of the determination of the
glass retreat we refer to Geisler et al. [21].

3. Results

3.1. Structural State of the Irradiated Glass Samples

The Au irradiation of the pristine glass with a kinetic energy of ~950 MeV (at the surface)
and a fluence of 5 × 1012 Au ions/cm2 did not result in any macroscopically visible changes of the
sample. However, an effect of heavy ion irradiation on the structure of the ternary Na borosilicate
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glass (TBG) was detected by Raman spectroscopy. Figure 4a shows a representative, average R(ν)
Raman spectrum from both the irradiated and non-irradiated TBG, which were extracted from the
first Raman point-by-point line scan from the irradiated glass surface into the non-irradiated glass
that was measured at the beginning of each experiment (Figure 3b). To quantify spectral changes
after irradiation, which are already evident by visible inspection of the Raman spectra, we fitted
the background-corrected R(ν) spectra shown in Figure 4a with 15 Gauss-Lorentz functions in the
wavenumber range between 300 and 1600 cm−1. It is noted that the least-squares fitting procedure
of silicate glass vibrational bands is still highly debated [28]. For instance, some researchers favor
the use of Gauss functions to fit Raman bands of silicate glasses (e.g., [29,30]), whereas others use a
convolution of a Gauss and Lorentz function (e.g., [28,31]), which takes into account phonon dumping
on the density of states which is particularly relevant in disordered materials where phonon life times
are short [28]. Furthermore, the broad vibrational bands from silicate glasses make it often difficult to
decide how many vibrational modes contribute to a broad band profile. In this study, we applied the
deconvolution procedure proposed by Manara et al. [31], who used 14 Gauss-Lorentz functions to fit
the Raman spectra of a series of ternary Na borosilicate glasses in the wavenumber range between
300 and 1600 cm−1. The 15th band observed in this study was located near 1555 cm−1 and reflects the
stretching mode of molecular oxygen. The assignment of the 14 vibrational modes of typical structural
units in Na borosilicate glasses, which is given in Figure 4a, was also adapted from Manara et al. [31],
but their assignment also bases on earlier work (e.g., [32–34]).

Figure 4. (a) Representative background-corrected R(ν) Raman spectra (average of 10 individual
spectra) from the non-irradiated glass (upper spectrum) and the irradiated surface layer (lower
spectrum) of the ternary Na borosilicate glass (TBG) used in this study for dissolution experiments
along with the result of a least-squares fit with 15 Gauss–Lorentz functions. The assignment of
the Raman bands to a vibrational mode of a structural glass unit and to O2 is indicated by colored
Gauss-Lorentz profiles. The different glass bands are labeled by numbers and by the Qn notation in the
cases of the stretching motions of [SiO4] groups with n = 1, 2, 3, or 4 bridging oxygen atoms. Note the
significantly higher intensity of the O2 band near 1555 cm−1 in the spectrum from the irradiated sample.
(b) Diagram showing the difference, Δf= f irr − f non-irr, between the intensity fraction of different silicate-
and borate-related bands of the irradiated, f irr, and non-irradiated, f non-irr, TBG. The fractions were
determined from the integrated intensities and the intensity sum of the respective Raman bands that
are shown and labeled in Figure 4a.

The band near 495 cm−1 in the spectrum of the non-irradiated glass—also called R band (band 2
in Figure 4a)—was assigned to bending and rocking modes of Si–O–Si bonds. A wavenumber upshift
by 10 cm−1 was observed for this band in the spectra from the irradiated part of the sample, which is
in perfect agreement with findings of Mir et al. [35] on borosilicate glass irradiated with 129Xe ions,
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and indicates a decreased mean Si-O-Si angle due to irradiation (Figure 4a). Vibrational stretching
motions of the silicate network are represented by bands near 905, 978, 1061, and 1128 cm−1 in the
non-irradiated TBG, which have been assigned to Q1, Q2, Q3, and Q4 species in the silicate network,
respectively (the superscript refers to the number of bridging oxygen atoms). Another Raman band
contributes to the overall profile in this wavenumber region, namely a band near 1008 cm−1 (band
9 in Figure 4a) that was considered to represent Si–O0 bridging oxygen stretching motions [34] or
alternatively vibrations of structural units associated with Na+ ([32,33]). In general, the structural units
with a high degree of polymerization contribute to the high-frequency side of the Qn region, whereas
the units with a low degree of polymerization contribute to the low frequency side [35]. Here, we
observed a 5.0 ± 0.5% increase of the Q3 fraction in the irradiated part of the TBG (Figure 4b), and a
simultaneous −4.7 ± 0.5% decrease of the Q4 fraction, clearly indicating a depolymerization of the
SiO4 glass network. On the other hand, the Q1 and Q2 fractions did not significantly change. The Q3

band showed the largest frequency shift (~8 cm−1; Figure 2) among the Qn bands in response to Au ion
irradiation. The variation of the frequency of the Q3 band as a function of depth perfectly mimics the
energy loss curve for Au ions in the TBG calculated by the SRIM code (Figure 2).

We consider the Raman bands assigned to the different borate species in borosilicate glasses.
The pronounced band near 632 cm−1 (band 3 in Figure 4a) has been associated with bending motions
of danburite-like borosilicate ring units [31]. The intensity fraction of this band on the total intensity
of all Raman bands assigned to boron species (Figure 4a) was 2.5 ± 0.4% lower in the spectra from
the irradiated surface layer (Figure 4b). However, the intensity fraction of the bands near 1342 and
1466 cm−1 (bands 12 and 14 in Figure 4a, respectively), that were assigned to the BO3 units in boroxol
rings, was significantly higher in the spectra from the irradiated surface layer (Figure 4b). This change
was complemented by significantly lower intensity fractions of BO4-related bands (Figure 4b), i.e.,
bands 4, 5, and 14 (Figure 4a). A detailed inspection of the spectra furthermore revealed that the
broad band profile between 1250 and 1650 cm−1 in the spectra from the irradiated surface layer were
characterized by a number of new inflection points. This suggests that apart from an average reduction
of the boron coordination number, the B–O bond length ordering has also changed due to irradiation.
These changes are clear evidence for significant structural alterations of the borate sub-network as
a result of heavy ion irradiation. In this respect, we also noted a significantly higher intensity of
the O2 band in the spectrum from the irradiated compared to the non-irradiated part of the samples
(Figure 4a). Whereas the O2 band in the spectra from the non-irradiated glass areas solely stems from
air located between the glass surface and the objective, the higher intensity of the O2 band in the spectra
from the irradiated part of the TBG indicates the occurrence of additional molecular oxygen within the
irradiated glass structure. This is consistent with Raman spectroscopic results of Mir et al. [32], who
also observed the O2 band after irradiation of a ternary Na borosilicate glass with 129Xe ions.

3.2. Glass Retreat and forward Dissolution Rate

Two in situ fluid-cell Raman spectroscopic corrosion experiments were conducted with the
irradiated TBG samples for ~45 and ~75 h (Figure 5a,b). Another short-term experiment was performed
with a non-irradiated TBG coupon for 7 hours to test the reproducibility of the method by comparing
results with those from Geisler et al. [21]. The results are summarized in Table 1. Both experiments with
irradiated samples started with a remarkably higher initial forward dissolution rate than experiments
with the non-irradiated glass (Figure 5), clearly demonstrating a significant effect of radiation damage
and associated structural modifications on the glass dissolution kinetics. In agreement with results
from Geisler et al. [21], an approximately linear decrease of the glass retreat rate is observed from the
beginning of both experiments until about 12 to 15 h, when a sharp rate drop occurred. Two rate-time
regimes can thus be distinguished that were each individually fitted with a linear function (red and
blue lines in Figure 5). Since the drop of the glass retreat rates occurred just about when the dissolution
of the glass reached the maximum penetration depth of the Au ions (Figure 5 insets), the drop can
reliably be linked to the time when the irradiated surface layer is dissolved completely so that the
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non-irradiated glass is exposed to the solution. In this respect, it is also noteworthy that first silica
signals were observed only in the second, longer experiment after about 60 h, which is fully in line
with findings of Geisler et al. [21]. Thus, extrapolation of the linear fits to the initial rate data of both
experiments (red lines in Figure 5) to t = 0 delivered the initial forward dissolution rate of the irradiated
glass, i.e., r0

irr = 5.1 ± 0.4 and 5.5 ± 0.6 μm/h, respectively (Figure 5; Table 1). The relative large
uncertainty of the dissolution rates at the beginning reflects the fast dissolution kinetics with respect to
the scanning time and thickness of the irradiated surface layer. The intercept of the best fit line of both
kinetic regimes should correspond to the initial dissolution rate of the non-irradiated TBG. It also gives
the time when the rate drop occurred, i.e., after 15 ± 3 and 12 ± 2 h, respectively (Figure 5). Indeed,
we obtain r0 values of 1.8 ± 0.2 and 1.5 ± 0.1 μm/h that are comparable with the forward dissolution
rates obtained from the non-irradiated TBG (Table 1). Figure 6 shows a compilation of all data in an
Arrhenius diagram to consider the slightly different temperatures of the experiments (Table 1).

Table 1. Summary of forward dissolution rates of non-irradiated, r0, and irradiated TBG, r0
irr, obtained

by in situ fluid-cell Raman spectroscopy. The uncertainties were obtained from the least-squares fit
(Figure 5) and are given at the 1-sigma level.

