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Abstract
Although the vitrification of nuclear waste has a decades-long history, numer-
ous opportunities still exist to improve its efficiency and to increase the waste
loading in glass. This is especially true for the vitrification of low-activity waste
(LAW), which has been historically treated by other immobilization technolo-
gies and is less mature than high-level waste (HLW) vitrification. In this work,
we address one of the least understood phenomena during the conversion
of nuclear waste feeds to glass—the formation of molten salt and transient
glass-forming melt. Using high-temperature environmental scanning electron
microscopy (HT-ESEM) in combination with X-ray diffraction, thermogravime-
try, and evolved gas analysis, we have analyzed the complex chemical reactions
and phase transitions as they occur during melting of representative HLW and
LAWmelter feeds. We evaluated the compositions of amorphous phases and the
fractions of salt components, and estimated the fractions of molten salt phases
present in the feeds as a function of temperature. We show that the maximum
fraction of molten salts is ∼4 % and ∼28 % during HLW and LAW feed melting,
respectively, and discuss the possibility of molten salt migration in LAW feeds.
We also argue that the presence of significant fractions of molten salt phase can
hinder the retention of rhenium (and, hence, radioactive technetium), and dis-
cuss how the properties of molten salt phase and transient glass-forming melt
are related to primary foam formation and behavior. Finally, we summarize key
unanswered questions requiring further research to increase the understanding
of the conversion process and enhance the nuclear waste vitrification efficiency.

KEYWORDS
glassmelting,molten salt, nuclearwaste, scanning electronmicroscopy, segregation, volatiliza-
tion
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1 INTRODUCTION

The Hanford Site, located in Washington State, USA, is
one of the most contaminated nuclear sites in the world,
with approximately 56 million gallons of radioactive waste
historically stored in 177 underground tanks.1,2 The waste
contains a complex mixture of radionuclides, heavy met-
als, and other hazardous compounds, making it difficult
to manage and dispose of safely. To address this issue, the
U.S. Department of Energy plans to vitrify the waste—
both high-levelwaste (HLW) and low-activitywaste (LAW)
fractions—using all-electric melters. The vitrification pro-
cess involves combining the waste with glass-forming
materials, such as silica and boric acid, and heating it to
1150◦C to produce a highly durable solid glass matrix that
can safely contain the radioactive and hazardous waste
over long periods of time.3–6
During the vitrification process, a layer of reacting and

melting material, known as the cold cap, forms on top
of the molten glass.5,7,8 In the cold cap, various com-
plex physical and chemical processes occur, including
water evaporation, melting of oxyanionic salts, borate
melt formation, reactions between the borate melt, molten
salts, and solids, precipitation of intermediate crystalline
phases, primary foam formation, growth, and collapse, and
the dissolution of residual refractory particles.9–12 These
processes proceed over a wide range of time- and length-
scales—from the reaction kinetics on the molecular-scale,
to silica dissolution and glass-forming melt formation
on the micro-scale, to foam expansion and collapse on
the macro-scale. An improved understanding of these
physico-chemical processes occurring in the cold cap is
critical for optimizing the vitrification process, including
achieving a consistent high melting rate,13,14 maximiz-
ing the retention of volatile elements (e.g., technetium
or iodine),15,16 and limiting the formation of crystalline
species (e.g., nepheline) that can compromise the quality
of the final product.17,18 This is especially true for the vit-
rification of low-activity waste, which is a technologically
much less mature process, because LAW was historically
treated using other technologies, such as cementation,
bituminization, or compaction and containerization.19–21
Over the past decade, our understanding of the melting

process was significantly improved by measuring and ana-
lyzing a vast volume of data on feed responses to heating
in terms of chemical reactions and phase transitions that
occur as temperature increases.7,22–31 Despite this signifi-
cant research effort, open questions still intrigue us, such
as the coexistence of molten oxyanionic salts and the glass-
forming borate melt in the early stages of conversion, or
the relationship between the glass-forming melt fraction
and the properties and characteristics of primary foaming.

These knowledge gaps highlight the need for new experi-
mental techniques that can provide additional insights into
the melting process.
In this paper, we used high-temperature environmen-

tal scanning electron microscopy (HT-ESEM) to obtain
direct experimental evidence about the morphology evo-
lution during the melting of nuclear waste feeds.32–34
Thus far, such morphological analysis was limited to
high-temperature in situ visual and X-ray observation
methods,26,29 each with their own advantages and draw-
backs, or to ex-situ analysis of samples quenched to room
temperature.28 HT-ESEM allows us to directly observe, as
a function of temperature, the microstructure and phase
evolutions, including the formation of low-temperature
liquids (eutectic salt melt and glass-forming borate melt),
intermediate crystal phases, and the onset of foaming. By
combiningHT-ESEMwith other experimental techniques,
such as X-ray diffraction (XRD), evolved gas analysis
(EGA), thermogravimetric analysis (TGA), or leaching
tests, we were able to estimate the fraction of liquid phases
during the melting of two representative HLW and LAW
nuclear waste feeds, and use this information to dis-
cuss the potential for molten salt migration—a demixing
phenomenon that can occur during feed melting in the
cold cap and potentially compromise the formation of a
steady-state melting process.35 We also address the rela-
tionship between molten salts, glass-forming melt, and
retention of rhenium, a nonradioactive surrogate for tech-
netium, showing that the high fractions of molten salt that
evolve during LAWmelting can negatively affect the Tc/Re
retention.
Finally, we discuss the effect of the transient glass-

