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a b s t r a c t 

Improved understanding of the mechanisms by which foaming occurs during vitrification of high-level 

radioactive waste feeds prior to operation of the Waste Treatment and Immobilization Plant at the Han- 

ford Site, USA, will help to obviate operational issues and reduce the duration of the clean-up project 

by enhancing the feed-to-glass conversion. The HLW-NG-Fe2 high-iron simulated waste feed has been 

shown to exhibit excessive foaming, and the most recent predictive models overestimate the feed melt- 

ing rate. The influence of delivering iron as a Fe 2 + -bearing raw material (FeC 2 O 4 ·2H 2 O), rather than a Fe 3 + 

(Fe(OH) 3 ) material, was evaluated in terms of the effects on foaming during melting, to improve under- 

standing of the mechanisms of foam production. A decrease of 50.0 ± 10.8% maximum generated foam 

volume is observed using FeC 2 O 4 ·2H 2 O as the iron source, compared with Fe(OH) 3 . This is determined to 

be due to a large release of CO 2 before the foam onset temperature (the temperature above which the 

liquid phases forming are sufficiently viscous to trap the gases) and suppression of O 2 evolution during 

foam collapse. Structural analyses of simulated waste feeds after different stages of melting show that 

the remaining Fe 2 + in the modified feed is oxidised to Fe 3 + at temperatures between 600 and 800 °C. 

This feed was tested in a Laboratory Scale Melter with no excessive foaming or feeding issues. Analysis 

of the final glass products indicates that the glasses produced using the original HLW-NG-Fe2 feed using 

Fe(OH) 3 and the feed made with FeC 2 O 4 ·2H 2 O are structurally similar but not identical: the difference 

in the structure converges when the glass is melted for 24 h, suggesting a transient structure slightly 

different to that of the baseline in the glass produced using the reduced raw material. 

© 2022 The Author(s). Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The Hanford site in Washington State, USA houses ∼20 0,0 0 0 m 

3 

f radioactive legacy wastes in 177 carbon-steel tanks [ 1 , 2 ]. Now

nder construction and commissioning at the Hanford site is the 

aste Treatment and Immobilization Plant (WTP), where High- 

evel Waste (HLW) and Low Activity Waste (LAW) streams from 

he tanks will be processed separately and vitrified in individual 

oule Heated Ceramic Melters (JHCMs) [ 1 , 3–5 ]. Within these JHCMs 

he conversion of waste and process additives into molten glass 
∗ Corresponding author. 
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ill take place in a batch (raw material) layer (the “cold cap”) on 

op of the melt pool [ 6 , 7 ]. While the cold cap can help to retain

olatile species within the glass melt, foaming in the cold cap re- 

tricts heat transfer from the glass melt into the incoming feed 

lurry, thereby decreasing the feed melting rate [ 6 , 8–11 ]. Foaming 

ccurs in the cold cap due to the evolution of gases from decom- 

osition of the feed materials and redox reactions during feed-to- 

lass melt conversion. These gases then become trapped in the vis- 

ous melt and the reacting materials above the melt pool. Exces- 

ive foaming can both reduce the efficiency of the process and po- 

entially lead to blockages of melter off-gas components [12] . Ex- 

essive foaming is therefore highly undesirable and thus control of 

oaming is a key process parameter. 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Table 1 

HLW-NG-Fe2 composition developed by the VSL to immo- 

bilise the C-106/AY-102 high-iron tank waste [43] . 

Raw Material Batch/100 g Oxide Wt% 

Al(OH) 3 8.61 Al 2 O 3 5.59 

H 3 BO 3 0.56 B 2 O 3 13.79 

Na 2 B 4 O 7 ·10H 2 O 37.16 Na 2 O 13.36 

CaCO 3 0.94 CaO 0.52 

CeO 2 0.12 CeO 2 0.12 

Cr 2 O 3 ·1 ·5H 2 O 0.30 Cr 2 O 3 0.25 

Fe(OH) 3 20.54 Fe 2 O 3 16.12 

La(OH) 3 0.11 La 2 O 3 0.09 

Li 2 CO 3 3.87 Li 2 O 1.56 

Mg(OH) 2 0.24 MgO 0.16 

MnO 2 3.98 MnO 2 3.95 

NaOH 0.81 NiO 0.47 

Na 2 CO 3 4.04 P 2 O 5 0.78 

Ni(OH) 2 0.59 PbO 0.63 

FePO 4 ·2H 2 O 1.71 SO 3 0.22 

PbO 0.63 SiO 2 41.02 

Na 2 SiO 3 8.03 SrO 0.20 

Na 2 SO 4 0.39 ZnO 0.03 

SiO 2 37.33 ZrO 2 1.13 

SrCO 3 0.28 

ZnO 0.03 

Zr(OH) 4 ·0 ·654H 2 O 1.57 

NaNO 2 0.01 

NaNO 3 0.45 

H 2 C 2 O 4 ·2H 2 O 0.06 

Total 132.36 Total 100.00 
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Organic compounds have traditionally been added to radioac- 

ive waste feeds to mitigate excessive foaming and control re- 

ox state in industrial glass melting [ 6 , 13–19 ] and this approach

as been successfully demonstrated in vitrification programs [20–

4] . For high-nitrate Hanford Low-Activity Waste (LAW) feeds [24] , 

hich evolve both CO x and NO x during thermal decomposition, in 

he approximate temperature range 60 0–80 0 °C, sucrose has been 

ccepted as the baseline reductant [ 14 , 25–27 ]. The evolution of 

O x and NO x from these feeds during heating occurs as the feed 

aterials begin to form a viscous melt, and is referred to as pri- 

ary foaming [ 4 , 5 , 28 , 29 ]. Studies have shown the efficacy of su-

rose in foam reduction in LAW feeds from both bench scale to 

esearch-scale melter tests, in reducing foam by denitration at 400 

C prior to melt connection and foam onset [29] , and in retention 

f the volatile 99 Tc [ 27 , 30 , 31 ]. There has been a large output of

ork on sucrose addition to HLW feeds in other vitrification pro- 

rams [ 17 , 32–35 ] but the applcation of reductants to Hanford HLW

treams, generally higher in multivalent species than LAW feeds, 

s limited due to, potentially conservative, redox limits on the fi- 

al glasses [ 14 , 36–38 ]. The management of organics in HLW feeds

s important for controlling production rates and glass properties, 

owever, the previous algorithms used to determine the amount 

f sugar to add to high-nitrate LAW feeds, based on the ratio of 

arbon to nitrogen in the feeds, need to be modified and required 

urther testing [14] . 

Gases that evolve at high temperature, within the glass melt are 

sually the secondary fining gases O 2 and SO 2 , with some resid- 

al CO 2 evolution. The trapping of the secondary fining gases be- 

eath the highly viscous cold cap is secondary foaming [ 4 , 39 , 40 ].

econdary foaming is much more prevalent in HLW streams with 

igh contents of multivalent species such as Fe, Mn and Cr [ 4 , 39–

0 ]. The distinction between primary and secondary foam can be 

ifficult to observe for feeds high in multivalent species because of 

he continuous evolution of gas and overlapping reactions [ 41 , 42 ]. 

ue to the high-viscosity melt above the trapped gases, secondary 

oam does not readily collapse in the same way that primary foam 

oes, and its removal can require additional measures such as vig- 

rous bubbling [ 9 , 40 , 43 ]. 

From feed expansion tests, developed to analyse the amount of 

oaming in particular feeds during melting, it has been demon- 

trated that the high-iron HLW-NG-Fe2 simulated waste feed 

oams by up to 10 times its original volume during melting [44–

6] . The HLW-NG-Fe2 glass composition, given in Table 1 , was de- 

eloped by the Vitreous State Laboratory (VSL) of the Catholic Uni- 

ersity of America to immobilise the Hanford high-iron C-106/AY- 

02 tank waste [ 47 , 48 ]. The final vitrified HLW-NG-Fe2 glass com-

osition has 42 wt% waste loading and achieved an average glass 

roduction rate of 1650 kg m 

−2 day −1 in the DM100 research 

cale melter system at the VSL [ 45 , 47 ]. This melting rate is high

ompared to other feeds [45] , however the most recent predictive 

odels of melting rate using the Melt Rate Correlation equation, 

till overestimate the melting rate [ 49 , 50 ]. 