Sample Non-Irradiated TBG Irradiated TBG

T (◦C)
r0

irr (μm/h)
r0 (μm/h)

85.2 ± 0.2
-

1.61 ± 0.04

81.7± 0.1
-

1.00 ± 0.03

85.1 ± 0.7
-

2.10 ± 0.03

80.0 ± 0.2
5.1 ± 0.4
1.8 ± 0.2

82.6 ± 0.3
5.5 ± 0.6
1.5 ± 0.1

Reference [21] This study

Figure 5. The dissolution rate and glass retreat (inset) as a function of time for (a) the first and (b) the
second experiment with the irradiated TBG. The rate data clearly define two distinct trends that were
individually fitted with a linear function. Light blue data points in Figure 5b were identified as outliers
and excluded from the fit. The two trends can be related to the congruent (stoichiometric) dissolution
of the irradiated surface layer (red symbols) and the underlying non-irradiated glass (blue symbols).
The intercept of the red line with the y axis defines the forward dissolution rate, r0, of the irradiated
glass, whereas the intercept of the blue line with the red line gives the forward dissolution rate of the
non-irradiated glass and defines the time when glass dissolution reached the non-irradiated part of
the glass.
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Figure 6. Arrhenius diagram with the initial or forward dissolution rates r0 obtained for the
non-irradiated (blue symbols) and irradiated (red symbols) TBG. Data from Geisler et al. [21] are also
plotted. The dark and light blue lines represent an unweighted and an error-weighted linear fit to the
data, respectively. For the unweighted fit the 1-sigma confidence interval is also shown as we use this
fit to estimate r0

irr/r0 and its error.

The significantly higher forward dissolution rate of the irradiated glass compared to the
non-irradiated counterpart is immediately apparent, but the rate data from the non-irradiated TBG
themselves are highly scattered. This excess scatter may reflect (i) the slightly different chemistry
of the glass coupons used in this study compared with those used by Geisler et al. [21], and/or (ii)
the observation that the dissolution rate may locally vary as reflected by etch pits often observed in
glass dissolution studies [12]. An unweighted linear least squares fit to the data yielded a slope that
corresponds to an activation energy of 71 ± 66 kJ/mol, whereas the slope of an error-weighted linear fit
yielded an activation energy of 116 ± 83 kJ/mol (Figure 6). Both values are statistically not significantly
different from zero, but are nevertheless in the typical range of activation energies for hydrolysis
reactions at borosilicate glass surfaces that were calculated from first principles density functional
theory (DFT) simulations and measured in neutral solutions ([36], and references therein). However, it
is not expected that the dissolution rates obtained for the non-irradiated glass from the experiment
with the surface-irradiated TBG perfectly fit to those obtained with non-irradiated glass coupons, since
at the time when the irradiated surface layer is completely dissolved, the solution chemistry is different
from the initial chemistry. At that time the solution was no longer free of silica (but still undersaturated
with respect to amorphous silica) and the pH near the surface changed, so the chemical affinity or
driving force for the dissolution reactions also changed [34]. In any case, to obtain a reliable activation
energy for the dissolution of this TBG under close to neutral conditions, more experiments under a
wider temperature range are necessary. The unweighted fit yielded a ratio between r0

irr and r0 of
3.7 ± 0.5 (Figure 6). Thus, an almost four-fold increase of the forward dissolution rate was observed for
the irradiated TBG.

4. Discussion and Conclusions

In this study, the irradiated glass structure was found to dissolve 3.7 ± 0.5 times faster than
the corresponding non-irradiated glass, verifying previous studies that also reported an increased
dissolution kinetics of radiation-damaged silicate glasses [37–39]. In contrast, other studies claim
that neither the alpha activity nor the alpha decay dose has a significant impact on the initial
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dissolution rate [40,41]. The reasons for such a disagreement are not evident and should be subject
of future investigations, particularly given the importance of this knowledge to assess the chemical
durability of nuclear glasses in a natural nuclear repository. Raman spectroscopic measurements
of the Au-irradiated TBG have revealed (1) a significant modification of the short-range order
around the main network formers, (2) a decrease of the average boron coordination number, (3) an
accumulation of molecular oxygen, and (4) an increase of the Q3 fraction at the expense of the Q4

species, indicating depolymerization of the silicate network due to radiation damage. Such structural
and chemical modifications are in line with findings of Mir et al. [35] and known to be accompanied by
changes in the physical properties, including hardness and Young’s modulus, density, and fracture
toughness [23,37,42–47]. Our study reveals that such structural modifications due to irradiation have a
profound effect on the glass dissolution property.

The increased dissolution kinetics can principally be explained by the less interlinked, irradiated
glass network that offers a larger free volume for the hydrolysis of Si–O and B–O bonds in the glass by
hydrogen species from solution. During heavy ion bombardment, several micrometer-long cylindrical
damage trails, so-called ion tracks [48], are created, which have been made visible by transmission
electron microscopy [24] and atomic force microscopy [49]. In particular, the Si–O and B–O bonds inside
the ion tracks are likely high energy sites that can preferentially be hydrolyzed. In our samples, these
ion tracks must be parallel oriented and elongated in the direction of the dissolution front movement
due to the direction of bombardment. Considering the long-range ballistic character of heavy ions
in the material, it would be interesting to test whether the dissolution kinetics depends on track
orientation? This question directly relates to the general debate about the scientific value of external
heavy ion irradiation experiments for the simulation of α-recoil damage [37]. Charpentier et al. [50],
for example, observed a higher damage level in silicate glasses irradiated with Au ions than in
short-lived actinide-doped glasses that accumulated an equivalent dose of recoil events. A possible
explanation for this observation could be partial self-healing processes which arise from alpha particles
involved in alpha decay events [49]. External irradiation with energetic heavy ions may also induce
the removal of alkali ions even from depths that correspond to the ion penetration depth [51]. At high
fluences, the entire near surface region may be depleted of alkali ions to depths even exceeding the ion
range [51]. However, for our samples electron microprobe measurements across the irradiated surface
layer did not reveal any Na loss from areas deeper than ~1 μm (lateral resolution of the measurements)
below the surface. Moreover, a very critical point is that in real case scenarios, radiolysis reactions in
the surface boundary solution may significantly affect the glass dissolution kinetics as also observed to
affect the dissolution of UO2, respectively spent fuel [39,52,53].

All these observations challenge the assignability of results from heavy ion irradiated samples
to the real world of self-irradiation in nuclear glasses. However, the irradiation with swift heavy
ions requires less experimental effort and represents an effective approach to simulate radiation
damage over micrometer length scale and thus allows studying the effects of radiation damage on
the long-term durability of borosilicate glasses. On the other hand, experiments with borosilicate
glasses doped with short- and long-lived actinide and/or fission products appear to be most important
for the assessment of the long-term durability of a nuclear glass in a natural repository and, not to
forget, to compare the results with those obtained from externally irradiated samples. Here, fluid-cell
Raman spectroscopy can potentially open up new possibilities to study the corrosion of nuclear glass
in situ without disturbing or interrupting the reaction. As shown by Geisler et al. [21], and partly
in this work, fluid-cell Raman spectroscopy thereby provides a wealth of chemical and structural
information with a spatial resolution at the micrometer-scale. Moreover, light stable isotopes, such as
2H and 18O, can be used to in situ trace distinct reaction and transport processes, as demonstrated
by Geisler et al. [21], who quantified the transport of molecular water through a silica-based surface
alteration layer by using a 2H-labelled solution. A single experiment thus delivers the information
of numerous quench experiments with different samples so that complicated sample syntheses and
preparation that require a radiation-protected environment, as well as costs and new nuclear waste,
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are minimized. Such experiments can potentially also be performed over longer durations to be able
to also investigate the corrosion process of nuclear waste glasses as they are kinetically more stable
against aqueous corrosion than the glass used in the present study.
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Abstract: Crystalline ceramics are intensively investigated as effective materials in various nuclear
energy applications, such as inert matrix and accident tolerant fuels and nuclear waste immobilization.
This paper presents an analysis of the current status of work in this field of material sciences.
We have considered inorganic materials characterized by different structures, including simple oxides
with fluorite structure, complex oxides (pyrochlore, murataite, zirconolite, perovskite, hollandite,
garnet, crichtonite, freudenbergite, and P-pollucite), simple silicates (zircon/thorite/coffinite, titanite
(sphen), britholite), framework silicates (zeolite, pollucite, nepheline /leucite, sodalite, cancrinite,
micas structures), phosphates (monazite, xenotime, apatite, kosnarite (NZP), langbeinite, thorium
phosphate diphosphate, struvite, meta-ankoleite), and aluminates with a magnetoplumbite structure.
These materials can contain in their composition various cations in different combinations and
ratios: Li–Cs, Tl, Ag, Be–Ba, Pb, Mn, Co, Ni, Cu, Cd, B, Al, Fe, Ga, Sc, Cr, V, Sb, Nb, Ta, La, Ce,
rare-earth elements (REEs), Si, Ti, Zr, Hf, Sn, Bi, Nb, Th, U, Np, Pu, Am and Cm. They can be
prepared in the form of powders, including nano-powders, as well as in form of monolith (bulk)
ceramics. To produce ceramics, cold pressing and sintering (frittage), hot pressing, hot isostatic
pressing and spark plasma sintering (SPS) can be used. The SPS method is now considered as one of
most promising in applications with actual radioactive substances, enabling a densification of up to
98–99.9% to be achieved in a few minutes. Characteristics of the structures obtained (e.g., syngony,
unit cell parameters, drawings) are described based upon an analysis of 462 publications.