forming melt properties, such as the viscosity and the
presence of undissolved crystalline phases, on the char-
acteristics of the primary foam, such as the foam onset
and foam collapse temperatures, and foam porosity.36 By
understanding the relationship between the glass-forming
melt composition, properties, and primary foaming, our
ultimate goal is to develop feed formulation strategies lead-
ing to primary foamminimization to achieve amore stable
and efficient nuclear waste vitrification process.

2 MOLTEN SALTMIGRATION

During the melting of a feed in a cold cap, the condensed
phase consists of various liquid and solid phases. The
molten salt phase, also called primarymelt, which consists
of various oxyanionic salts (mainly carbonates, nitrates,
nitrites, borates, sulfates, and chromates) and is as fluid as
water, and therefore, highly mobile, wets surfaces of solids
and the nascent glass-forming melt, reacting with them
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(A) (B) (C)F IGURE 1 Schematic illustration of
refractory melting in feeds with different
fraction of molten salts (A) low fractions of
molten salt, 𝑣 < 𝑣𝐶 , (B) at critical salt
volume fraction 𝑣 = 𝑣𝐶 (denoted by red
dashed line), and (C) gravitational salt
migration when 𝑣 > 𝑣𝐶 .

while releasing ample volumes of gases, mainly CO2, NO,
and O2.
While the presence of primary melt is desirable, as

it accelerates the conversion process, its excessive frac-
tion can lead to an unwanted phenomenon of molten
salt migration (demixing and drainage) that can occur
when the melt fraction is higher than that which can be
immobilized by capillary forces in liquid films and bridges
between the solid particles.35 Whereas vertical drainage
is harmless, horizontal migration can potentially disrupt
long-term steady-state melting by leaving behind slowly
melting refractory material. A general condition for gravi-
tationally driven salt migration in a bed of granular solids
is expressed by the inequality35

𝑣𝐶 < 𝑣 < 1 − 𝑣𝑠 (1)

where 𝑣 is the molten salt volume fraction, and 𝑣𝐶 and
𝑣𝑠 denote the critical primary melt volume fraction and
the solid volume fraction, respectively. The value of 𝑣𝐶
corresponds to the melt volume needed for coating and
bridging of the solid particles and depends on the specific
surface area of the particles, the melt viscosity, and the
melt-solid interfacial tension; when 𝑣 < 𝑣𝐶 , no drainage
occurs (Figure 1A). If 𝑣 exceeds 𝑣𝐶 , capillary forces no
longer immobilize primary melt on the surface of the
solid particles, and the excess volume (𝑣 − 𝑣𝑐) can drain
(Figure 1C). In a rather hypothetical situationwhen 𝑣 >1 −
𝑣𝑠, the volume of molten salts is higher than the space
available between grains, and the grains can either settle
or float in the connected liquid, according to the differ-
ence between their density and the density of the salt
melt.
Hrma et al.35 studied the gravitational drainage of a pri-

mary melt in a glass batch consisting of Na2CO3, Li2CO3,
(both alkali carbonates crushed to < 75 μm), and SiO2
(0.1−0.4 mm crushed quartz particles) at 600◦C, at which
the primary melt did not yet react with silica particles. The
onset of gravity-driven drainage occurred whenmore than
half of the intergranular space was filled with the salt melt.
Since, in their study, the fraction of intergranular space
was 1 − vS = 0.43, drainage was avoided when v < 0.22.
In another study, Kim et al.37 reported that the drainage
occurred when v > ∼0.3.

3 EXPERIMENTAL

3.1 Feed preparation

Tables 1 and 2 list the compositions of simulant HLW
and LAW melter feeds and glasses used in this study, for-
mulated by the Vitreous State Laboratory of the Catholic
University of America.38 The HLW feed (called “Al-19”)
is based on a high alumina high-level waste composition.
The LAW feed (called “AP-107”) is based on the super-
natant composition in Hanford tank 241-AP-107.39 For
both HLW and LAW, slurry feeds were prepared by adding
the chemicals and minerals, listed in Table 1, to deionized
water while stirring.40 The slurries were dried, first on a
90◦C hot-plate and then overnight in an oven at 109◦C.
The dried feeds were crushed and milled to powder in a
planetary ball mill (Fritsch Pulverisette 6, 10 grinding balls
20mmdiameter, 10min at 300 rpm) to under 100 μmgrain
size.