The Fe 2 O 3 content, as well as the presence of Cr 2 O 3 and NiO in

he wastes, were limiting factors for waste loading due to spinel 

ormation in the melter: spinel compounds such as magnetite, 

revorite and chromite have commonly been found [ 47 , 51 , 52 ]. Iron-

earing spinel crystals are chemically durable and are therefore 

ess of a concern for the quality of the final vitrified product, when 

resent at levels of up to ∼2 wt% [53] . However, these spinels can

gglomerate and, due to their higher densities, settle to the bottom 

f the melter, which is intolerable in the JHCM melters as they are 

usceptible to clogging [54] , as opposed to induction melters, such 

s those used in the UK, where a modest level of solid settling is 

onsidered acceptable [55] . The glass product discharged from the 

M100 melter test contained only trace amounts of crystal precipi- 

ation upon melting and cooling, and 0.65 vol% spinel crystals con- 
2 
aining Fe, Cr, Ni and Mn oxides were measured after heat treat- 

ent at 950 °C for 72 h [47] which is broadly consistent with be-

ng within the acceptable range of product quality ( < 1 vol% of 

rystalline phases at 950 °C) [ 56 , 57 ]. 

Alternative iron-bearing waste simulant raw materials for the 

LW-NG-Fe2 feed, to the standard Fe(OH) 3 slurry mixture (13 wt% 

e(OH) 3 , 87% water), were explored by the VSL to study their 

ffects on glass production rate and glass properties [58] . Alter- 

atives included haematite (Fe 2 O 3 ), magnetite (Fe 3 O 4 ), goethite 

FeO(OH)) and a mixture of all three. The mixture of iron sources 

rovided the highest glass production rate of 1950 kg m 

−2 day −1 , 

ollowed by Fe 2 O 3 at 1910 kg m 

−2 day −1 , Fe 3 O 4 at 1830 kg m 

−2 

ay −1 , and finally FeO(OH) at 1725 kg m 

−2 day −1 [58] . The vis-

osity of the feed containing Fe(OH) 3 was an order of magnitude 

reater than the viscosities of any of the other feeds tested, it was 

oncluded that the feed viscosity likely influenced the rate of melt- 

ng [58] . Marcial et al. observed a correlation among these mea- 

ured rates of melting and the fractions of chemically-bound wa- 

er contributed by the iron sources, potentially leading to reduced 

elt viscosity and more rapid silica dissolution [59] . 57 Fe Möss- 

auer spectroscopy of the final vitrified glass products showed very 

ittle difference in the iron redox ratio, Fe 3 + / �Fe, between glasses 

ade with the different iron-bearing raw materials when melted 

n air at 1150 °C. The glass produced using Fe 3 O 4 as a raw mate-

ial presented Fe 3 + / �Fe = 0.994 [58] . Since Fe 3 O 4 contains 66.7%

e 3 + and 33.3% Fe 2 + , these results suggested that most of the Fe 2 + 

resent in the feed material became oxidised during melting. No 

lear correlation was found between the redox states of iron in the 

tarting raw materials and the glass production rate [58] . Crystalli- 

ation of spinels occurred in these glasses, forming between 0.1 

nd 0.5 vol%, and these spinel phases were mixtures of Fe, Cr, Mn 

nd Ni oxides [58] . 

Previous studies applied ferrous oxalate as a raw material in an 

ttempt to retain volatile species during vitrification of LAW feeds 

 27 , 60 ], which, as noted above, can exhibit different gas evolu- 

ion profiles and foaming mechanisms to HLW feeds. Furthermore, 

hese previous studies were generally performed in scaled melter 

ystems with limited cold cap observation [ 27 , 60 ]. Exploration of 
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Table 2 

Iron-bearing raw material sources for HLW-NG-Fe2 and HLW-NG-Fe2-II 

feeds. 

Feed Raw Material Batch/100 g Oxide wt% 

HLW-NG-Fe2 Fe(OH) 3 20.54 Fe 2 O 3 16.01 

HLW-NG-Fe2-II FeC 2 O 4 ·2H 2 O 34.58 Fe 2 O 3 16.01 
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he structural and morphological changes to feeds during melting, 

ithin the cold cap, and the properties that underpin the foam 

ehaviour, have received more attention since 2011 with the de- 

elopment of the one-dimensional model of the cold cap [5] and 

ore recent attempts to computationally model the dynamic cold 

ap system [ 40 , 61 , 62 ]. 

Two previous studies [ 44 , 63 ] investigated the use of an Fe 2 + -
earing raw material, iron oxalate dihydrate (FeC 2 O 4 ·2H 2 O), com- 

ared with Fe 3 + iron hydroxide (Fe(OH) 3 ), in a simulated high- 

lumina waste feed (HLW-Al-19), with the aim of supressing foam- 

ng during vitrification. While it is not practical to change the iron 

aw material in this HLW-NG-Fe2 waste feed, as the iron originates 

n the waste, the results of these studies provide opportunity to 

xplore and model the effects of redox state on the cold cap be- 

aviour and better understand potential pathways for foam reduc- 

ion. HLW-Al-19 is a HLW feed containing 24.02 wt% Al 2 O 3, but 

nly 5.91 wt% Fe 2 O 3 , which is significantly lower than the 16.01 

t% Fe 2 O 3 present in the HLW-NG-Fe2 feed ( Table 1 ) [ 44 , 63 ]. It

lso contains Bi 2 O 3 and F, which are not present in the HLW- 

G-Fe2 feed; and it does not contain CeO 2 or MnO which are 

resent in the HLW-NG-Fe2 feed [ 63 , 47 ]. Consequently, direct com- 

arisons between results for the two different f eeds, whilst useful, 

ust be made with caution. The HLW-Al-19 feed produced with 

ron oxalate dihydrate (FeC 2 O 4 ·2H 2 O) as the iron source evolved 

o O 2 upon heating, compared with 1.2 g kg −1 of glass for the 

riginal feed prepared using iron hydroxide (Fe(OH) 3 ) as the iron 

ource [ 44 , 63 ]. However, CO 2 release increased to 66.6 g kg −1 glass

rom the FeC 2 O 4 ·2H 2 O feed compared to 42.2 g kg −1 glass from

he Fe(OH) 3 feed [63] . Following that study, X-ray absorption near 

dge spectroscopy (XANES) was employed to determine the oxi- 

ation states of the multivalent species present during melting of 

he different HLW-Al-19 feeds with Fe(OH) 3 and FeC 2 O 4 ·2H 2 O [44] , 

hilst also exploring foaming behaviour and evolved gases. Again, 

he feed with FeC 2 O 4 ·2H 2 O showed no O 2 evolution above 900 °C
y Evolved Gas Analysis (EGA), and the maximum foam volume 

ecreased from ∼4 to ∼2.5 V(T) V G 
−1 (volume at temperature, T, 

ivided by the final glass volume). However, the oxidation state of 

he iron in the raw material was found to have little effect on ei-

her the oxidation state or coordination of Fe at various stages of 

elting. The glass produced using the FeC 2 O 4 ·2H 2 O feed was only 

slightly more reduced” than the original feed, with a statement 

hat only a qualitative analysis was possible [44] . The same study 

lso explored the oxidation states of Fe at different stages of melt- 

ng of the HLW-NG-Fe2 feed [44] . During melting the amount of 

e 2 + increased: the sample heated to 500 °C had Fe 3 + / �Fe = 1.

s the temperature increased this ratio decreased to a minimum 

f Fe 3 + / �Fe = 0.5 in the glass sample and the average Fe co-

rdination transformed from approximately five-fold to four-fold 

44] . 