Keywords: crystalline ceramics; nuclear waste; immobilization; sintering; spark plasma sintering

1. Introduction

Crystalline ceramics, aiming to immobilize high-level radioactive waste (HLW), are important for
the current stage of development of modern nuclear technology in the world.

The crystal-chemical principle is used to design multicomponent ceramics with needed structures.
The approach to designing mineral-like crystalline materials is based upon the structural features of
materials and isomorphism concept. The choice of the structural forms of compounds for discussion
here was based upon the following criteria:

(1) The ability of the structure to include various cations in different combinations and ratios.
(2) Known high stability of structure to the action of the destructive factors of the environment during

their prolonged exposure (“mineral-like” compounds preferred while “the nature suggests”)
such as high temperatures, thermal “stresses”, radiation levels, the corrosive action of water and
other chemical solutions. Criteria for the resistance of materials to such effects are justified by
the features of the crystal structure of materials including small interatomic distances, and the
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possibility of their controlled variation in the desired direction when cations and/or anions
of given sizes are included in the crystallographic positions. Most of the crystalline matrices
discussed in the present work meet these criteria in full or in part. Herewith the classification
criteria for crystalline ceramics were based on considering first simple and then more complex
structures, e.g., starting with oxides (from simple oxides to complex oxides) and moving to salt
compositions (from simple salt to complex ones).

The concept of immobilizing the radioactive elements of nuclear waste in an assemblage of
mineral phases was originally introduced by Hatch [1] at Brookhaven National Laboratory in 1953.
The feasibility of making a ceramic of natural, mineralogically-stable phases was demonstrated by
McCarthy [2,3] and Roy [4] at the Pennsylvania State University between 1973 and 1976. Since that
time, a number of other mineralogic-ceramic assemblages have been developed [5]. Among these are
the Sandia titanate-based ceramic [6], the Australian ceramic “SYNROC” [7–10], the silicate-phosphate
supercalcine ceramics [11], the alumina-based tailored ceramics [12,13] and the Pu pyrochlores [14,15].
The structural types of monazite, kosnarite (NZP), langbeinite and other ones were considered as
matrices for the incorporation of simulated wastes containing f-elements and that also contain uni-,
bi-, and trivalent elements involved in radiochemical processes [16–27]. Cold pressing and sintering,
as well as hot isostatic pressing often result in ceramics containing an intergranular glassy phase
with radionuclides preferentially migrating to the glassy phase [28–36]. The radionuclides that are
incorporated in the intergranular glassy phase(s) will then have leaching rates at about the same order
as those from a glassy waste-form.

Crystalline waste-forms synthesized at moderate temperatures such as within 700 to 750 ◦C have
not been investigated as intensely as those formed at high temperatures [11], although crystalline
waste-forms made from clay have been studied almost continuously since the 1953 work of Hatch [1,11].
Supercalcine ceramics synthesized at high temperatures often contained sodalite-cancrinite mineral
assemblages. Roy [37] proposed in 1981 a low solubility phase assemblage as a waste-form [37] using
a low temperature hydrothermal process. The assemblage consisted of micas, apatite, pollucite,
sodalite-cancrinite and nepheline, many of which could be produced using various clay minerals
such as kaolin, bentonite and illite mixed with radioactive waste. However there were no continuous
commercial technologies available at that time that could process the waste/clay mixtures in a
hydrothermal environment, and clay-based crystalline waste-forms were not pursued. The situation
changed in 1999 when Studsvik had built in Erwin a commercial facility to continuously process
radioactive wastes by pyrolysis at moderate temperatures in a hydrothermal steam environment [38,39].
This facility utilizes Fluidized Bed Steam Reforming (FBSR) technology to pyrolyze 137Cs- and
60Co-contaning spent organic ion exchange resins produced by commercial nuclear facilities.
FBSR technology can also process a wide variety of solid and liquid radioactive wastes, including
spent organic ion exchange resins, charcoal, graphite, sludge, oils, solvents and cleaning solutions with
contaminations up to radiation levels reaching 4 Sv/h (400 R/hr). The waste organics are destroyed,
creating steam and CO2. The clay serves in the FBSR process as a mineralizing agent, and feldspathoid
minerals (sodalite, nosean and nepheline) are formed by the nanoscale reaction of waste components
with clay. The phases formed act as hosts for waste contaminants such as Cl, I, F, 99Tc from SO4

alkali (Na, K, Cs) bearing wastes [40–44]. The mineralization occurs at moderate temperatures used
within the range when most clays become amorphous at the nanoscale level, e.g., kaolin, bentonite
(montmorillonite), and illite. The octahedral Al3+ cation in the clay structure is destabilized, and clays
become amorphous as confirmed by X-ray diffraction (XRD) analysis, losing their hydroxyl (OH–)
groups. The alkalis from waste act as activators of unstable Al3+ cations, and form new mineral phases
catalyzing the mineralization. In the absence of steam many of these mineral phases can only be
formed if temperatures are above 1200 ◦C.

Many of the compounds under consideration have structures similar to those of natural minerals
(the so-called mineral-like compounds). Others of the discussed ones are not structural analogs of
any known minerals (that its, of what is known today, as there are examples of compounds being
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developed for the radioactive waste immobilization that were obtained synthetically, and many years
later a mineral was discovered, whose structural analog they became. For example, the mineral
kosnarite KrZr2(PO4)3 was discovered in 1991, and then kosnarite-like compounds (for example, NZP
and NASICON) were synthesized and investigated many years before the discovery of this mineral).

Ceramic waste-forms can range from single phase, i.e., UO2 and single phase solid solutions, i.e.,
(U, Th, Pu)O2, to multiphase ceramics formulated in a such way that each waste radionuclide can
substitute on a given host lattice in the various phases used.

2. Theoretical Aspects of Substitution

The crystal-chemical substitutions in crystalline waste-forms must be electrically balanced [45,46]
which is important when relying on the long range order (LRO) of crystals accounting for the size
and coordination of the crystallographic site, which will act as host to a given radionuclide, or its
decay product upon transmutation (see [15] for natural analogs). Moreover, if a monovalent cation
transmutes to a divalent one, the substitutions must be coupled to retain the electrical balance of the
host phase without destroying the integrity of the phase. It means that the lattice site must be of
suitable size and have a bond coordination able to accept the cation resulting from transmutation.
The bond system of a crystalline ceramic can only maintain its charge balance if:

(1) Sufficient lattice vacancies exist in the structure or,
(2) A variable valence cation such as Fe or Ti is present in a neighboring lattice site balancing

the charge.

Both above ways assume that the variable valence cations do not change lattice sites, and that
the charge balancing cations are in the nearby lattice sites of the same host phase. The lattice site
must be of close size flexible enough to accommodate the transmuting cation. Better flexibility is
characteristic to host phases with lattice sites having irregular coordination or are distorted, as shown
in some examples below. The flexibility (solubility) of waste-form mineral phase(s) as hosts for a
different valence substituted cation can be analyzed by performing coupled substitutions. When the
number of cations changes during the substitution, a vacancy is either created or consumed, however
the substitution must maintain electrical neutrality. These types of substitution are characteristic for
polymorphic changes such as [47], where � denotes a vacancy:

� + Ba2+→ 2K+, or � + Ca2+→ 2Na+, or � + Na+ + 2Ca2+→ 3Na+ + Ca2+

In these coupled substitutions it is implicit that the exchanging cations occupy the same lattice sites,
have the same coordination, and thus the crystallographic symmetry is maintained. These substitutions
are typically written using Roman numerals that designate the number of oxygen atoms that coordinate
around a given cation, e.g., VIIICa designates the octahedral VIII-fold coordination for the Ca2+ lattice
site in oxyapatites:

3Ca2+︸�︷︷�︸
host phase

→ 2Nd3+ + �︸��������︷︷��������︸
substituted phase

Calcium-neodymium-coupled substitutions were proven successful in the apatite (Ca6[SiO4]3)
structure, resulting in a completely substituted Nd4�2[SiO4]3, where 2/3 of the lattice sites have
Nd3+ and 1/3 are vacant [45–47]. Ca2+ is normally in VIII-fold coordination in the apatite and has a
1.12 Å atomic radius [47–50]. The Nd3+ cation in VIII-fold coordination also has an atomic radius of
1.11 Å [50], which is very close to the Ca2+ atomic radius in VIII-fold coordination. It has been shown
that the rare earth elements from La3+ through Lu3+ can substitute for Ca2+ and form oxyapatites,
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RE4.67�0.33[SiO4]3O [51]. It was also shown [3] that even more complex but coupled substitutions were
possible in the oxyapatite structure, such as:

6VIIICa2+︸�����︷︷�����︸
host phase

→ 1.7VIIIINd3+ + 1.7VIIIICs+ + 0.86VIIIICe4+ + 0.86VIIIISr2+ + 0.88 �︸��������������������������������������������������������������������������������������︷︷��������������������������������������������������������������������������������������︸
substituted phase

where the atomic radius, r, of Cs+ in VIII-fold coordination is 1.74 Å, Ce4+ in VIII-fold coordination is
0.97 Å, and Sr2+ in VIII-fold coordination is 1.26 Å. In this case small radii cations e.g., Ce4+ are mixed
with larger radii cations such as Cs+, so that individual lattice sites can distort without perturbing the
entire crystal structure of the host mineral. It should be noted that the exchanging cations are always
in the same lattice site of the same host phase [3,45,46,51].