3.2 Feed characterization

The feed conversion to glass was characterized using in-
situ environmental scanning electron microscopy at high
temperature (HT-ESEM), X-ray diffraction (XRD), evolved
gas analysis (EGA), thermogravimetric analysis (TGA),
and feed expansion test (FET).
A 5-mm diameter platinum crucible with a few

milligrams of powdered feed was placed in the HT-
ESEM (Quanta 200 ESEM FEG by FEI Company) high-
temperature furnace (heating stage 1400, FEI) equipped
with a second thermocouple that allowed a precise temper-
ature measurement32 during the ramp heating to 1000◦C
at 5 K min−1. The ESEM was operated at 12 kV with a
beam current close to 0.5 nA, in order to avoid any beam
effect on the samples during the experiments. A gaseous
secondary electron detector was used to record SE images
of sample surface. The air pressure in the ESEM chamber
was ranging between 100–150 Pa during the experiments.
Sample images were continuously recorded at a fixed loca-
tion during heating. To detect the undissolved crystalline
solid phases, ∼4 g feed samples were heated in porce-
lain crucibles at 10 K min−1 to temperatures from 200◦C
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TABLE 1 Melter feed compositions—Waste simulant and
glass-forming and -modifying additives (GFMA)—In g to make 1 kg
of high-level waste (HLW) (Al-19) and low-activity waste (LAW)
(AP-107) glass.

Melter feed component HLW LAW
Waste simulant Mass (g) Mass (g)
Al(NO3)3•9H2O 134.13
Al(OH)3 369.0
Ca(NO3)2•4H2O 0.30
Bi2O3 11.6
CaO 11.0
Fe(NO3)3•9H2O 0.18
NiO 0.04
Cr2O3•1.5H2O 6.2
Na2CrO4•4H2O 2.28
Fe(OH)3 63.2
FePO4•2H2O 27.9
KNO3 3.0
KOH 5.25
MgO 1.2
NaOH 20.4 84.61
Ni(OH)2 5.0
PbO 4.1 0.02
NaCl 6.68
NaF 14.9 0.89
Na3PO4•12H2O 6.80
Na2SO4 3.6 7.68
NaNO2 3.5 75.32
NaNO3 12.4 68.59
Na2CO3 55.97
ZnO 0.8
Zr(OH)4•xH2O (x = 0.654) 5.5
NaC2H3O2 3.35
NaCHO2 3.65
Na2C2O4 0.94
H2C2O4•2H2O 1.2
Glass-formers and -modifiers Mass (g) Mass (g)
Al2SiO5 69.49
H3BO3 342.6 177.05
CaSiO3 97.1 82.57
Fe2O3 55.07
Li2CO3 89.2 21.87
Mg2SiO4 28.30
Na2CO3 106.6
SiO2 221.1 360.90
TiO2 14.55
ZnO 35.06
ZrSiO4 44.67
C12H22O11 58.55
Total 1421.9 1404.75

TABLE 2 High-level waste (HLW) (Al-19) and low-activity
waste (LAW) (AP-107) glass compositions in mass %.

Glass HLW LAW
Al2O3 23.97 6.19
B2O3 19.19 9.97
Bi2O3 1.14
CaO 5.58 3.99
Cl 0.40
Cr2O3 0.52 0.10
F 0.67 0.04
Fe2O3 5.90 5.49
K2O 0.14 0.44
Li2O 3.57 0.88
MgO 0.12 1.61
Na2O 9.58 16.95
NiO 0.40 0.004
P2O5 1.05 0.25
PbO 0.41 0.002
SO3 0.20 0.43
SiO2 27.00 45.40
TiO2 1.45
ZnO 0.08 3.49
ZrO2 0.39 2.99
SUM 100 100

to 1100◦C in 100◦C increments and quenched in air. The
samples were then milled and analyzed using an XRD
diffractometer (PANalytical X’Pert3 Powder) using con-
tinuous scan type, 5 to 80◦ 2θ angular range, 0.04◦ step
size, 115 s scan step, Cu Kα anode, 40 kV, 30 mA gener-
ator settings, with PIXcel1D detector (Malvern). Rietveld
refinement was carried out using Highscore Plus software
and amorphous fractions were obtained using the exter-
nal standard method with SiO2-quartz as the standard.
To evaluate the individual and overall gas evolution, ∼1 g
feed samples loaded in quartz crucibles were analyzed
using EGA (gas chromatograph Agilent 6890 N with a
mass spectrometric detector Agilent 5973 N) and ∼30 mg
samples loaded in platinum crucibles were analyzed using
TGA (Setaram Setsys). During both EGA and TGA, feeds
were heated at 10 K min−1 from room temperature to
1150◦C under He atmosphere. Finally, the feed volume
and porosity were evaluated as a function of tempera-
ture using FET: a uniaxially pressed ∼1 g feed pellet,
13 mm in diameter, was heated from room temperature
to 1150◦C at 10 K min−1 in a high-temperature observa-
tion furnace and its volumewas evaluated from the sample
profile area. The XRD, EGA, TGA, and FET experimen-
tal procedures are described in full detail in our previous
study.28
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POKORNÝ et al. 1695

F IGURE 2 Snapshots of the high-temperature environmental scanning electron microscopy (HT-ESEM) movies showing the
morphology evolution in (A) high-level waste (HLW) and (B) low-activity waste (LAW) melter feeds. Full movies showing the solid-liquid
transformations are provided in supplementary files.