Based on the effects of the FeC 2 O 4 ·2H 2 O raw material on de-

reasing the foam volume in the HLW-Al-19 feed during heating 

 44 , 63 ], it is reasonable to anticipate that there may be an even

reater effect on foam reduction when using FeC 2 O 4 ·2H 2 O as a 

aw material in the HLW-NG-Fe2 feed, with its substantially higher 

ron content. From this hypothesis the present study emerged, in 

hich we aimed to investigate foaming of the HLW-NG-Fe2 feed 

uring melting by the use of FeC 2 O 4 ·2H 2 O as raw material and

hereby contribute towards developing a better understanding of 

echanisms of foam reduction by investigating any changes in 

old cap structure that may arise. Our study thus aims to sup- 

ort methods of redox control in the HLW streams, tailored to the 

echanisms of foam generation, which can be anticipated to differ 

rom those in LAW feeds, by investigating the highest iron Hanford 

aste feed, and how the redox state of the raw materials can in- 

uence the foam behaviour and structure during melting in these 

eeds. 
c

3 
. Experimental procedures 

.1. Feed preparation 

The HLW-NG-Fe2 feed, using NOAH Chemicals Fe(OH) 3 slurry 

ixture (99.9% purity, 13 wt% Fe(OH) 3 , 87% water), as the iron 

ource, was batched as shown in Table 1 . The second feed, named 

LW-NG-Fe2-II throughout, was batched with FeC 2 O 4 ·2H 2 O replac- 

ng the Fe(OH) 3 raw material on a wt% basis for the target Fe 2 O 3 

ontent, as described in Table 2 . Both feeds were prepared at the 

acific Northwest National Laboratory (PNNL) on a 2 decimal place 

alance using > 99% purity raw materials. Chemicals were mixed 

ith deionised water with a target glass yield was 400 g L −1 for 

LW-NG-Fe2-II, and 290 g L −1 for HLW-NG-Fe2, the difference ne- 

essitated by the higher viscosity of the Fe(OH) 3 -bearing slurry. 

ach feed was stirred continuously using a mechanical stirring rod 

uring batching, and for 24 h afterwards to ensure homogeneity. 

1 L of feed was dried in an oven at 105 °C for 24 h and then

illed in a steel vibration mill in preparation for analysis by fur- 

her techniques; and the remainder of the slurry was stored for 

eeding into the Laboratory Scale Melter [64] . 

.2. Stages of melting study samples 

For each feed, 7 platinum crucibles containing 20 g of dried 

eed were heated in an electric furnace from room temperature 

o 60 0, 70 0, 80 0, 90 0, 10 0 0, 110 0 and 1150 °C at a rate of 10 °C
in 

−1 . Once each temperature was attained, the crucible was re- 

oved from the furnace and quenched in air. Further glass sam- 

les were created by heating the dried feed to 1150 °C at a rate of

0 °C min 

−1 in platinum crucibles, dwelling for 1 h, then pouring 

he melt into steel ring moulds and annealing at 500 °C for 3 h, 

efore cooling to room temperature at 2 °C min 

−1 . 

.3. Laboratory scale melter sample preparation 

The Laboratory Scale Melter (LSM) at PNNL [64–66] was used 

o create a quenched cold cap representative sample of the HLW- 

G-Fe2-II. The LSM demonstrates the formation of a cold cap in- 

ide a melter by partially submerging a fused silica melter vessel 

nto a furnace on top of a platinum support for variable depth. A 

chematic is shown in Fig. 1 , 200 g of the HLW-NG-Fe2-II glass was

e-melted in the bottom of the melter vessel to form the melt pool. 

ontinuously stirred slurry feed was then pumped into the top of 

he melter vessel at 8–10 mL min 

−1 , landing on top of the melt 

ool and creating a cold cap. Thermocouples recorded the temper- 

ture of the melt and plenum every 20 s during feeding to ensure 

hat the melt temperature stayed at ∼1150 °C, while the plenum 

emperature indicated cold cap coverage. After a sufficient cold cap 

as generated ( ∼1 h of feeding), feeding was halted, and the entire 

elter vessel was removed from the furnace and quenched imme- 

iately in air by placing it on a copper block. Once cooled, the top 

f the vessel without any sample was removed, leaving a quenched 

old cap sample encased in the silica vessel. 
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Fig. 1. Schematic of the laboratory-scale melter (LSM) [64] . 
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.4. Feed volume expansion testing 

To quantify the amount of foaming of each feed during melting, 

ellets of dried feed, 13 mm in diameter pressed at 168 MPa, were 

eated at 10 °C min 

−1 from 25 to 1150 °C without dwelling in an

lectric furnace with an observation port. Photographs were taken 

t 100 °C intervals initially, and then at 10 °C intervals once the 

ellets began to change shape. Images were analysed via a MATLAB 
m

4 
oftware program to calculate the normalised volume based on the 

ssumption that the expansion was spherically symmetrical [68] . 

.5. Thermal analysis 

Thermogravimetric - Differential Thermal Analysis (TG-DTA) 

as performed on both the HLW-NG-Fe2 and HLW-NG-Fe2-II feed 

amples once dried powder had been generated, using a TA Instru- 

ents SDT Q600 Simultaneous Thermal Analyser. 30 mg of each 
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ried feed sample was loaded into an alumina crucible and heated 

t 10 °C min 

−1 from room temperature to 1205 °C. The crucible 

ass was calibrated before the measurement with respect to a 

tandard alumina crucible. Air was pumped through the furnace at 

 flow rate of 50 ml min 

−1 . Measurements of mass of the sample

nd the heat flow ( μW mg −1 ) were taken at 0.5 s intervals. 

Thermogravimetric – Mass Spectrometry (TG-MS) using the 

etzsch STA (Simultaneous Thermal Analysis) 409PG Luzz® cou- 

led to an Aëleos mass spectrometer, observed the evolved gases 

uring heating of the feeds. The furnace was heated at a rate of 

0 °C min 

−1 from 30 to 1200 °C, with 40 ml min 

−1 of air pumped

hrough the chamber, and the ion current was measured for each 

lement of interest. For O 2 evolution the same process was carried 

ut under a flow rate of 40 ml min 

−1 of N 2 . 

Evolved gas analysis (EGA) was performed on both the HLW- 

G-Fe2 and HLW-NG-Fe2-II feeds at the Laboratory of Inorganic 

aterials, UCT Prague. ∼1 g of each feed was heated at 10 °C 

in 

−1 from room temperature to 1160 °C in a silica gas tube 

ithin a furnace, under 50 ml min 

−1 He. The release rates of gases 

rom the feeds were measured by Gas Chromatography – Mass 

pectrometry, using an Agilent 6890 N/5973 N mass spectromet- 

ic detector. 

.6. Sample characterisation 

.6.1. Compositional analysis 

For compositional analysis, the final glass samples were milled 

o a fine powder for X-ray fluorescence (XRF) spectroscopy. Ap- 

roximately 1 g of each sample was mixed with approximately 

0 g of Li 2 B 2 O 7 flux (doped with 0.5 wt% LiI anti-cracking agent).

he mixture was loaded into a 90%Pt:10%Au crucible and melted 

t 1065 °C in a Claisse LeNeo fused bead maker furnace. The fused 

eads were analysed by XRF using a PANalytical MagiX PRO spec- 

rometer with a Rh anode X-ray tube for elemental composition 

sing an oxide analysis programme [ 68 , 69 ]. For B and Li elemental

oncentration, 500 mg of the samples were prepared by microwave 

igestion for ICP-MS on a Perkin Elmer ® Nexion-10 0 0 ICP-MS. 

.6.2. X-ray diffraction 

Samples for the Stages of Melting study were milled to a fine 

owder and loaded into flat plate X-ray powder diffraction (XRD) 

ample holders, which were then loaded onto a PANalytical X’Pert 

ro X-ray powder diffractometer. Diffraction data were collected 

sing Cu K α X-rays with a power setting of 40 mA / 40 kV and

amples were spun at 0.25 revolutions per second during data col- 

ection to improve the powder average. Diffraction patterns were 

ollected over the angular range 5 to 80 o 2 θ , with a step size

f 0.0033 o 2 θ and dwell time of 78.8 s per step. From the posi-

ions of the Bragg reflections in the diffraction patterns, crystalline 

hases were identified using the PANalytical HighScore Plus soft- 

are [70] and the International Centre for Diffraction Data (ICDD) 

owder Diffraction File database [71] . The relative abundance of 

ach phase and the amorphous content was measured by inti- 

ately mixing 5 wt% Si with the ground sample and then perform- 

ng XRD and comparing the relative abundances of other phases 

resent using Rietveld refinement [72] in the HighScore Plus soft- 

are. 