The substitutions such as those given above for the oxyapatites were also demonstrated
to be possible in many other Ca-bearing mineral phases such as larnite (Ca2SiO4 or b-C2S),
alite (calcium trisilicate or Ca3SiO5 or C3S), C3A (Ca3Al2O6) and C4AF (Ca4Al2Fe2O10), characteristic
for cements [45,46]. This allowed Jantzen, et. al. [52,53] to make substitutions for Ca2+ in each phase
(up to ~15 mole%) and prove possible the following additional substitutions:

Ca2+ + �︸������︷︷������︸
host phase

→ 2Cs+︸︷︷︸
substituted phase

2Ca2+ + �︸��������︷︷��������︸
host phase

→ Cs+ + Sr2+
0.5 + Nd3+

0.17 + Ce4+
0.25 + 0.08 �︸�����������������������������������������������︷︷�����������������������������������������������︸

substituted phase

1.5Ca2+ + Sr4+︸��������������︷︷��������������︸
host phase

→ Sr2+ + Mo5+ + 0.5 �︸����������������������︷︷����������������������︸
substituted phase

4Ca2+ + Fe3+ + Al3+︸�����������������������︷︷�����������������������︸
host phase

→ 0.66Nd3+ + Zr4+ + Mo4+ + Sr2+ + Ba2+ + 1.33 �︸�����������������������������������������������������������������︷︷�����������������������������������������������������������������︸
substituted phase

4IXCa2+︸����︷︷����︸
r∼1.18

◦
A

+ 2VIFe3+︸���︷︷���︸
r=0.65

◦
A︸��������������������︷︷��������������������︸

host phase

→ 2.66IXNd3+︸��������︷︷��������︸
r=1.16

◦
A

+ 0.38VICe4+︸��������︷︷��������︸
r=0.87

◦
A

+ 0.56VIZr4+︸�������︷︷�������︸
r=0.72

◦
A

+ 0.75VIFe3+︸�������︷︷�������︸
r=0.65

◦
A

+ 1.65 �

︸���������������������������������������������������������������������������������︷︷���������������������������������������������������������������������������������︸
substituted phase

It should be noted that the number of lattice sites have to be equivalent on the left-hand side and
right hand site of the above equations.

These types of crystal-chemical substitutions have been studied in several waste-forms including
SYNROC (SYNthetic ROCk) titanate phases containing zirconolite (CaZrTi2O7), perovskite (CaTiO3),
and hollandites (nominally Ba(Al,Ti)2Ti6O16) [54], and in high alumina-tailored ceramic phases such
as magnetoplumbites. Notable that magnetoplumbites were also found as a minor component of
SYNROC, which immobilizes waste with high contents of Al [55].

Hollandite is the Cs+ host phase in the SYNROC phase assemblages. Its structure can be written
as BaxCsy(Al,Fe)2x+yTi8-2xyO16 where x + y must be <2 [56]. It has two types of octahedral sites, one of
which accommodates trivalent cations like Al3+, Ti3+ and Fe3+, while the other accommodates Ti4+.
The Cs+ is accommodated in tunnels that normally accommodate the Ba2+ cation, and Cs-Ba lattice
sites are VIII-fold coordinated [54,56]. On synthesis the substitution orders and incommensurate
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superstructures result when Cs+ substitutes for Ba2+ [55]. Cs has been experimentally substituted for
Ba when Fe3+ is substituted for Ti4+ in the VI-fold sites of hollandite. The species

VIIICs+0.28
VIIIBa2+

1.00︸�����������������︷︷�����������������︸
A site

VIAl3+1.46
VIFe3+

0.82︸�������������︷︷�������������︸
B site

VITi4+5.72︸��︷︷��︸
C site

O16

has been synthesized by the sintering (frittage) of precursors in air at 1320 ◦C [56]. Ba–Al hollandite
(Ba1.16Al2.32Ti5.68O16) was irradiated with 1–2.5 MeV electrons and β-irradiated up to summary doses
of 4 × 108 to 7 × 109 Gy, after which it was found to contain Ti3+ centers and O2– superoxide ions that
confirmed the mechanism of charge balance during transmutation [56]. Theoretically, the limiting
value of Cs in hollandite is y = 0.81, which corresponds to a 9.54 wt% waste loading of Cs2O [57].

3. Synthesis of Ceramic Waste-Forms

Research and development of ceramic materials based upon compounds on the base of the
oxides and salt compositions were carried out for the immobilization of high-level wastes and the
transmutation of minor actinides. Structures of such materials provide the incorporation of various
cations and anions, either individually, or in various combinations and ratios. Structural forms in which
can be implemented a wide isomorphism of cations and anions (including in different crystallographic
positions) deserve special attention.

Among such structures the type NaZr2(PO4)3 (NZP) (analog—Mineral kosnarite) is regarded.
NZP solid solutions may include more than half of the elements of Periodic Table of Elements in various
combinations and ratios. The SYNROC developer calls them “near-universal solvent” [23], wherein this
form of the consolidation of waste components is mono-phase in contrast to the multiphase SYNROC.

Ceramic materials are synthesized using the following methods: Pressing and sintering (frittage),
hot isostatic or hot uniaxial pressing and other variants. Method Spark Plasma Sintering is the
perspective for this aim. It provides a formation of virtually no porous ceramics having a relative
density close to 99–100% for short time intervals (from 3 to 15 min). Reducing the porosity reduces the
free surface, and therefore reduces the reaction surface and reactivity in heterogeneous systems with
the participation of such materials. This in turn increases the heat, radiation and chemical stability of
the ceramic.

Ceramic forms characteristics are presented here with their structures.

4. Crystalline Ceramic Phase:

4.1. Simple Oxides

1. Silica, SiO2 [58–75], Figure 1.

Silicon dioxide, commonly known as silica (and/or quartz), is a prevalent element in the Earth’s
crust, a mineral of most igneous and metamorphic rocks. The formula “SiO2” is commonly known as
silicon dioxide. Silicon dioxide has a wide range of purposes, the main one being glass manufact-uring.
In nature, silicon dioxide is commonly found as sand and quartz. Silica has polymorphism. It is stable
under normal conditions of polymorphic modification—α-quartz (low temperature). Accordingly,
β-quartz is called a high-temperature modification. Silica (α-quartz) possesses the rhombohedral
structure, sp. gr. R3. Various elements with various oxidation states may attend in quartz: Li, Na, K.
Mg, Ca, Mn, Cu, Ni, Pb B, Al, Fe, Cr, Ti, Zr and Te. Materials based on silicon oxide SiO2, Silica (quartz)
were prepared in ceramic form by using methods: Hot isostatic pressing, laser sintering, cold pressing
and sintering at 1500 ◦C, cold pressing and ultra-low temperature sintering at T = 554–600 ◦C (30 min)
and Spark Plasma Sintering.

Materials on the base of Silica can serve as a matrix for the immobilization of radioactive Iodine
I-129 (half-life T1/2 = 15.7 × 103 years).
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Figure 1. Silica, SiO2. α-quartz (low temperature modification), structure rhombohedra, Sp. gr. R3.
β-quartz (high-temperature modification, it forms from α-quartz at 846 K, stable up to 1140 K). Structure
hexagonal, Sp. gr. P6222. Cations can be Li, Na, K. Mg, Ca, Mn, Cu, Ni, Pb B, Al, Fe, Cr, Ti, Zr and Te.

2. Oxides Fluorite, XO2 [76–93], Figure 2.

ZrO2, UO2, ThO2, HfO2, PuO2, α-U2O3 and Np2O3 have the simple fluorite cubic structure, sp.
gr. Fm3m. Fluorite has physical properties that allow it to be used for a wide variety of chemical,
metallurgical and ceramic processes. The waste ceramics with high zirconia and alumina contents,
and Y2O3-stabilized zirconia with fluorite structure, are the main host phases for actinide, rare earth
elements, as well as Cs, Sr in high-level radioactive waste (HLW). Ceramics were made by HIP, HUP,
press and sinter, melting and crystallization and by Spark Plasma Sintering with high relative density
(up to 97–99%).

Figure 2. Fluorite, ZrO2. Structure cubic, Sp. gr. Fm3m. Cations can be Zr, Hf, Th, U, Np and Pu.

4.2. Complex Oxides

3. Pyrochlore [86,94–117], Figure 3.

Many compounds with A2B2O7 stoichiometry adopt the pyrochlore structure. A derivative of
the fluorite structure type, A2B2O7, where the A-site contains large cations (Na, Ca, U, Th, Y and
lanthanides) and the B-site contains smaller, higher valence cations (Nb, Ta, Ti, Zr and Fe3+). Structure:
Cubic, Sp. gr. Fd3m, z = 8. Ceramics were prepared by cold pressing and sintering.