4 RESULTS

Figure 2 displays a series of HT-ESEM images taken
during the melting of HLW and LAW feed samples (full
videos are available as Supplementary Files). Figure 3
displays the corresponding crystalline phase compositions
evaluated by ex-situ XRD (the diffraction patterns are
provided in the Supplement, Figure S1). Figure 4 overlays
the normalized feed volume, measured by FET, with
the individual gas evolution rate measured by EGA and
overall mass loss rate measured by TGA. The grey area in
Figures 3 and 4 indicate the temperature range of primary
foaming in the cold cap, that is, the temperature region

between the onset of foaming (corresponding to the local
minima of the feed porosity in Figure 4) and the cold cap
foam bottom temperature, defined as a temperature at
which vigorous primary gas evolution stops and the foam
collapses.13 The secondary HLW peak corresponds to sec-
ondary foaming—note that while primary and secondary
foaming are geometrically separated under the cold cap
(secondary foaming occurs within the melt below the cold
cap), they can overlap during FET measurements.36
Feed components start reacting already during slurry

preparation and drying. As previously reported by Xu
et al.22,23 andHujova et al.,41 boric acid and sodiumhydrox-
ide create an amorphous sodium-borate phase. Because
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(A) (B)

F IGURE 3 Crystalline phase evolution (smoothed by sigmoidal or Gaussian functions) in (A) high-level waste (HLW) and (B)
low-activity waste (LAW) feeds heated at 10 K min−1. The gray area indicates the primary foaming range. Data for HLWmelter feed Al-19
adapted from Ferkl et al.28 with permission from Elsevier.

there are no alkali-borate crystals (such as borax) vis-
ible on XRD, and because the slurry feed contains a
large amount of free water, our current hypothesis is
that this sodium-borate phase has a gel structure. How-
ever, we did not attempt to experimentally confirm this;
it is also theoretically possible that it can already be a
glassy phase, but we do not expect it at these low tem-
peratures. The sodium-borate phase, on heating, reacts
with oxyanionic components and dissolves oxide compo-
nents while turning into the nascent glass-forming melt.
As described by Xu et al.,23 reactions with carbonates,
nitrates, and nitrites enrich the borate phase with alkali
and alkaline earth oxides while evolving gases. Simul-
taneously, the borate phase dissolves amorphous Al2O3
and Fe2O3 from hydroxides as well as minor compo-
nents, such as NiO, ZnO, or PbO, and eventually ZrO2 and
SiO2. Figure 5 presents the composition of the amorphous
phase, in terms of mass fractions of major components,
estimated based on the batch compositions and the chem-
ical compositions of crystalline phases identified with
XRD.
The oxyanionic salt fraction (carbonates, nitrates,

nitrites, sulfates, chromates, borates, halides, alkali
hydroxides, and organics) is as high as 42 % in the HLW
feed, and 50 % in the LAW feed (see Figure 6). Initially
consisting of a mixture of crystalline compounds, it forms
multicomponent eutectic melts during heating, creating a

low-viscosity liquid phase that wets the borate gel phase
and the solid components.
According to TGA and EGA, the oxyanionic salt frac-

tion (solids and primary melt) gradually decreases as
temperature increases: hydroxides lose H2O between
100 and 400◦C, carbonates lose CO2 between 300 and
600◦C and nitrates with nitrites lose NO + O2 between
400 and 700◦C (or between 200–700◦C in LAW feeds,
where significant amounts of organics are present that
react with nitrates and nitrites42), losing their cations to
the borate melt. Sulfates, halides, and chromates do not
decompose, and eventually dissolve in the glass-forming
melt, from which SO2 + O2 may evolve at high temper-
atures in the form of secondary bubbles. “Others” in
Figure 6 represent residual salts and organics—Na2C2O4,
Na2SO4, and NaNO2 for HLW, and Ca(NO3)2⋅4H2O,
Fe(NO3)3⋅9H2O, KOH, Na2CrO4⋅4H2O, NaCl, NaF,
Na2SO4, NaC2H3O2, NaCHO2, and Na2C2O4 for LAW.
The fractions of the sodium borate phase in the oxyan-
ionic salt mixture displayed in Figure 6 were estimated
based on leaching tests performed by Xu et al.22 and Jin
et al.43
During HT-ESEM, the formation of primary melt is

visible as initially sharp edges of the feed particles are
rounded and tiny pores are being filled—in LAW feed,
this occurs when sucrose melts at 180◦C and starts react-
ing with nitrates and nitrites (Figure 7B shows traces
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POKORNÝ et al. 1697

(A) (B)

F IGURE 4 Gas evolution rate based on evolved gas analysis (EGA) (colored solid lines) and thermogravimetric analysis (TGA) (black
dashed line) and porosity based on feed expansion test (FET) (black dash-dotted line) during (A) high-level waste (HLW) and (B) low-activity
waste (LAW) feed sample heating at 10 K min−1. The gray area indicates the primary foaming range.