.6.3. Scanning electron microscopy/energy dispersive X-ray 

pectroscopy 

Scanning electron microscopy and energy dispersive X-ray spec- 

roscopy (SEM/EDX) were used to analyse the glass samples and to 

dentify any crystalline precipitants and inhomogeneities. Samples 

ere mounted in a conductive epoxy resin, ground with SiC abra- 

ive paper to produce a flat surface, then polished using successive 

rades of 9, 6, 3 and 1 μm diamond paste. Polished samples were 
5 
oated with a layer of carbon in a carbon coater for 600 ns, and 

onductive silver paint was applied to connect the sample to the 

etallic mount to ensure good electrical conduction and to avoid 

ny charging on the sample surface during analysis. Samples were 

oaded into the FEI Quanta 650 FEG-ESEM operated at 20 kV and 

pot size, diameter of the final beam on the surface of the sample, 

f 3. Both secondary and backscattered electron images were taken 

f each sample at different magnifications. On areas of interest im- 

ges were processed using Aztec EDX software, where point scans 

or elemental compositions and elemental maps were taken. 

.6.4. Raman spectroscopy 

For analysis of structural changes during melting, polished sam- 

les from the Stages of melting study were analysed using a Ren- 

shaw InVia Raman Spectrometer fitted with a CCD detector and a 

32 nm laser at 10 mW power and x10 objective lens. Raman spec- 

ra were collected at Raman shifts between 100 and 3000 cm 

−1 

ith 15 accumulations and an exposure time of 20 s for each ac- 

umulation. All spectra underwent a baseline correction, a 5th or- 

er polynomial fluorescence correction, and a temperature and fre- 

uency dependent scattering intensity correction [73] . 

.6.5. 57 Fe Mössbauer spectroscopy 

For analysis of the local environment and oxidation state/s of 

ron during melting, the samples heated to 80 0, 10 0 0 and 1150 °C
or each of the feeds were powdered for room temperature 57 Fe 

 ӧssbauer spectroscopy. The 14.4 keV γ -rays from the decay of a 

5 mCi 57 Co source in Rh matrix oscillated at constant acceler- 

tion were absorbed by the sample. 57 Fe M ӧssbauer spectra were 

ollected in the velocity range of ±12 mm s −1 relative to α-Fe. The 

ignal-to-noise ratio was improved with data collection times of up 

o two weeks. The Recoil software package [74] was used to fit the 

ata with either Lorentzian fits or xVBF, and the assumption was 

ade that the recoil-free fraction ratio f (Fe 3 + /Fe 2 + ) = 1.0 when es- 

imating redox ratios from fitted spectral areas. 

. Results 

.1. Feed expansion tests and gas evolution 

From the feed expansion test results shown in Fig. 2 , there 

s a 49.8% reduction in maximum volume expansion using 

eC 2 O 4 ·2H 2 O, equating to a reduction in maximum porosity of 

1.0%. A peak volume expansion of ∼10 times the volume of glass 

n the HLW-NG-Fe2 feed is in close agreement with the previous 

tudies [44–46] . The total gas evolved in each feed, obtained from 

he derivative of the mass loss from TGA, shows a 62.9 ± 2.8% in- 

rease during melting in the HLW-NG-Fe2-II feed compared with 

he original. 

The H 2 O and CO 2 evolution are both greater in the HLW-NG- 

e2-II feed, Fig. 3 , than from the HLW-NG-Fe2 feed. Dehydration 

f raw materials in both feeds aligns with an exothermic peak at 

280 °C in the DTA curves. The CO 2 evolution from the HLW-NG- 

e2-II feed also corresponds to endothermic reactions shown in the 

TA curve between ∼400 and 550 °C which are not present in the 

TA curve for the original feed. The increase in CO and CO 2 evolu- 

ion in the HLW-NG-Fe2-II feed compared with the original is ex- 

ected due to the added C in the raw material. O 2 is evolved from 

he original feed in spikes at 736, 772 and 807 °C, which corre- 

ponds to sharp exothermic peaks in the DTA curve. Strong peaks 

ave been observed during O 2 consumption reactions of transi- 

ion metals, such as the exothermic reaction MnO 2 → Mn 2 O 3 [75] . 

hese peaks and the associated O 2 peaks are not present in the 

ata for the original HLW-NG-Fe2-II feed. The SO 2 evolution is also 

uppressed in the modified (FeC O ·2H O) feed. 
2 4 2 



J.C. Rigby, D.R. Dixon, D.A. Cutforth et al. Journal of Nuclear Materials 569 (2022) 153946 

Fig. 2. Volume expansion curves normalised to the volume of glass, V/V g , (solid lines) during melting of a pellet of the HLW-NG-Fe2 (black) and HLW-NG-Fe2-II (red). Total 

gas evolution (dashed lines) obtained by differentiating mass losses from TGA (For interpretation of the references to color in this figure, the reader is referred to the web 

version of this article.). 

Fig. 3. Evolved gases by Thermogravimetric Mass Spectrometry (left axis) of H 2 O, CO 2 , O 2 and SO 2 and Differential Thermal analysis (right axis) for the HLW-NG-Fe2 and 

HLW-NG-Fe2-II feeds. SO 2 is scaled x 500. 
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Assuming an equal evolution of gases from other raw mate- 

ials, the oxidation of FeO to Fe 2 O 3 by 1150 °C, and no further

xygen consumption/evolution, an increase of 42.29 g kg −1 CO 2 , 

nd 80.75 g kg −1 glass CO, is expected stoichiometrically from 

he FeC 2 O 4 ·2H 2 O raw material during melting compared to the 

e(OH) 3 source. The CO 2 evolution shows an increase of 141.10 g 

g −1 glass, and the CO evolution an increase of only 35.17 g kg −1 

lass, leading to the assumption that oxygen is consumed during 

he decomposition reactions from elsewhere in the melt, forming 

ore CO 2 . Peak evolution of both CO and CO 2 occurs before the 

oam onset temperature of 600 °C in the HLW-NG-Fe2-II feed. The 

uppression of O 2 evolution in the HLW-NG-Fe2-II feed compared 

o the 5.12 g kg −1 of glass evolved during melting of the HLW- 

G-Fe2 feed is clearly defined in Fig. 4 , the lack of O 2 evolution

s expected as the added carbon forming CO and CO , and the 
2 

6 
hange from FeO to Fe 2 O 3 , provide a negative overall oxygen bal- 

nce [ 20 , 76 ]. 

.2. X-ray diffraction 

The phase assemblage of the samples produced during the 

tages of Melting study, between foam onset and melting temper- 

tures (600–1150 °C), were analysed by XRD with Rietveld refine- 

ent for identification of the phases present and estimation of the 

elative abundances of the crystalline phase and the amorphous 

hase content. Fig. 5 shows the X-ray powder diffraction patterns 

or the Stages of Melting samples of each feed, quenched between 

00 and 1150 °C, and Fig. 6 shows the phases identified and quan- 

ified by Rietveld refinement for each of these samples, as well as 

he amorphous phase fraction. 
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Fig. 4. Evolved Gas Analysis (EGA) of NO, H 2 O, CO 2 , O 2 and SO 2 for the HLW-NG-Fe2 (left) and HLW-NG-Fe2-II (right) feeds. 

Fig. 5. Comparison of XRD patterns for HLW-NG-Fe2 (black) and HLW-NG-Fe2-II (red) stages of melting samples quenched at 60 0, 70 0, 80 0, 90 0, 10 0 0, 110 0 and 1150 °C. 