Figure 3. Pyrochlore. A2B2O7. Structure cubic, Sp. gr. Fd3m. A-site-cations can be Na, Ca, Y,
lanthanides, Th and U, while on the B-site—cations can be Fe3+, Ti, Zr, Nb and Ta.
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4. Murataite [104,106,108,118–131], Figure 4.

Murataite is a derivative of the isometric fluorite structure A6B12C5TX40-x, with multiple units of
the fluorite unit cell; hosts U, Np, Pu, Am, Cm and REE, including Gd, a neutron absorber. It forms in
solid solution with pyrochlore. Structure: Cubic, Sp. gr. F43m, z = 4. Ceramics were prepared by cold
pressing and sintering.

Figure 4. Murataite. A6B12C5TX40-x. Structure: Cubic, Sp. gr. F4m. Cations can be U, Np, Pu, Am,
Cm and REE, including Gd (a neutron absorber).

5. Zirconolite [112,113,132–150], Figure 5.

Monoclinic CaZrTi2O7, has a fluorite-derived structure closely related to pyrochlore, where Gd,
Hf, Ce, Th, U, Pu and Nb may be accommodated on the Ca/Zr-sites, as in the case of Ca(Zr,Pu)Ti2O7.
Structure: Trigon., Pr. gr. C2/c. Ceramics were prepared by cold pressing and sintering.

Figure 5. Zirconolite. CaZrTi2O7, Structure monoclinic, Sp. gr. C2/c. Cations can be Gd, Hf, Ce, Th, U,
Pu and Nb.

6. Perovskite [110,134,140,151–159], Figure 6.

CaTiO3 has a wide range of compositions as stable solid-solutions; orthorhombic; consists of a
3-dimensional network of corner-sharing TiO6 octahedra, with Ca occupying the large void spaces
between the octahedra (the corner-sharing octahedra are located on the eight corners of a slightly
distorted cube). Plutonium, other actinides and rare-earth elements can occupy the Ca site in the
structure, as in (Ca,Pu)TiO3. The octahedra can also tilt to accommodate larger cations in the Ca site.
Structure: Cubic, sp. gr. Pm3m; rombohedral, Sp. gr. Pnma; may include: Ca, Y, REE, Ti, Zr, U and Pu.
Ceramics were prepared by cold pressing and sintering, and by hot pressing enabling densities up to
90–98% of theoretical.
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Figure 6. Perovskite. CaTiO3, Structure cubic, Sp. gr. Pm3m. Cations can be Ca, Y, REE, Ti, Zr, U
and Pu.

7. Hollandite [160–169], Figure 7.

Ba1.2(Al,Ti)8O16 tunnels between TiO6 octahedra to accommodate 133Ba, 137Cs and 90Sr. Structure:
Tetragon, Sp. gr. I4/m, Z = 4 and monocl., Sp. gr. I2/m, z = 1; may include: Na, K, Cs, Mg, Ca, Ba, Al,
Fe, Mn3+, Si, Ti and Mn4+. Ceramics were prepared by cold pressing and sintering.

Figure 7. Hollandite. Ba1.2(Al,Ti)8O16. Structure tetragon, Sp. gr. I4/m, monocl, Sp. gr. I2/m. Cations
can be Na, K, Cs, Mg, Ca, Sr, Ba, Al, Fe, Mn3+, Si, Ti and Mn4+.

8. Garnet [87,89,104,105,170–194], Figure 8.

(1) [8]A3
[6]B2[TiO4]3, e.g., [8](Ca,Gd, actinides)[6]Fe2

[4]Fe3O12.
(2) A3B2(XO4)3; distorted cubic structure; BO6 octahedra and XO4 tetrahedra establish a

framework structure alternately sharing corners; A and B sites can host actinides, REs, Y,
Mg, Ca, Fe2+, Mn2+ and X = Cr3+, Fe3+, Al3+, Ga3+, Si4+, Ge4+ and V5+. Structure: Cubic,
Sp. gr. Ia3d, z = 8. Ceramics were prepared by cold pressing and sintering and using Spark
Plasma Sintering with high relative density up to 98–99% of theoretical.

Figure 8. Garnet, Ca3Al2Si3O12. Structure cubic, Sp. gr. Ia3d. Cations can be Mg, Ca, Mn, Co, Cd, Al,
Sc, Fe, Ga, Y, In, La, REE, Ti, Zr, Ru, Sn, N, P, V and As.

171



Materials 2019, 12, 2638

9. Crichtonite [131,195–202], Figure 9.

(Sr,Pb,La,Ce,Y)(Ti,Fe3+,Mn,Mg,Zn,Cr,Al,Zr,Hf,U,V,Nb,Sn,Cu,Ni)21O38. Sr, La, Ce, Y positions are
indicated by the solid circles. Other cations are in the octahedral positions. Structure: Rombohedral,
Sp. gr. R3. Ceramics were prepared by hot pressing.

Figure 9. Crichtonite. Sr(Mn,Y,U)Fe2(Ti,Fe,Cr,V)18(O,OH)38. Structure rombohedral, Sp. gr. R3.
Cations can be Mg, Mn, Ni, Cu, Mn, Sr, Pb, Cr, Fe, Y, La, Ce, Ti, Zr, Hf, U, V and Nb.

10. Freudenbergite [153,155,203,204], Figure 10.

Na2Al2(Ti,Fe)6O16 a spinel-based phase suitable for incorporating Al-rich wastes from Al fuel
cladding/decladding. The A site can accommodate Na and K while the different octahedral sites can
accommodate Mg, Co, Ni, Zn, Al, Ti3+, Cr, Fe, Ga, Si and Nb. Structure: Monocl., Sp. gr. C12/m1.
Ceramics were prepared by cold pressing and sintering, ρ = 90%.

Figure 10. Freudenbergite (spinel). Na2Al2(Ti,Fe)6O16;. Structure monocl. Sp. gr. C12/m1. Cations can
be Na, K, Mg, Co, Ni, Zn, Al, Ti3+, Cr, Fe, Ga, Si and Nb.

11. P-Pollucite [205–215], Figure 11.

The ability of the pollucite structure to include large 1-, 2- and 3-valent cations allows flexibility
to select the desired model composition. When replacing the cations it will be becomes possible to
use cheap components; the introduction of small cations increases the concentration of cesium in the
composition of the mono-phase product. Structure: Cubic, sp. gr. I4132, z = 16; may include: Li, Na, K,
Rb, Cs, Tl, Be, Mg, Sr, Ba, Cd, Mn, Co, Ni, Cu, Zn, B, Al, Fe, Si, Ti, P, V, Nb and Ta. Compounds are
hydrolytically and radiation-wise stable. Ceramics were prepared by cold pressing and sintering and
Spark Plasma Sintering with high relative density (at last those up to 98–99%).

Figure 11. P-Pollucite. (Na,K,Rb,Cs)MgAl0.5P1.5O6; Structure cubic, Sp. gr. I4132. Cations can be Li,
Na, K, Rb, Cs, Tl, Be, Mg, Mn, Co, Ni, Cd, Sr, Ba, Sr. Ba, B, Al, Fe, Si, Ti, P, V, Nb and Ta.
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12. Magnetoplumbites (aluminates) [13,55,216–224], Figure 12.

Nominally X(Al,Fe)12O19, where X = Sr, Ba, (Cs0.5 + La0.5) and (Na0.5 + La0.5). The X site is
XII-fold coordinated and both Cs+/Ba2+-Fe3+/Fe2+ or Cs+/Ba2+-Ti4+/Ti3+ type substitutions can occur.
Accommodating structures because they are composed of spinel blocks with both IV-fold and VI-fold
coordinated sites for multivalent cations, and interspinel layers which have unusual V-fold sites for
small cations. The interspinel layers also accommodate large cations of 1.15–1.84 Å, replacing oxygen
in XII-fold sites in the anion close packed structure. The large ions may be monovalent, divalent,
or trivalent with balancing charge substitutions either in the interspinel layer (Na0.5 + La0.5) or between
the interspinel layer and the spinel blocks (Cs+/Ba2+–Fe3+/Fe2+ or Cs+/Ba2+–Ti4+/Ti3+). Structure:
Hexagon., Sp. gr. P63/mmc, z = 2; may include: Na, Cs, Mg, Sr, Ba, Pb, Mn, Co, Cu, Al, Fe, Sc, Y, La,
Ce, Sm, Gd, Yb, Lu, actinides, Si, Ti and Sn. Ceramics were prepared by cold pressing and sintering
and by hot pressing.

Figure 12. Magnetoplumbite. (Sr,Ba, ((Na,Cs)0.5+La0.5))(Al,Fe)12O19. Structure hexagon., Sp. gr.
P63/mmc. Cations can be Na, Cs, Mg, Sr, Ba, Pb, Mn, Co, Cu, Al, Fe, Sc, Y, La, Ce, Sm, Gd, Yb, Lu, An,
Si, Ti and Sn.