(A) (B)

F IGURE 5 Composition of amorphous phase versus temperature during melting of (A) high-level waste (HLW) and (B) low-activity
waste (LAW) melter feed, estimated based on the feed composition and crystalline phase composition obtained by X-ray diffraction (XRD).

of primary melt in the feed at 256◦C). These reactions
produce ample amounts of NO, CO2, H2O, and N2, and
peak around 300◦C. As the temperature increases above
300◦C, a significant fraction of salt melt visibly evolves
in the LAW feed, covering the surface of solid parti-
cles (Figure 7C). Upon further heating above 400◦C,
a significant fraction of primary melt is gone, leaving
behind tiny sub-micron-sized particles dispersed on the
larger particle surfaces (Figure 7D), likely a nitrite-sodalite

phase, Na8(AlSiO4)6(NO2)2, which redissolves in the glass
melt by 600◦C (Figure 7F). Silica starts to slowly dis-
solve in the borate phase at 450◦C; its dissolution rate
peaks between 600–700◦C after the glass-forming melt
is completely connected (Figure 7F), trapping gases into
primary foam, while silica and alumino-silicate phases
continue to dissolve. Few solids remain above 900◦C,
as the foam collapses and forms bubble-free molten
glass.
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(A) (B)

F IGURE 6 Fraction of salt components with respect to (A) high-level waste (HLW) and (B) low-activity waste (LAW) dry feeds. The
black dashed line represents the fraction of liquid molten salt phase estimated in Section 5.1.

F IGURE 7 Morphology evolution in low-activity waste (LAW) melter feeds measured by high-temperature environmental scanning
electron microscopy (HT-ESEM), showing the formation of primary melt and transient glass-forming melt. (A) Dried LAW feed; (B) first melt
starts to appear, consisting of molten sucrose and early eutectics, rounding the particle edges, (C) particles are covered by molten salt phase,
(D) liquid phase fraction is visibly decreased as a result of reactions between organics and nitrates/nitrites, producing sub-micron particles
(likely a nitrite-sodalite), (E) and (F) borates and silicates start to react and dissolve, producing glass-forming melt.

5 DISCUSSION

5.1 Fraction of molten salts

The formation of the molten salt mixture remains one of
the least understood phenomena during waste glass melt-
ing. The low-temperature eutectics are important for the

understanding of the actual melting process, accelerating
the reactions between organics and nitrates and the reac-
tions between fluxes and refractory components. While
the oxyanionic salt fraction of melter feed is as high as
42 % in the HLW feed, and 50 % in the LAW feed (see
Figure 6), the liquid primary melt fraction is relatively low,
as some feed components react early, a significant fraction
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of alkali borates persist in the formof gel, and some crystals
of oxyanionic salts dissolve only gradually in the primary
melt.
While binary, ternary, or even quaternary phase dia-

grams exist to estimate the phase composition of simple
mixtures (for example, NaOH and KOH, with melting
temperatures Tm = 323◦C and 360◦C, respectively, form
mixture with eutectic temperature as low as 167◦C), the
large number and diversity of salts present in the nuclear
waste feeds leave us without a proper tool to evaluate
the phase composition. For example, the melting point of
Na2CO3, a common waste component in the LAW feeds
and one of the main HLW feed additives, is 858◦C, but the
eutectic mixtures of Na2CO3 with other feed components
have melting points as low as 510◦C (with Li2CO3) and as
low as 283◦C (with NaOH). In addition, Na2CO3 starts to
react with SiO2 at temperatures as low as 550◦C. Thus, the
amount of Na2CO3 dissolved in the primary melt is highly
dependent on its fraction in the feed and on the primary
melt composition.
The primary melt fraction, shown in Figure 6, was thus

estimated using the following assumptions:

∙ At 100◦C, no molten salt is present. While some of
the feed hydrates have lower melting points, they are
dehydrated and/or react during feed preparation and
drying. For example, Al(NO3)3⋅9H2O dehydrates and
reacts with NaOH.

∙ At 200◦C, sucrose melts.
∙ At 300◦C, all organics and alkali salts form eutecticmelt.
Carbonates have high individual melting points, and
thus donot readily dissolve in the small fraction of eutec-
tic salt mixture that forms during HLW feed heating.
However, we assume that they dissolve during LAW feed
melting when a significant volume of nitrate/nitrite salt
melt evolves.

∙ At higher temperatures, the fraction of molten salts
decreases as its components continue to react and
decompose—their disappearance was estimated using
gas evolution data from EGA.