Peaks identified as belonging to Haematite ICDD; 04-015-7029, Quartz ICDD; 01-070-3755, and Magnetite ICDD; 04-009-8433, phases are labelled H, Q and S, respectively 

(For interpretation of the references to color in this figure, the reader is referred to the web version of this article.). 
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Quartz dissolution is similar in both feeds and compares with 

he previous measurements of quartz [59] . At 1150 °C the quartz 

as completely dissolved in both feeds. Haematite, present from 

00 to 1100 °C in the HLW-NG-Fe2 feed, indicates that the de- 

omposition of the Fe(OH) 3 raw material has been completed be- 

ow 600 °C. After reaching a maximum relative abundance at 

00 °C, haematite dissolves into the melt and has fully dissolved 

y 1150 °C. Both haematite and magnetite have been found as crys- 

alline phases present in the vitrified samples produced from HLW- 

G-Fe2 feed during previous melter runs [58] . In the HLW-NG-Fe2- 

I samples there are no crystalline Fe-containing phases present at 

00 °C. At 700 °C there is a significant amount of spinel phase 
7

ormed which decreases at 800 °C when haematite forms. Less 

aematite and more magnetite are present in the HLW-NG-Fe2-II 

amples from 800 to 1150 °C. 

Rietveld refined lattice parameters of the spinel-type structures 

dentified are given in Tables 5 and 6 . All of the structures are 

d3 ̅m cubic spinel structures [77] , in the magnetite series, with Fe 

sually occupying the B-site in the typical structure AB 2 O 4 [ 77 , 78 ].

t 1150 °C both glasses contained phases identified as Magnetite 

Fe 3 O 4 ) with lattice constants ( a = b = c ) of 8.401(4) Ȧ for the

LW-NG-Fe2 glass and 8.391(2) Ȧ for the HLW-NG-Fe2-II glass. 

hese are close to the referenced lattice constants for Fe 3 O 4 at 

.394 Ȧ [78] . The differences in the lattice parameters suggests 
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Fig. 6. Comparison of quantity of phases present during melting by Rietveld refinement of X-ray powder diffraction patterns in HLW-NG-Fe2 (black) and HLW-NG-Fe2-II 

(red). Quartz ICDD: 01-070-3755, Haematite ICDD: 04-015-7029, “Other” phase in the HLW-NG-Fe2-II feed identified as Baddeleyite (ZrO 2 ), ICDD: 04-007-2132. “Spinel”

incorporates cubic spinels based on the magnetite system, Fe 3 O 4 . Error bars are contained within the data points (For interpretation of the references to color in this figure, 

the reader is referred to the web version of this article.). 

8 
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Fig. 7. Secondary electron images of the spinel crystals present in the samples heated to 1150 °C in (a) the HLW-NG-Fe2 feed and (b) HLW-NG-Fe2-II feed. 
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ther elements such as Cr, Ni or Mn may be present as solid solu- 

ions with Fe in these compounds. This is investigated in the next 

ection by SEM/EDX. 

.3. SEM/EDX 

Further investigation of the of the spinel phases identified by 

RD, using SEM/EDX on the samples heated to 1150 °C, shows an 

xample of the cubic shape of these crystals in the HLW-NG-Fe2 

nd HLW-NG-Fe2-II samples, given in Fig. 7 . The crystals are of 

imilar size in both samples, with an average extrapolated volume 

f 1.39 μm 

3 and 1.31 μm 

3 for the HLW-NG-Fe2-II and HLW-NG- 

e2 samples, respectively, calculated from the images using image 

nalysis software (ImageJ) [79] . 

Elemental mapping by energy dispersive spectroscopy (EDX) of 

hese spinel phases and the surrounding glass matrix, shown in 

igs. 8 and 9 , confirms that Cr, Mn, Ni and Fe are all present at

ubstantially elevated levels in the cubic crystals compared with 

he surrounding glass. Full results of EDX point scans to determine 

emi-quantitative compositions of the crystals in the HLW-NG-Fe2 

lass are given in Appendix A. The average composition of the cu- 

ic crystals was 37.3 at% Fe, 32.1 at% O, 9.5 at% Ni, 6.1 at% Cr, 6.3

t% Mn, 4.5 at% Si, 2.6 at% Na, 1.0 at% Al. Due to the interaction

olume of the dispersed X-rays it is likely that this also incorpo- 

ates some of the amorphous region, explaining the low values for 

i and Na. The crystals in both glasses contain the same elements 

nd, from the average composition, these crystals contain mostly 

e and O. The smaller contents of Ni, Cr and Mn are consistent 

ith the aforementioned hypothesis that these elements are situ- 

ted on some of the sites within a mostly magnetite cubic spinel 

tructure. 

.4. Raman spectroscopy 

The Raman spectra, Fig. 10 , allow insight to the structure of the 

lassy phase and how the iron is bonded within the network, to- 

ether with information on some crystalline phases present. Whilst 

ull deconvolution of the spectra would be very difficult, given the 

umber of components and the presence of both amorphous and 

rystalline phases, general indicators of bonding within the borosil- 

cate glass network can be obtained from the profile of the Raman 

pectra for feeds heated to 10 0 0 °C and above. 

Consistent with the X-ray powder diffraction data, which shows 

he development of the amorphous phase with increasing temper- 
9

ture ( Figs. 5 and 6 ), the wide Raman Si-O (Al-O, Fe-O) Q-species

egion, between ∼800 and 1200 cm 

−1 [ 80 , 81 ], emerges as the tem-

erature increases, as well as bands due to the (boro)silicate net- 

ork and borate rings between 350 and 600 cm 

−1 and the boron 

pecies bands at ∼1200 to 1500 cm 

−1 expected for borosilicate 

lasses [ 80 , 81 ]. The major glass melt formation, the emergence of 

hese bands and broadening of narrow crystalline bands, appears 

o occur earlier in the HLW-NG-Fe2 feed, between 800 and 900 °C; 

nd occurs slightly later, between 900 and 10 0 0 °C, in the reduced 

eed. Rietveld refinement of the X-ray powder diffraction patterns 

or the samples obtained in this temperature range provide no ev- 

dence that could indicate a difference in melting rate of the two 

eeds, the dissolution of silica and the amorphous phase fraction 

s similar throughout. However, these Raman data might suggest 

etardation in the structural formation of the glass melt with the 

se of FeC 2 O 4 ·2H 2 O as a raw material. Narrow Raman bands, in-

icative of crystalline phases, are generally broadened or absent 

rom the spectra for samples heated above 10 0 0 °C. The narrow 

aman band ∼1550 cm 

−1 present in all spectra is consistent with 

he stretching mode of the O 

–O bond in molecular oxygen [82] . 

Between 900 and 1150 °C the most significant difference be- 

ween the two feeds is the narrow Raman band at 610 cm 

−1 . 

he Raman difference spectra for the 1150 °C HLW-NG-Fe2-II glass 

ompared with the 1150 °C HLW-NG-Fe2 glass shown in Fig. 11 . 

isplays the large difference between the two samples in this spec- 

ral region, and also more minor shifts in the convoluted bands in 

he ∼80 0–120 0 cm 

−1 (Si-O Q 

n ) region and some changes at higher

aman shifts of ∼120 0–150 0 cm 

−1 . 

The Raman spectrum of crystalline magnetite exhibits its main, 

arrow band at ∼670 cm 

−1 [ 83 , 84 ], with other bands being much

ess intense. Given the content of spinel crystals in the glass sam- 

les obtained from Rietveld analysis, a small Raman band in this 

egion would not be surprising, and perhaps a small change in the 

entroid Raman shift of this band could be described by a differ- 

nce in the crystal lattice compared to pure magnetite through the 

olid solution of Ni, Cr or Mn atoms in the spinel structure. How- 

ver, the spinel contents are not significantly different between the 

wo samples, yet the intensity of the Raman band at 610 cm 

−1 is 

ubstantially different, suggesting other origins. 

A similar change in intensity of a Raman band at ∼610 cm 

−1 

as observed in sodium borosilicate glasses containing iron 

85] and a decrease in intensity was observed with both an in- 

rease in iron content and with an increase in Fe 3 + / �Fe, how- 
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Fig. 8. Elemental maps by Energy Dispersive X-ray Spectroscopy of the HLW-NG-Fe2 sample heat-treated to 1150 °C. 
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q

ver, that particular Raman band was not discussed in that study. 

urther studies have attributed this band to danburite ring struc- 

ures [ 86 , 87 ], which are shown to change in shape and intensity

ith iron content and iron oxidation state [85] , based on a simi- 

ar mechanism to the Yun and Bray model for the effects of Al 2 O 3 

oncentration in sodium borosilicate glasses [ 86 , 88 ], and the Na + 

ations will preferentially charge-compensate Fe 3 + in tetrahedral 

oordination [ 88 , 89 ]. The high-frequency Raman envelope, 1200–

400 cm 

−1 , due to BO 2 O 

—BO 3 units, also shifted to a lower Ra-

an shift with an increase in Fe 2 + content [88] , which is not ob-

erved in the Raman spectra for the samples studied here, shown 

n Fig. 11 . Furthermore, no significant structural differences have 

een observed in the two samples by X-ray powder diffraction. 