13. Zircon/Thorite/Coffinite [83,110,140,225–235], Figure 13.

ZrSiO4/ThSiO4/USiO4; zircon is an extremely durable mineral that is commonly used for U/Pb
age-dating, as high uranium concentrations (up to 20,000 ppm) may be present; the PuSiO4 end
member is known, and Ce, Hf and Gd have been found to substitute for Zr. Structure: Tetragon. Sp. gr.
I41/amd, z = 4; may include: REE, Th, U, Pu; Na, Mg, Ca, Mn, Co, Fe, Ti, P, V, Se and Mo. Ceramics
were prepared by hot pressing, ρ = 99.1% and by Spark Plasma Sintering, ρ = 99%

Figure 13. Zircon/Thorite/Coffinite. ZrSiO4/ThSiO4/USiO4. Structure tetragon., Sp. gr. I41/amd.
Cations can be Na, Tl, Mg, Ca, Mn, Co, Fe, Ti, REE, Ti, Th, U, Pi, P, V, Mo and Se.

14. Titanite (sphene) [104,110,236–238], Figure 14.

CaTiSiO5 [CaTiO(SiO4)]. Structure: Monocl. Sp. gr. P2I/a, Z = 4; may include: Mg, Ca, Sr, Ba, Mn,
Al, Fe, Cr, Ce, Y, Zr, Th and F. Ceramics are known as a matrix for actinide immobilization, and were
prepared by cold pressing and sintering.
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Figure 14. Titanite (sphene). CaTiSiO5 [CaTiO(SiO4)]. Structure monocl., Sp. gr. P2I/a. Cations can be
Mg, Ca, Sr, Ba, Mn, Al, Fe, Cr, Ce, Y, Zr, Th and F.

15. Britholite (silicate apatite; also known as oxy-apatite in the literature) [3,46,51,239–249], Figure 15.

(REE,Ca)5(SiO4,PO4)3(OH,F); i.e., Ca2Nd8(SiO4)6O2, Ca2La8(SiO4)6O2; based on ionic radii of
Nd3+, La3+ and Pu3+, an extensive range of solubility for Pu3+ substitution for the Nd or La, particularly
on the 6h site, is expected. Since there is an extensive range in the Ca/RE ratio in these silicate apatites,
a fair amount of Pu4+ substitution may be possible; La3+ through Lu3+ can substitute for Ca2+ and form
oxyapatites, RE4.67�0.33[SiO4]3O; can also accommodate Cs, Sr, B, Th, U and Np. Structure: Monocl.,
Sp. gr. P21 and hexagon. Sp. gr. P63/m. Ceramics were prepared by cold pressing and sintering,
ρ = 95%.

Figure 15. Britholite (silicate apatite, oxy-apatite). (REE,Ca)5(SiO4,PO4)3(OH,F)-Structure monoclin.
Sp. gr. P21/hexagonal, Sp. gr. P63/m. Cations can be Cs, Sr, B, REE, Th, U, Np and Pu.

4.3. Framework Silicates

16. Zeolites [75,250–266], Figure 16.

(Xx/n[(AlO2)x(SiO2)y] where X is the charge balancing counter-ion, n is the charge of the counter-ion,
x is the number of charge-deficient alumina sites, and y is the number of charge-neutral silica sites.
Zeolites are characterized by internal voids, channels, pores, and/or cavities of well-defined size in the
nanometer range, ≈4–13 Å. The channels and/or cavities may be occupied by charge compensating
ions and water molecules. Zeolites like Ag-Mordenite selectively sorbs I2 (129I); certain zeolites can
be converted to condensed oxide ceramics by heating. This process is particularly attractive for
waste-form synthesis because contaminants capture and immobilization is performed with minimal
steps. Structure of Zeolite-A showing alternate Al and Si atom ordering but omitting the tetrahedral
oxygens around each Al and Si may include Na, K, NH4

+, Cs, Mg, Ca, Sr, Co, Fe, Ga, REE and Ti.
45 natural zeolites and 100 artificial ones are known. Ceramics were prepared by hot pressing.
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Figure 16. Zeolites. Xx/n[(AlO2)x(SiO2)y] (where Xn+ is the charge balancing counter-ion). Structure
depends on chemical composition. Cations can be Na, K, NH4+, Cs, Mg, Ca, Sr, Co, Fe, Ga, REE and Ti.

17. Pollucite [37,87,212,214,215,259,267–293], Figure 17.

(Ca,Na)2Al2Si4O12·2H2O; host for fission products such as 137Cs. Structure: Cubic, Sp. gr. Ia3d,
z = 16; may include: Li, Na, K, Rb, Cs, Tl, Be, Mg, Sr, Ba, Cd, Mn, Co, Ni, Cu, Zn, B, Al, Fe, Si, Ti, P,
V and Nb. Ceramics were prepared by Spark Plasma Sintering with high relative density (up to 96%).

Figure 17. Pollucite. (Ca,Na)2Al2Si4O12·2H2O. Structure cubic, Sp. gr. Ia3d. Cations can be Li, Na, K,
Rb, Cs, Tl, Be, Mg, Sr, Ba, Cd, Mn, Co, Ni, Cu, Zn, B, Al, Fe, Si, Ti, P, V and Nb.

18. Nepheline/Leucite [37,58,61,73,155,294–297], Figure 18.

NaAlSiO4 silica “stuffed derivative” ring type structure; some polymorphs have large nine-fold
cation cage sites, while others have 12-fold cage-like voids that can hold large cations (Cs, K, Ca).
Natural nepheline structure accommodates Fe, Ti and Mg. Two-dimensional representation of the
structure of nepheline showing the smaller 8 oxygen sites that are occupied by Na and the larger 9
oxygen sites that are occupied by K and larger ions, such as Cs and Ca. Structure may include: Li, Na,
K, Rb, Cs, Be, Mg, Ca, Ba, Pb, Mn, Co, Ni, Al, Fe, Cr, Si, Ti and V. Structure: Hexagon. Sp. gr. P63, z = 2.
Leucite. Structure: Tetragon. Sp. gr. I41/a and I41/acd; cubic, Sp. gr. Ia3d, z = 16.

Figure 18. Nepheline/Leucite. (Na, K)AlSiO4/K[AlSi2O6]. Structure hexagon., Sp. gr. P63/tetragonal,
Sp. gr. I41/a and I41/acd or cubic, Sp. gr. Ia3d. Cations can be Li, Na, K, Rb, Cs, Be, Mg, Ca, Ba, Pb, Mn,
Co, Ni Al, Fe, Cr, Si, Ti and V.
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19. Sodalite Group (name of mineral changes with anions sequestered in cage
structure) [37,264,295,298–313], Figure 19.

(1) Sodalite Na8Cl2Al6Si6O24, also written as (Na,K)6[Al6Si6O24]·(2NaCl) to demonstrate that
2Cl and associated Na atoms are in a cage structure defined by the aluminosilicate tetrahedra
of six adjoining NaAlSiO4, is a naturally occurring feldspathoid mineral. It incorporates
alkali, alkaline earths, rare earth elements, halide fission products and trace quantities of U
and Pu. Sodalite was and it is being investigated as a durable host for the waste generated
from electro-refining operations deployed for the reprocessing of metal fuel. Supercalcines
which are high temperature, silicate-based “natural mineral” assemblages proposed for
HLW waste stabilization in the United States in 1973–1985, contained sodalites as minor
phases retaining Cs, Sr and Mo, e.g., Na6[Al6Si6O24](NaMoO4)2. Sodalite structures are
known to retain B, Ge, I, Br and Re in the cage-like structures. Structure of Sodalite showing
(a) two-dimensional projection of the (b) three-dimensional structure and (c) the four fold
ionic coordination of the Na site to the Cl-ion and three framework oxygen bonds. Structure:
Cubic, Sp. gr. P43n, z = 1; may include: Na, K, Mg, Ca, Mn, Fe, Al, Si, Ti, Cl, SO4 and CO3.
Ceramics were prepared by cold pressing and sintering; by HIP.

(2) Nosean, (Na,K)6[Al6Si6O24](Na2SO4)), silica “stuffed derivative” sodalite cage type
structure host mineral for sulfate or sulfide species.

(3) Hauyne, (Na)6[Al6Si6O24]((Ca,Na)SO4)1-2 sodalite family; can accommodate either Na2SO4

or CaSO4.
(4) Helvite (Mn4[Be3Si3O12]S: Be (beryllium) can be substituted in place of Al and S2 in the

cage structure along with Fe, Mn and Zn.
(5) Danalite (Fe4[Be3Si3O12]S).
(6) Genthelvite (Zn4[Be3Si3O12]S).
(7) Lazurite, (Ca,Na)6[Al6Si6O24]((Ca,Na)S,SO4,Cl)x; can accommodate either SO4 or S2, Ca or

Na and Cl.

Figure 19. Sodalite.group minerals. Sodalite/Nosean/Hauyne/Helvite/Danalite/Genthelvite/Lazurite.
(Na,K)6[Al6Si6O24]·(2NaCl)/(Na,K)6[Al6Si6O24](Na2SO4)/(Na)6[Al6Si6O24]((Ca,Na)SO4)1-2/

(Mn4[Be3Si3O12]S/(Fe4[Be3Si3O12]S)/(Zn4[Be3Si3O12]S)/(Ca,Na)6[Al6Si6O24]((Ca,Na),S,SO4,Cl)x;
Structure cubic, Sp. gr. P3n Cations and anions can be Na, K, Be, Mg, Ca, Mn, Fe, Al, Si, Ti, Cl, SO4

and CO3.