5.2 Molten salt migration

While the fraction of low-viscosity molten salt in the HLW
feed is low (below 5 mass %), Figure 6 indicates that the
fraction of molten salt in the LAW feed can reach up to 28
mass %, possibly exceeding 𝑣𝐶 , the critical volume fraction
for the onset of molten salt migration, reported in Hrma
et al.35 and Kim et al.37 This can result in the segregation
of molten salt from the refractory particles during melt-
ing, leading to interruptions in the steady-state melting
process and reduced production rates. Molten salt migra-

tion has been observed in various contexts, such as in
cold cap samples retrieved from a research-scale melter,44
where an alkali-enriched salt layer was detected above
the primary foam layer; during the design of the bulk
vitrification process45; or in fast-dried slurry samples pre-
pared in laboratory to resemble LAW and HLW cold cap
structure.7,41
Fortunately, the molten salt drainage is not problematic

as it is typically halted in lower parts of the cold cap where
connected melt creates a barrier for further downward
migration. This leads to the formation of an alkali-enriched
layer, which can facilitate the reaction between molten
salt and refractory particle at an accelerated rate because
of higher temperatures in the lower parts of the cold
cap. However, as mentioned in Section 2, the horizontal
migration of excess molten salt can impoverish refractory
components of fluxes and could potentially lead to a frozen
cold cap.35

5.3 Molten salt and Re retention

Another important phenomenon that is significantly
affected by the presence of molten salt and its coexistence
with glass-forming melt is the retention of radioactive
technetium and its nonradioactive surrogate, rhenium.
Recent studies15,43,46,47 suggested that the Tc/Re retention
is determined by the differences in the Tc/Re diffu-
sion from the molten salt phase (consisting of carbon-
ates, nitrates, nitrites, sulfates, and chromates), where
Tc/Re is initially present,47 into the transient glass-
forming (mostly alkali-alumino-silico-borate) melt. After
nitrates, nitrites, and carbonates decompose between 200–
700◦C, the perrhenate/pertechnetate-containing sulfate-
chromate-perrhenate phase that remains undissolved in
the glass-forming melt43,47 may segregate on the melt
surface, where Re rapidly volatilizes.48
We have recently suggested that various glass-forming

and -modifying additives may affect the Tc/Re retention
by enhancing the Tc/Re diffusion from the molten salt
phase into the nascent glass-forming melt.15,49 Specifi-
cally, we showed that the addition of reducing agents such
as sucrose increased Tc/Re retention while not affecting
Tc/Re speciation. By reacting with nitrates and nitrites at
low temperatures, a higher sucrose content decreases the
fraction of the molten salt phase in the temperature range
between 400–700◦C, increasing the driving force for the
rhenium diffusion from the molten salt phase into the
glass-forming melt, both by creating higher a concentra-
tion difference and a larger contact surface between these
two media.
In addition, we previously reported that the Re retention

in AP-107 LAW glass was lower than in a compositionally
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TABLE 3 Re retention in series of AN-102 low-activity waste
(LAW) feeds with different sources of alumina (standard deviation
is based on duplicate measurement).

Alumina source in the feed Re retention (%)
Al2SiO5 (nominal) 48 ± 2
Al2SiO5/Al(OH)3 (50/50 wt. %) 58 ± 1
Al(OH)3 67 ± 0

similar AN-105 LAW glass15; the alumina source in AP-107
LAW melter feed was kyanite, Al2SiO5, whereas AN-105
LAW feed contained mostly gibbsite, Al(OH)3, with a low
fraction of kyanite. Xu et al.50 attributed the higher Re
retention to the adsorption of residual sulfate-perrhenate
melt on amorphous alumina of a high specific surface
area that was produced from Al(OH)3 on heating. To test
this hypothesis, we prepared AN-102 LAW melter feeds
(compositionally similar to the AP-107 LAW,47 see Supple-
mentary material, Supplementary Table S1) with kyanite,
50 % kyanite substituted with gibbsite, and kyanite fully
replaced with gibbsite. The feeds were spiked with Re2O7
solution corresponding to 300 ppm Re in glass. Approxi-
mately 50 g of dry powder feed was heated in glazed porce-
lain crucibles at 10 K min−1 under an air atmosphere from
room temperature to 1150◦C. After quenching, the sam-
ples were ground and crushed to below 100 μm grain size,
and the Re content was analyzed by inductively coupled
plasma mass spectrometry. As Table 3 shows, replacing
kyanite with gibbsite enhanced sulfate-perrhenate disso-
lution in the glass-forming melt, and reduced the rate of
sulfate-perrhenate segregation and volatilization.
Further analysis of the effect of alumina and other

GFMA’s on the Re diffusion from the molten salt phase
into the glass-forming melt and the resulting Re reten-
tion in the produced glass will be reported in a follow-up
study,51 in which we will also report that when NaSiO3 or
NaOH is used in the feed instead of NaNO3, the Re reten-
tion can reach almost 100%—also suggesting that if molten
salt formation is significantly reduced or even prevented
(with boric acid, both NaSiO3 or NaOH create a sodium-
borate gel that, on heating, turns into the glass-forming
melt), Re can be fully incorporated into the glass-forming
melt and its volatilization diminished.