To investigate further, the HLW-NG-Fe2-II sample was remelted 

t 1150 °C for 24 h to determine whether the behaviour of the 

610 cm 

−1 Raman band was transient or remained after longer 

elting times. Fig. 12 shows a comparison between the Raman 

pectra of the original HLW-NG-Fe2-II glass melted at 1150 °C for 

ne hour, and the remelted glass at 1150 °C for 24 h. Some de- 

rease in the intensity of the 610 cm 

−1 peak is observed, but not 

o the level of the other sample. This may suggest that some form 

f structural relaxation or equilibration may be taking place and 
o

10 
he glass may be slowly approaching an equilibrium state in terms 

f redox, partitioning of iron or its complexation with other species 

s discussed above, or other structural motifs beyond the scope of 

he present study. Within the typical melter residence time of the 

HCM, nominally 65 h [ 90 , 91 ], such equilibrations may occur [92] ,

ut further research is required to elucidate the behaviour of this 

aman band and its intriguing, and apparently transient, structural 

rigin. 

.5. Mössbauer spectroscopy 

57 Fe Mössbauer spectra were collected for the samples 

uenched at 60 0, 80 0, 10 0 0 and 1150 °C. The fitted spectra are

hown in Fig. 13 . Hyperfine fitting parameters for the samples are 

resented in Table 7 . For the original HLW-NG-Fe2 feed the iron 

n the sample heated to 600 °C is mostly present in crystalline 

agnetic phases, with sextets corresponding to α-Fe 2 O 3 [93] and 

pinel structures [ 94 , 95 ], consistent with the results of XRD. The 

ontent of paramagnetic phase, with a relative spectral area of 

%, in the HLW-NG-Fe2 feed at 600 °C, has centre shift (CS) and 

uadrupole splitting (QS) values of 0.33 and 1.12, consistent with 

ctahedrally coordinated Fe 3 + [ 94 , 95 ] which may reside within the 
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Fig. 9. Elemental maps by Energy Dispersive X-ray Spectroscopy of the HLW-NG-Fe2-II sample heat-treated to 1150 °C. 

Fig. 10. Raman spectra of the (a) HLW-NG-Fe2 and (b) HLW-NG-Fe2-II feeds during melting at 600, 700, 800, 900, 1000, 1100 and 1150 °C. 

11 
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Fig. 11. Raman Difference spectrum for HLW-NG-Fe2-II relative to HLW-NG-Fe2 ( y = 0). 

Fig. 12. Raman spectra of the HLW-NG-Fe2 glass, and the HLW-NG-Fe2-II glasses melted for 1 and 24 h. 

12 
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Fig. 13. Room temperature 57 Fe Mössbauer spectra for heat-treated feed samples at 60 0, 80 0, 10 0 0 and 1150 °C fitted with Lorentzian functions for the HLW-NG-Fe2 and 

HLW-NG-Fe2-II feeds. CS relative to α-Fe. 
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morphous phase shown to be present ( Figs. 5 and 6 ). As the tem-

erature increases, the relative abundance of paramagnetic phase 

ncreases (consistent with increasing amorphous content, Fig. 6 ) 

nd a second doublet emerges with CS and QS parameters of 0.27 

nd 0.79, respectively, consistent with tetrahedral Fe 3 + [94–96] , 

hile the sextets arising from the crystalline phases decrease in 

ntensity, leaving only a small sextet at 1150 °C. 

For the reduced feed HLW-NG-Fe2-II, the iron in the sample can 

e fitted by 3 paramagnetic doublets. Two of these doublets are 

onsistent with octahedral Fe 3 + in the amorphous phase, while the 

hird is associated with tetrahedral Fe 2 + , in FeC 2 O 4 - at room tem-

erature a doublet is expected with an CS ∼ 1.12 mm s −1 and QS 

1.72 mm s −1 [ 97 , 98 ]. The Fe 2 + doublet presented here has CS
13
0.89 and QS ∼ 2.59 mm s −1 , suggesting that the Fe 2 + ions are 

etrahedrally coordinated, rather than the octahedrally coordinated 

ron in FeC 2 O 4 at room temperature. The distortion in the geom- 

try affecting QS; and the CS is more representative of unstable 

eO [ 99 , 10 0 ]. At 80 0 °C crystalline haematite and spinel phases are

resent ( Figs. 5 and 6 ). Haematite has a higher relative abundance 

t 800 °C than it does in the 800 °C HLW-NG-Fe2 spectra, how- 

ver, at 10 0 0 °C the haematite in the HLW-NG-Fe2-II sample has 

ecreased more significantly, reflecting the relative abundances of 

he phases determined by XRD ( Figs. 5 and 6 ). The paramagnetic 

e 3 + phases in both samples generally change their hyperfine pa- 

ameters to illustrate more tetrahedrally coordinated Fe 3 + with in- 

reasing temperature [ 96 , 101 ]. 
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Fig. 14. Room temperature 57 Fe Mössbauer spectrum for HLW-NG-Fe2-II glass sample heated to 1150 °C for 24 h fitted with Lorentzian functions. CS relative to α-Fe. 
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At 1150 °C the paramagnetic phases in each sample are con- 

istent with tetrahedrally coordinated Fe 3 + in the bulk amorphous 

lass [ 96 , 101 ], the paramagnetic phases with the higher QS, ∼1.3, 

as a higher relative abundance in the HLW-NG-Fe2-II sample than 

he original where the two doublets are almost equal in area. The 

emaining sextets fitted to spectra for both samples are almost 

dentical. Both have CS and QS that are similar to values for the 

wo sites of Fe 3 O 4 , which has an A-site at CS = 0.32 mm s −1 and

 = 49.5 T, and a B site at CS = 0.66 mm s −1 and H = 45.6

 [ 93 , 95 , 102 , 103 ]. Chromite (FeCr 2 O 4 ), wherein Fe 2 + occupies the

 site and Cr 3 + the B site, presents itself as a Mössbauer sin- 

let with a high CS ∼0.937 mm s −1 in room temperature Möss- 

auer spectra [104] , the presence of Cr 3 + ions generally reduces 

he strength of the A-O-B magnetic interactions, instead coupling 

nti-ferromagnetically with the Fe ions [ 105 , 106 ]. Those spinels 

ith Fe 3 + occupying the B site, such as Ni 0.6 Zn 0.4 FeO 4 , produce 

extets with CS ∼ 0.25 and 0.36 mm s −1 and H = 49.1 and 52.4

 [107] . Similarly, for MnFe 2 O 4 , with negligible Fe 2 + ions in the

 site, CS ∼ 0.51–0.57 mm s −1 and H ∼ 410–460 kOe [108] have 

een observed. In the spectra shown in Fig. 13 , the sextet indicates 

hat at least some Fe 3 + occupies the B site in the spinel. As shown

y the EDX in Fig. 9 there are also other multivalent species con- 

ained in the spinel structure, explaining the slight mismatch with 

agnetite. The relative amounts of spinel to paramagnetic phase, 

s extremely low ( Figs. 5 and 6 ), which limits the resolution of the

pinel sextet in the Mössbauer spectra. 