20. Cancrinite [37,314–319], Figure 20.

Cancrinite is a complex carbonate and silicate of sodium, calcium and aluminum with the formula
(Na,Ca,K)6[Al6Si6O24](( Na,Ca,K)2CO3)1.6·2.1H2O. It is classed as a member of the feldspathoid group
of minerals. Cancrinite is unusual in that it is one of the few silicate minerals to have a carbonate ion
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(CO3
2−) present in its structure. Mineral cancrinite will also contain some percentages of sulfate ions

(SO4
2−) and a chlorine ion (Cl−). Structure: Hexagonal, Sp. gr. P63.

Figure 20. Cancrinite. (Na,Ca,K)6[Al6Si6O24]((Na,Ca,K)2CO3)1.6·2.1H2O. Structure hexagonal, Sp. gr.
P63. Cations and anions can be Na, K, Ca. Al, Si, SO4 and Cl.

21. Crystalline SilicoTitanate (CST) [73,110,273–275,277,320–324], Figure 21.

[(Ca,N2a,K,Ba)AlSiO4 incorporates Na, K, Cs, Ca, Sr, Ba, Pb, Al, REE, Bi, Ti, Zr, Nb and Ta.
Crystal structure of Cs exchanged Nb–titanium silicate. Structure: Cubic, sp. gr. Pm3m up to 105 ◦C,
after tetragon. Sp. gr. I4/mcm or P42/mcm. Ceramics were prepared by hot isostatic pressing.

Figure 21. SilicoTitanate (CST). SiTiO4. Structure cubic, Sp. gr. Pm3m up to 105 ◦C, after-tetragonal Sp.
gr. I4/mcm or P42/mcm. Cations can be Na, K, Cs, Ca, Sr, Ba, Pb, Al, REE, Bi, Ti, Zr, Nb and Ta.

22. Micas (Dehydroxylated) [37,325–330], Figure 22.

The following dehydroxylated micas have been synthesized phase pure: LiAl3Si3O11, NaAl3Si3O11,
KAl3Si3O11, RbAl3Si3O11, CsAl3Si3O11, TlAl3Si3O11, Ca0.5�0.5Al3Si3O11, Sr0.5�0.5Al3Si3O11,
Ba0.5�0.5Al3Si3O11 and La0.33�0.66Al3Si3O11. In the Cs mica up to 30 wt% Cs2O can be accommodated,
in the Rb-mica up to 22 wt% Rb2O can be accommodated, and in the Ba-mica up to 19 wt% BaO can
be accommodated. Mg, Fe2+, Fe3+, Mn, Li, Cr, Ti and V can substitute for VI-fold coordinated Al3+.
Structure: Monoclinic. Sp. gr. C2/c.
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Figure 22. Micas (Dehydroxylated). XY2–3Z4O10(OH, F)2 with X = K, Na, Ba, Ca, Cs, (H3O) and (NH4);
Y = Al, Mg, Fe2+, Li, Cr, Mn, V and Zn; and Z = Si, Al, Fe3+, Be and Ti. Structure monoclinic, Sp. gr.
C2/c.

4.4. Phosphates

23. Monazite [12,16–18,87,89,140,141,231,235,244,293,331–359], Figure 23.

CePO4 or LaPO4 are corrosion-resistant materials and can incorporate a large range of radionuclides
including actinides and toxic metals into its structure. Monazite was proposed as a potential host
phase for excess weapons plutonium and radionuclides, and toxic metals in glass ceramic waste-forms
for low-level and hazardous wastes. Monazite structure (monazite mineral CePO4) has wide capacity
isomorphous through which the cerium and phosphorus can be substituted for other elements, e.g.,:
Ce→ Li, Na, K, Rb, Mg, Ca, Sr, Ba, Cd, Pb, Bi, Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Yb, Am, Cm, Cf, Es, Ge,
Zr, Th, Np, U and Pu; P→ Cr, Si, Se, V, As and S. Alternating chains of PO4 tetrahedra and REO9

polyhedra. Structure: Monoclinic. Sp. gr. P21/n. Ceramics were prepared by cold pressing and
sintering (ρ = 90–95%), hot pressing (ρ = 97%) and Spark Plasma Sintering with high relative density
(up to 98–99%).

Figure 23. Monazite. (Ce,La,Nd,Th)(PO4,SiO4). Structure monoclinic, Sp. gr. P21/n. Cations can be Li,
Na, K, Rb, Mg, Ca, Sr, Ba, Cd, Pb, Bi, Y, La, Pr, Nd, Sm, Eu, Gd, Tb, Yb, Am, Cm, Cf, Es, Ge, Zr, Th, U,
Np, Pu, Cm; Si, Se, V, As and S.

24. Xenotime [231,334,344,360–363], Figure 24.

YPO4. Structure: Tetragonal. Sp.gr. I41/amd, z = 4, C.N.Y-On, n = 8. Isomorph including: Be, Ca,
Al, Sc, La, Ce, Er, Dy–Lu, Zr, Th and U. Ceramics were prepared by cold pressing and sintering.
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Figure 24. Xenotime (YPO4). Ce,La,Nd,Th)(PO4,SiO4). Structure tetragonal, Sp. gr. I41/amd. Cations
can be Be, Ca, Al, Sc, La, Ce, Er, Dy–Lu, Zr, Th and U.

25. Apatite [3,37,87,240,241,332,364–378], Figure 25.

Ca4-xRE6+x(SiO4)6-y(PO4)y(O,F)2 can be actinide-host phases in HLW glass, glass-ceramic
waste-forms, ceramic waste-forms and cements. The actinides can readily substitute in apatite
for rare-earth elements as in Ca2(Nd,Cm,Pu)8(SiO4)6O2, and fission products are also readily
incorporated. However, the solubility for tetravalent Pu may be limited without other charge
compensating substitutions.

Apatite has been proposed as a potential host phase for Pu and high-level actinide wastes.
Structure: Hexagonal, Sp. gr. P63/m or monoclinic, Sp. gr. P21/b; may include: Na, K, Cs, Mg, Ca, Sr,
Ba, Mn, Ni, Cd, Hg, Pb, Cr, Y, REE, Th, U, Si, P, V, As, S, F, Cl, OH and CO3. Ceramics were prepared
by cold pressing and sintering, ρ = 95%; by HIP.

Figure 25. Apatite. Ca5(PO4)3(OH,F,Cl). Apatite. Structure hexagonal, Sp. gr. P63/m, monoclinic, Sp.
gr. P21/b. Cations and anions can be Na, K, Cs, Mg, Ca, Mn, Ni, Sr, Ba, Cd, Hg, Pb, Cr, Y, REE, Cm, Si,
Th, U, P, V, As, S, F, Cl, OH and CO3.

26. Sodium zirconium phosphate (NZP) [17–24,87,89,155,209,211,293,379–416], Figure 26.

The first studies of materials with such a structure were carried out by the authors [379–383]
in 1976–1987. They substantiated the crystal-chemical approach when choosing the composition
of substances and their structural modifications with ion-transforming properties (Li+, Na+, etc.):
NASICON, Langbeinite. Such materials have a frame structure: Na1 + xZr2SixP3-xO12, Na3M2 (PO4)3

(M = Sc, Cr, Fe), Na5Zr(PO4)3, LixFe2(WO4)3, LixFe2(MoO4)3. Elements in oxidation states 3–6 were
introduced into the frame positions: Sc, Cr, Fe, Si, Zr, P, W and Mo. It was also the first time in 1987 that
the rationale for the use of such structural analogs for the consolidation of HLW and transmutation
of minoractinides [384] was presented. The development of such materials—Structural analogues of
NASICON, NZP, Langbeinite—and their research, was continued in subsequent years.

NaZr2(PO4)3. The NZP structure can incorporate a complex variety of cations, including
plutonium; a three dimensional network of corner-sharing ZrO6 octahedra and PO4 tetrahedra in
which plutonium can substitute for Zr, as in Na(Zr,Pu)2(PO4)3. Complete substitution of Pu4+ for Zr
has been demonstrated in NZP. Cs and Sr can substitute for Na, while fission products and actinides
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substitute for Zr in octahedral positions. P is tetrahedral. Phosphates with the mineral kosnarite
structure (NaZr2(PO4)3 type, NZP) form a wide family. They can contain various cations in the
oxidation state from 1+ to 5+. The structure consists of several positions and so many various cations
can occupy it. These are MI = Li, Na, K, Rb, Cs; H, Cu(I) and Ag; MII =Mg, Ca, Sr, Ba, Mn, Co, Ni, Cu,
Zn, Cd and Hg; MIII = Al, Ga, In, Sc, Y, La, Ce-Lu, Am, Cm, V, Cr, Fe, Sb and Bi; MIV = Ge, Sn, Ti,
Zr, Hf, Mo, Ce, Th, U, Np and Pu; MV = Sb, Nb and Ta. Structure: Rhombohedral, Sp. gr. R3c, R3c,
R3. This fact is extremely important, and can be useful for the synthesis of single-phase crystalline
products of the solidification of radioactive waste whose cationic composition, as a rule, is extremely
complicated. Ceramics were prepared by cold pressing and sintering (ρ = 80–98%), hot pressing
(ρ = 96%) and Spark Plasma Sintering with high relative density (up to 98–99.9%).