5.4 Transient glass-forming melt and
primary foaming

Figure 8 displays optical microscopy images of HLW feed
samples quenched in the air after heating to tempera-
tures 700, 800, 900, and 1000◦C. The glass-forming melt,
once connected, encapsulates dissolving refractory parti-
cles and irregularly shaped pores (Figure 8A) that soon

(A) (B)

(C) (D)

F IGURE 8 Optical microscopy image of the high-level waste
(HLW) sample heated to (A) 700, (B) 800, (C) 900, and (D) 1000◦C.
Gas bubbles are separated by glass-forming melt, in which residual
refractory particles are dissolving (visible as bright spots in the
polarized image).

become spherical as temperature increases, thus turning
the melt into primary foam.52 As temperature increases,
the primary foam porosity grows due to residual gas evo-
lution and thermal expansion. At the temperature of the
maximum foam volume, TFM = ∼800◦C (Figure 8B), the
foam porosity reaches ∼75% (c.f., Figure 4), and the foam
structure consists of larger bubbles, separated by lamellae
filledwith smaller bubbles. The foam is eventually destabi-
lized and starts to internally collapse, caused partly by the
increasing porosity, partly by decreasing transientmelt vis-
cosity, and, in the cold cap, also by the shear stress imposed
by the melt flow below the cold cap (Figure 8C,D).
Primary foam structure has been observed using both

in situ and ex situ X-ray tomography25,26,29,53–55 and
in quenched cold caps produced using laboratory-scale
melters.56 While the foam structure changes during
quenching due to the thermal contraction of gas that con-
tinues until viscosity drops below ∼106 Pa s, the in situ
X-ray tomography captures the primary foam structure at
high temperatures. Using different experimental setups,
both Luksic et al.25 and Harris et al.54 were able to reliably
discern bubbles with a diameter >∼0.8 mm.
The gas bubbles in the primary foam are separated by

lamellae consisting of glass-forming melt in which resid-
ual refractory particles continue to dissolve, mainly silica,
kyanite, zircon, and spinels. The properties of this con-
densed phase, especially its viscosity, determine the foam
behavior: its onset temperature, collapse temperature, and
maximum porosity. In a previous study using different
HLW and LAW melter feeds, we found that28,31: (i) the
fraction of the glass-forming melt to encapsulate the bub-
bles depends on glass-forming melt viscosity—it increased
by 10% for each order of magnitude increase in the
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glass-forming melt viscosity, and (ii) the foam collapse
might occur in a relatively narrow range of glass-forming
melt viscosity—between 20 and 90 Pa s, and (iii) the
fraction of undissolved silica affects the primary foam
stability.

6 SUMMARY AND FUTURE
PERSPECTIVES

Despite decades of research, numerous opportunities still
exist to enhance the waste vitrification process, increase
its rate, and reduce its cost. Because of unanswered ques-
tions in the kinetics and thermodynamics of glass batch
melting,57,58 these opportunities have often not been fully
explored or realized. In this study, we aimed to shed light
on a fundamental aspect of this process—the evolution of
molten salt and transient glass-forming melt—and to elu-
cidate several phenomena related to it. Here, wewould like
to outline possible directions for further research.

6.1 Primary foaming

Primary foaming is a phenomenon not unique to nuclear
waste glass melting but is a concern for commercial glass
melting as well. Regrettably, despite its strong effect on the
heat transfer into the batch and on the final glass qual-
ity, primary foaming remains one of the least understood
phenomena during glass melting. Following our earlier
studies showcasing the importance of primary foambehav-
ior for the evaluation of heat transfer to the batch,5 a
number of studies followed, focusing on the primary foam
structure and the kinetics of foaming. This included (i)
high-temperature visual observation and later also in-situ
X-ray tomography evaluating the foam porosity, bubble
size distribution, and the mechanism of foam coalescence
and collapse,25,55 and (ii) kinetic studies analyzing how
the temperature interval of primary foaming and the foam
structure depend on the batch thermal history.59
These techniques allow us to observe and investigate

the primary foam behavior in a broad range of commer-
cial and waste glass batches, have been used to develop
kinetic models for their conversion,27 and were imple-
mented in the computational dynamics model of glass
melters.8,60 Although the effects of batch formulation and
pre-treatment on the extent of primary foaming were ana-
lyzed in the past,61–63 their fundamental understanding
is still lacking. The three main questions are: How do
the properties of the transient glass-forming melt, such as
viscosity, surface tension, or density, change during the
conversion process? How do these properties, the tran-
sient glass-forming melt fraction, and the gas-evolving

reactions affect the primary foam extent, behavior, and
stability? And how can the transition from a trial-and-
error paradigm toward a model-based design of glass
batch formulation exhibiting limited primary foaming be
accomplished?