Fig. 14 displays the spectra, and Table 8 , the hyperfine fit pa- 

ameters for the HLW-NG-Fe2-II sample after 24 h of melting. 

here appears to be a difference in the relative abundance of 

he paramagnetic doublets, there is an increase in the propor- 

ion of the doublet with the higher QS ∼1.3 mm s −1 , suggesting 
t

14 
ome equilibration towards the HLW-NG-Fe2 sample. However, fur- 

her xVBF fits of the HLW-NG-Fe2-II and HLW-NG-Fe2 24 h melt 

amples demonstrated no significant difference in partitioning of 

he iron in the total paramagnetic phase, with CS = 0.26 and 

S = 1.06 in the HLW-NG-Fe2-II sample compared with CS = 0.27 

nd QS = 1.07 in the 24 h melt sample. This suggests that the par-

itioning observed in the Lorentzian doublets is almost certainly 

tatistical. There is a difference in the total paramagnetic Fe ob- 

erved using both fitting methods, 71.6% in the Lorentzian and 

1.5% in the xVBF, compared to 83.6% in the 1 h melt sample and 

his is coupled with an increase in the relative abundance of the 

agnetic, spinel phase, for which two sextets are now resolved 

ith magnetic field strength, H, values corresponding to Magnetite 

Fe 3 O 4 ) [93] . There is no suggestion that the structure of Fe in the

LW-NG-Fe2-II glass approaches the structure in the HLW-NG-Fe2 

lass with 24 h melting time, as the Raman would suggest, the 

ain structural change with melting time is the increase in the 

elative abundance of magnetic phase. 

.6. X-ray fluorescence spectroscopy 

Final glass compositions, as determined by ICP-MS, for Li 2 O and 

 2 O 3 , and XRF for most of the remaining elements, are compared 

o the target composition in Table 9 . Nominal values CeO 2 and 

a 2 O 3 as these were not detectable by the instrument not available 

n the XRF OXI program used [69] . The SO 3 has not been retained

n either of the glasses within the limits of detection of XRF; its 

volution may arise during either sample melting, or XRF sample 

reparation [68] , or both. There is loss of Na, −3.23 wt% and −2.26

t% of the HLW-NG-Fe2 and HLW-NG-Fe2-II glass samples, respec- 

ively. This loss is unlikely to be due to volatilisation during the 



J.C. Rigby, D.R. Dixon, D.A. Cutforth et al. Journal of Nuclear Materials 569 (2022) 153946 

Fig. 15. Images of the laboratory scale melter cold cap sample of the HLW-NG-Fe2-II feed. 

Fig. 16. SEM images of three regions of the LSM sample from the top feed region (left), the middle feed-to-glass region (middle), and the glass region (right). 
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nitial melting, since there is no loss of B and little loss of Li, by

CP-MS, however it may be volatilised in the fused bead prepara- 

ion process [68] , or an issue with quantification by XRF since Na 

s the lower limit of detection of the instrument. Fe 2 O 3 is shown 

o have increased in both samples. From Rietveld refinement of the 

-ray powder diffraction patterns of the glass samples there is 1.68 

nd 1.79 wt% Fe 3 O 4 crystallinity in the HLW-NG-Fe2 and HLW-NG- 

e2-II which, if misrepresented as Fe 2 O 3 in the OXI program used 

o analyse XRF [69] , would increase the wt% Fe 2 O 3 output by 0.06

t%, however this does not account for the 1.8 and 1.7 wt% in- 

reases in Fe 2 O 3 content reported. For the purpose of this study, 

e are satisfied that there is consistency in the Fe 2 O 3 content be- 

ween the two samples. 

.7. Laboratory scale melter sample analysis 

Feeding tests were performed on each of the feeds to deter- 

ine their suitability for testing in the Laboratory Scale Melter. 

he HLW-NG-Fe2 feed was highly viscous, and the test had to be 

topped multiple times to unblock the feed tubes. The HLW-NG- 

e2-II feed experienced no feeding issues during this test and was 

herefore a suitable feed to run in the Laboratory Scale Melter. 

he Laboratory Scale Melter (LSM) testing was performed with 

he reduced iron feed, HLW-NG-Fe2-II, to evaluate the results of 

he Stages of Melting study in a more representative system. Dur- 

ng the test there were no feeding issues, and a sufficient sample, 

ased on visual observation of the cold cap thickness, was pro- 

uced with 40 min of feeding at a rate of 7–10 ml min 

−1 , the

onversion rate was similar to previous LSM tests with this system 

 65 , 109 ]. The crucible was removed from the furnace and quenched

n a copper block after feeding was stopped. The final LSM sample 

hown in Fig. 15 was broken from the rest of the crucible and split

nto two parts for further analysis. 
15 
SEM images of the LSM sample are shown in Fig. 16 , followed 

y EDX of the SE images in, Fig. 17 , from the top feed portion of

he sample down to the glass region. In the top feed and foaming 

egion where bubbles are clearly shown and undissolved phases 

re present, the EDX shows the presence of large Si-rich crys- 

als, Zr-rich crystals and Fe-rich crystals. This is consistent with 

he XRD collected for the Stages of Melting samples between 600 

nd 700 °C ( Fig. 5 ). In the mid feed-to-glass region small bub- 

les remain and there are undissolved Si-rich (quartz) and Fe-rich 

haematite) crystals. The glassy region contains spinel crystals: as 

n the glass samples from the Stages of Melting study, the crystals 

re much larger in this sample with a volume of 7.11 μm 

3 . The in-

rease in size may be due to the larger sample size or a different

emperature profile [110] , as observed in a previous comparison of 

n LSM samples heat-treated feed samples [66] . 

. Discussion 

.1. Foaming behaviour and gas evolution 

By using FeC 2 O 4 ·2H 2 O as a raw material in the HLW-NG-Fe2 

eed, rather than Fe(OH) 3 , we have observed a reduction in peak 

oaming of 50.0 ± 10.8% equating to a reduction of 11.1 ± 2.4% 

aximum porosity, from the values in Table 3 . This foam reduction 

s greater than observed previously in the HLW-Al-19 feed with the 

ame change of raw material [44] . The difference in the volume 

f foam, in Fig. 2 , is due to the temperature at which the gases

volve. The large evolution of H 2 O, CO and CO 2 in HLW-NG-Fe2- 

I, from the raw material, occurs prior to the foaming onset. Once 

he porosity is closed, ∼700 °C, very little gas evolves from this 

eed. Foaming in the HLW-NG-Fe2-II feed starts at a higher tem- 

erature, suggesting either the retardation of the dissolution of the 

aw materials into a glass forming melt, or a lower viscosity of the 
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Fig. 17. Elemental maps by energy dispersive X-ray spectroscopy of the of the LSM sample from the top feed region (left), the middle feed-to-glass region (middle), and the 

glass region (right). 

Table 3 

Foaming behaviour in the HLW-NG-Fe2 and HLW-NG-Fe2-II feeds during 

melting from FETs and TGA. 

HLW-NG-Fe2 HLW-NG-Fe2-II 

Normalised Maximum Foam Volume 10.0 ± 2.1 5.0 ± 0.2 

Maximum Porosity 0.90 ± 0.19 0.80 ± 0.03 

Total gas evolved (% mass) 12.6 ± 0.51 20.5 ± 0.38 

Temperature foam onset ( °C) 600 ± 10 700 ± 10 

Temperature foam collapse ∗ ( °C) 774 ± 10 775 ± 10 

∗ Measured at peak foam height. 

Table 4 

Total evolved gases during melting of the HLW-NG- 

Fe2 and HLW-NG-Fe2-II feeds by integration of the 

EGA curves. 

Total evolved gas (mg kg −1 glass) 

Gases HLW-NG-Fe2 HLW-NG-Fe2-II 

CO 2 40,240 181,000 

CO 10.8 35,200 

O 2 5120 0.0 

SO 2 149 0.0 

NO 1030 316 
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lass-forming melt at the temperature of foam onset in the HLW- 

G-Fe2 feed, allowing for gases to escape through open porosity. 

n the HLW-NG-Fe2 feed the earlier connection of a viscous melt 

eans that a larger quantity of gases are trapped, forming bub- 

les and causing the much larger expansion. By TG-MS and EGA, 

n Figs. 3 and 4 , the gases evolving above ∼700 °C in the HLW-NG-

e2 feed are CO , O and SO . 
2 2 2 

16 
While there is no apparent change in the redox state of the 

aramagnetic Fe with melting in the HLW-NG-Fe2 feed, there will 

e O 2 evolved during the formation of Fe 3 O 4 and the redox states 

f other multivalent species in this feed have not been assessed, 

hich could account for generation of some O 2 . O 2 evolution is 

ntirely suppressed in the HLW-NG-Fe2-II feed above 800 °C due 

o consumption of O 2 in reactions with CO and FeO. 