Figure 26. Sodium zirconium phosphate (NZP), NaZr2(PO4). Structure rhombohedral, Sp. gr. Rc, R3c,
R3. Cations can be Li, Na, K, Rb, Cs, Cu and Ag; Mg, Ca, Mn, Zn, Sr and Ba; Mn, Co, Ni, Cu, Zn and
Cd; Sc, Fe, Bi, Ce–Lu, Am and Cm; Zr, Hf, Th, U, Np and Pu; V, Nb, Sb and Ta; Ti, Ge, Zr, Hf, U, Np, Pu,
Mo and Sn; Al, Sc, Cr, Fe, Ga, Y and In; Gd, Tb, Dy, Er and Yb; Mg; Na and K; Si, P, S, Mo and W.

27. Langbeinite [18,87,89,211,293,416–420], Figure 27.

Langbeinite is a potassium magnesium sulfate mineral with the formula: K2Mg2(SO4)3. It may
include much of cesium and other large 1- and 2-valent elements. The structure is a framework type,
also as for its kosnarite structure. Structure: Cubic, Sp. gr. P213; may include: Na, K, Rb, Cs, Tl, NH4,
Mg, Sr, Ba, Pb, Mn, Co, Ni, Zn, Al, Fe Cr, Ti3+, Ga, V3+, Rh, In, REE, Bi, Sn, Ti, Zr, Hf, P, Nb, Ta and S.
Ceramics were prepared by cold pressing and sintering, ρ = 88%.

Figure 27. Langbeinite. K2Mg2(SO4)3. Structure cubic, Sp. gr. P213. Cations can be Na, K, Rb, Cs, Tl,
NH4, Mg, Sr, Ba, Pb, Mn, Co, Ni, Zn, Al, Fe Cr, Ti3+, Ga, V3+, Rh, In, REE, Bi, Sn, Ti, Zr, Hf, P, Nb, Ta
and S.

28. Whitlockite [87,89,421–432], Figure 28.

Phosphates with the whitlockite structure (analog β-Ca3(PO4)2) were proposed as matrices for
radioactive waste immobilization. Their origin is both biogenic and cosmogenic. Whitlockite samples
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from meteorites, rocks of the Moon, Mars and other cosmogenic bodies, preserve the crystalline form
under the action of natural thermal “stress” and cosmic radiation. They contain small amounts of
uranium and thorium, and it is presumed to contain plutonium. It is known to form isostructural
compounds with H, Li, Na, K, Cu, Mg, Ca, Sr, Ba, Al, Sc, Cr, Fe, Ga, In, La, Ce, Sm, Eu, Gd, Lu, Th and
Pu. Thermal stability is up to 1200 ◦C, thermal expansion up to 1 × 10−5 deg−1 (25–1000 ◦C) are close
to Synroc and zirconolite; hydrothermal stable – leach rates at 90 ◦C up to 10−5 g·sm−2·day−1, radiation
stable. Structure: Trigonal, Sp. gr. R3c. Ceramics were prepared by cold pressing and sintering
(ρ = 92–97%) and Spark Plasma Sintering with high relative density (up to 95–98%).

Figure 28. Whitlockite. Ca3(PO4)2. Structure trigonal, Sp. gr. R3c.Cations can be H, Li, Na, K, Cu, Mg,
Ca, Sr, Ba, Al, Sc, Cr, Fe, Ga, In, La, Ce, Sm, Eu, Gd, Lu, Th, U and Pu.

29. Thorium phosphate/Diphosphate (TPD) [155,244,336,337,433–439], Figure 29.

Th4(PO4)4P2O7; a unique compound for the immobilization of plutonium and uranium; partial
substitution of Pu for Th has been demonstrated to up to 0.4 mole fraction, complete substitution is not
possible. Structure: Orthorhombic, Sp. gr. Pbcm, Pcam, z = 2; may include: U, Np, Pu, Am and Cm.
Ceramics were prepared by cold pressing and sintering (ρ = 87–93%).

Figure 29. Thorium phosphate/Diphosphate (TPD). Th4(PO4)4P2O7. Structure orthorhombic. Sp. gr.
Pbcm and Pcam. Cations can be U, Np, Pu, Am and Cm.

4.5. Tungstate, Molybdates

30. Scheelite [89,440–457], Figure 30.

Materials with the structure of the scheelite mineral (calcium tungstate CaWO4) based on
individual molybdates and tungstates and solid solutions may contain elements in oxidation degrees
from 1+ to 7+: Li, Na, K, Rb, Cs and Tl; Ca, Sr, Ba, Mn and Cu; Fe, Ce, La–Lu and Y; Th, U, Np and
Pu; Nb, Ta-in Ca-positions and Mo, W, Re, I, V and Ge in W-positions. The structural analog CaWO4

crystallizes in the tetragonal structure, Sp. gr. I4/c. The structure is constructed of CaO8 polyhedral
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and WO4 tetrahedrals connected through common oxygen vertices. For some compounds ceramics
were prepared by the Spark Plasma Sintering (SPS) method, with a relative density of 92%.

Figure 30. Scheelite. CaWO4. Structure tetragonal, Sp. gr. I4/c. Cations can be Li, Na, K, Rb, Cs, Tl, Ca,
Sr, Ba, Mn, Cu, Fe, Ce, La–Lu, Y, Ge, Th, U, Np, Pu, Nb, Ta, V, Mo, W, Re and I.

5. Summary of Crystalline Ceramic Waste-forms

Crystalline materials including oxides-simple and complex, salts-silicates, phosphates, tungstates
with various compositions and different structural modifications (30 structure forms) intended for
nuclear waste immobilization were developed using various approaches and accounting for criteria
of enough high durability (see e.g., [15,238,458–460]) requested for nuclear wasteforms. These are
presented in Table 1.
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Many of the compounds listed here have been studied and continue to be actively
investigated by researchers led by the co-author of this work (Prof Orlova), including those with
structures of garnet [185,189–194], P-pollucite [205–215], pollucite [214,215,293], monazite [141,352],
sodium zirconium phosphate (NZP) [21,209,383,384,388,392–394,396,405,407–409,412–419],
langbeinite [416–419], whitlockite [87,89,424–430] and scheelite [89,445,446]. Overall crystalline
ceramics are characterized as much more durable compared with glasses of the same chemical
composition e.g., the chemical durability of isomorph glasses is one to two orders of magnitude
lower [458–460]. Nevertheless, the degree of the development of crystalline ceramics remains at the
level of laboratory investigations rather than industrial use, except for SYNROC polyphase crystalline
ceramic that is at the stage of the planned start of utilization by industry. Practically all structural
forms developed (Table 1) are at the stage of obtaining compounds and their studies at the laboratory
scale. The references [15,458–460] are also providing data on the acceptability of ionic size variability
within the structure, and on chemical and radiation durability.

From the analysis of the presented data of various compounds with various compositions and
structural forms it is clear that researchers in the field of materials for nuclear waste immobilization
have many variants available for work. While materials are mineral-like the principle ”from nature to
nature” can be realized. Although many structures were included herewith, some could be missed,
for example brannerite [15,99], which is currently considered for actinide immobilization [461]. Among
most investigated structures one can note oxide ceramics. Some of crystalline ceramics such as monazite
were synthesized using real (radioactive) actinides [15,235], whereas most of researchers use surrogate
(non-radioactive) cations for investigations.

6. Conclusions

1. Ceramic waste-forms for nuclear waste immobilization are investigated in different countries
with a focus on improving environmental safety during storage, transport and disposal.

2. Inorganic compounds of oxide and salt character, having structural analogs with natural minerals,
are being studied as most perspective materials for the immobilization of radioactive waste.

3. Approaches based on crystallochemistry principles are used when choosing the most favorable
structural forms. They are based on the materials science concept “composition-structure-method
of synthesis-property” accounting for the real task to be achieved. The basic principle is the
isomorphism of cations and anions in compounds when choosing a real structure. Possible
isomorphic substitutions in both cationic and anionic structural sites were considered in the
works analyzed.

4. Crystalline ceramic waste-forms are intended to increase the environmental safety barrier when
isolating radioactive materials (containing both actinides and fission products) from the biosphere.
Among the methods of obtaining ceramic waste-forms, special attention in recent years is paid to
sintering methods which ensure the formation of ceramics that, first, are almost non-porous e.g.,
have a relative density of up to 99.0–99.9% of theoretical, and, second, can be obtained within
a small processing time e.g., within a few minutes (i.e., 2–3 min). These requirements are met
by high-speed electric pulse sintering processes e.g., so-called Spark Plasma Sintering (SPS),
although hot pressing enables the synthesis of very dense ceramics as well.

Professor Albina Orlova is working in the field of new inorganic materials used in nuclear
chemistry for the rad-waste immobilization of dangerous isotopes, for actinide transmutation, as well
for construction materials. She uses the structure properties and physico-chemical principles for the
elaboration of new ceramics with mineral-like crystal forms.

Professor Michael Ojovan is known for the connectivity-percolation theory of glass transition,
the Sheffield model (two-exponential equation) of viscosity of glasses and melts, condensed Rydberg
matter, metallic and glass-composite materials for nuclear waste immobilization, and self-sinking
capsules to investigate Earth’s deep interior.
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