6.2 Technetium/Rhenium retention

During the vitrification of nuclear waste, one of the
main radionuclides of concern is Tc-99. Next to the con-
cerns caused by long half-life and high mobility in the
environment,64 Tc is also highly volatile, resulting in
its low retention in the waste glass.65–67 Although the
volatilized Tc is commonly captured in the off-gas treat-
ment system and typically recycled back to the melter
to increase its retention (and avoid costs with a separate
Tc immobilization into other waste forms), this causes
other problems—other volatile components of the recycle
stream (such as sulfur and chlorine) decrease the loading
of waste in the glass,68 increasing the glass volume. Thus, a
significant amount of work has been performed in the past
both on the immobilization of Tc and its nonradioactive
surrogate, Re, whose volatility generally exhibits behavior
analogous to that of Tc, regardless of the differences in their
ionic size or speciation in glass.69,70
Initially, Tc/Re is a component in the molten salt phase

(consisting of carbonates, nitrates, nitrites, sulfates, and
chromates).47 During melting, nitrates, nitrites, and car-
bonates decompose, releasing gases and forming nascent
glass-forming borate and borosilicate melts, while at the
same time, Tc/Re diffuses from the molten salt phase
into the glass-forming melt. The fraction of Tc/Re that
is not incorporated in the glass-forming melt by 800◦C
then forms a segregated salt phase from which Tc/Re fully
volatilizes by 1100◦C.
The Tc/Re incorporation into the glass structure is

not limited by the Tc and Re solubility, which is ∼1500–
3000 ppm,70–72 more than two orders of magnitude higher
than the Tc/Re concentration targets in the produced
nuclear waste glass, <10 ppm.73 Thus, it is the rate of
diffusion from the molten salt into the glass-forming
phase that affects the retention of Tc/Re. As described in
Section 5.3, Tc/Re diffuses into the nascent glass-forming
melt, initially from the molten salt phase47 consisting of
the full range of oxyanionic components, and eventually
from the remaining sulfate-chromate melt that tends
to segregate and release Tc/Re into the atmosphere.
The main questions thus are—what are the controlling
factors for the diffusion of Tc/Re from the salt phase
into the glass-forming melt, and how to accomplish the
full retention of Tc/Re from the salt phase into the glass
product?
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6.3 Segregation of molten salts, yellow
phase formation

Melting instability caused by demixing phenomenawithin
the cold cap is one of the several problems that can
be potentially encountered both during the melting of
commercial glass batches and during the vitrification of
nuclear waste. Several demixing phenomena have been
reported, including (i) evaporation of volatile components,
(ii) drainage of low-viscosity melts, (iii) segregation of
melts with different densities, and (iv) settling or buoyancy
of solid particles. Because most of the glass melt surface
is not exposed to the furnace atmosphere, the evapora-
tion of volatile components is significantly reduced during
all-electric melting with a cold cap. Moreover, feed com-
ponents that volatilize during the feed-to-glass conversion
can condense in cooler sections—this reflux phenomenon
is well-known in industrial batch blankets.74
However, the segregation of low-viscosity molten salt

can cause troublesome problems. Potentially prone to
molten salt segregation via migration are LAW feeds
that contain large fractions of alkali nitrates, nitrites,
and carbonates.35,37 The warning signs of its occurence
and methods of its prevention are open questions to be
addressed before it occurs during the large-scale operation.
The residual low-density salt phase consisting of sul-

fates, chromates, and molybdates tends to segregate from
the glass melt, forming the so-called “yellow phase”, the
formation of which limits the waste loading in the glass.
Yellow phase has been a topic of research around the
world, including the US,75–78 France,79,80 Japan,81,82 the
UK,83,84 and also China,85–88 where first waste vitrifica-
tion facilities have recently been constructed and will need
to immobilize nuclear waste containing significant con-
centrations of sulfate. Significant advancements have been
achieved, for example showing that the salt segregation
can be suppressed by the redistribution of oxides from the
original glass frit to the waste simulant, by glass composi-
tion reformulation, or by milling the frit into powder, but,
as a recent review noted, an industrial solution has not
yet been implemented.18 The question still remains—how
to optimize both batch and glass compositions in order to
maximize the incorporation of low-miscible salts into the
glass-forming melt?

7 CONCLUSIONS

In this work, we used high-temperature environmental
scanning electron microscopy, X-ray diffraction, evolved
gas analysis, and thermogravimetry to analyze the reac-
tion pathways and phase transitions during the melt-

ing of nuclear waste melter feeds. After estimating the
compositions of amorphous phases and fractions of salt
components in the feed, we specifically focused on the
issue of primary melt (molten salt) formation. We showed
that significant amounts of molten salt can be present
during the melting of low-activity waste feeds. This can
potentially lead to unwanted demixing phenomena in the
cold cap, such as the segregation of molten salts from
refractories in the early stages of melting or formation of
secondary liquid phases in the later stages, and signifi-
cantly affect other process parameters, such as retention of
Tc/Re.
The key open questions related to the molten salt

phase and glass-forming melt formation are: (i) What
are the criteria for the onset of molten salt migration
in the early stages of melting? (ii) What are the criteria
for the formation of a secondary salt phase at higher
temperatures, and how to optimize the feed and glass
composition to prevent its formation? (iii) What are the
controlling factors for the diffusion of Tc/Re from the
molten salt phase into the transient glass-forming melt,
and how to accomplish full retention of Tc/Re in the
glass? and (iv) How do the fraction and properties of both
the molten salt phase and the transient glass-forming
phase affect the feed primary foaming? Answering these
questions will help achieve stable and high melting rates
during the vitrification of high waste-loading melter
feeds.
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