.2. Thermal decomposition of iron raw materials 

Based on the thermal analysis results, we here propose poten- 

ial decomposition pathways for the iron-bearing raw materials in 

ach of the feeds. It is likely that both raw materials dehydrate by 

350 °C, based on evidence from both literature [ 111 , 112 ] and the

G-MS data collected for H 2 O evolution, shown in Fig. 3 . 

e C 2 O 4 ·2 H 2 O → Fe C 2 O 4 +2 H 2 O (1) 

e ( OH ) 3 → 

1 

2 

F e 2 O 3 + 

3 

2 

H 2 O (2) 

For the HLW-NG-Fe2 material, Rietveld analysis of the XRD pat- 

erns in Fig. 6 shows that by 600 °C both Fe 2 O 3 and iron con-

aining spinel structures have formed, as observed previously with 

his feed [44] , and they increase in relative abundance at tempera- 

ures up to 800 °C. At temperatures above 800 °C the Fe-containing 

rystals dissolve into the melt, leaving traces of spinel crystals at 

150 °C. 

The FeC 2 O 4 raw material in the HLW-NG-Fe2-II feed has multi- 

le potential pathways for decomposition: two reactions, described 

n Eqs. (3a )–(3 c) and (4) [97] , could conceivably occur. The in-

reased evolution of CO and CO shown by TG-MS and EGA in 
2 
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Table 5 

Fitted Rietveld parameters for spinel-type phases (Fd3 ̅m cubic) identified at each stage of melting in the HLW-NG-Fe2 feed. 

Sample Compound ICDD Ref. Lattice Constants ( ̇A) % of total crystallinity 

600 °C Trevorite (NiFe 2 O 4 ) 00-044-1485 a = 8.342(5) 7.2(1) 

700 °C Trevorite (Fe 2 NiO 4 ) 04-005-6873 a = 8.326(3) 8.67(1) 

800 °C Manganese Chromium Iron Oxide (CrMnFeO 4 ) 04-013-0049 a = 8.392(3) 14.19(1) 

900 °C Iron Oxide (Fe 3 O 4 ) 04-009-8437 a = 8.403(4) 20.4(1) 

1000 °C Manganese Chromium Iron Oxide (CrMnFeO 4 ) 04-013-0049 a = 8.409(5) 33.0(1) 

1100 °C Magnesium Iron Oxide (Fe 2 MgO 4 ) 04-012-1079 a = 8.405(5) 46.5(3) 

1150 °C Magnetite (Fe 3 O 4 ) 01-076-1849 a = 8.401(04) 100.0(4) 

Table 6 

Fitted Rietveld parameters for spinel-type phases (Fd3 ̅m cubic) identified at each stage of melting in the HLW-NG-Fe2-II 

feed. 

Sample Compound ICDD Ref. Lattice Constants ( ̇A) % of total crystallinity 

600 °C – – – 0.00 

700 °C Trevorite (NiFe 2 O 4 ) 04-014-8286 a = 8.368(2) 30.0(2) 

800 °C Magnetite (Fe 3 O 4 ) 04-008-4511 a = 8.401(3) 16.44(7) 

900 °C Magnetite (Fe 3 O 4 ) 04-002-5632 a = 8.399(3) 37.6(1) 

1000 °C Magnetite (Fe 3 O 4 ) 01-080-6404 a = 8.404(3) 57.7(4) 

1100 °C Ni 2 + Bearing Magnetite (Fe 2.8 Ni 0.2 O 4 ) 04-020-9383 a = 8.400(3) 35.6(4) 

1150 °C Magnetite (Fe 3 O 4 ) 01-088-0866 a = 8.391(2) 100.0(1) 
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igs. 3 and 4 , respectively, are consistent with either or both of 

hese reactions. The suppression of O 2 evolution, measured by EGA, 

lso supports the consumption of O 2 in the first reaction Eqs. (3a )–

3 c) . From XRD ( Figs. 5 and 6 ), spinel crystals form at 700 °C and

hen haematite forms at 800 °C. This would suggest that the re- 

ction in Eq. (4) occurs, and that some spinel oxidises to form 

aematite, Fe 2 O 3 , by 800 °C, which would also explain some of 

he consumption of O 2 . 

e C 2 O 4 → FeO + CO + C O 2 (3a) 

O + 

1 

2 

O 2 → C O 2 (3b) 

FeO + 

1 

2 

O 2 → F e 2 O 3 (3c) 

Fe C 2 O 4 → F e 3 O 4 +4CO + 2C O 2 (4) 

.3. Structure and morphology during melting 

57 Fe Mössbauer analysis supports the decomposition pathways 

f iron raw materials suggested above in Eqs. (3) and (4) . The pres-

nce of paramagnetic Fe 3 + and Fe 2 + doublets in the HLW-NG-Fe2- 

I sample heated to 600 °C suggests that while some of the iron 

n the raw material has oxidised, it has not formed magnetic crys- 

alline components at this temperature, instead forming unstable 

eO; the later formation of these magnetic crystalline components 

gain explains the consumption of some oxygen. Oxidation in the 

emperature range 40 0–80 0 °C has been observed in crucible stud- 

es of glass batches and waste feeds containing initially reduced Fe 

113] and with added sucrose additions [29] . The transition from 

aematite crystals to spinel crystals is expected to occur as tem- 

erature increases [44] and is reflected in the Rietveld analysis of 

he XRD patterns in Fig. 6 . 

Tables 5 and 6 . In the final glass samples the spinel phase 

ormed has been identified by XRD, Tables 5 and 6 , as having a

tructure with very similar lattice parameters to Fe 3 O 4 but con- 

aining Cr, Ni and Mn inclusions, as confirmed by SEM/EDX ( Figs. 7 

nd 9 ) The fitted parameters from the Mössbauer spectra for the 

lass samples are consistent with these inclusions, as they have 

imilar magnetic field strengths to magnetite but with slightly dif- 

erent CS and QS to those which would be expected from pure 

agnetite [93] . 
17 
The relative abundances of amorphous phase and quartz disso- 

ution can both be indicators of melting rates. Based on the XRD 

 Fig. 6 ) and SEM/EDX ( Figs. 7 and 9 ) results, there is no measured

ifference in amorphous phase fraction and melting rate between 

he two feeds above the foaming temperature [5] . The dissolution 

ate of quartz phase and the emergence of the amorphous phase 

s a function of temperature are similar for both feeds, indicating 

imilar melting rates. The main structural changes occurring upon 

eating, i.e., from crystalline raw materials to melt, occurs between 

00 and 900 °C - where most of the foaming occurs – for both feed 

aterials. 

.4. Characterisation of the final glass product 

X-ray fluorescence spectroscopy with ICP-MS for B and Li com- 

ositional analysis ( Table 9 ) and SEM/EDX ( Figs. 7 and 9 ) of the fi-

al glass products for both HLW-NG-Fe2 and HLW-NG-Fe2-II show 

hat the compositions of the final glasses are similar. The levels of 

rystallinity in the final glasses are also similar, with the original 

eed having 1.68 wt% and 0.05 vol%, by XRD and SEM respectively, 

nd the modified feed having 1.79 wt% and 0.07 vol%. Within un- 

ertainties associated with these measurements, they can reason- 

bly be considered to be equal. These samples were quenched in 

ir and the levels of crystallinity could change when the glasses 

re poured in the JHCM system and cooled by canister centreline 

ooling [ 114 , 115 ]. Given the similarity in the final glasses studied 

ere, there is no indication that any desirable properties for long- 

erm durability have been altered as a result of the change in raw 

aterial, although long-term durability tests would be required to 

onfirm this. The present study suggests that the 4.6 wt% carbon 

ddition to the feed via the FeC 2 O 4 ·2H 2 O raw material does not 

roduce a glass with an appreciable Fe 2 + content and, therefore, 

here is very little chance of metallic precipitation. Previous tests 

f FeC 2 O 4 ·2H 2 O as a raw material show very little Fe 2 + content in

he final glass; in LAW feed studies 2.4–4.4% of the iron was Fe 2 + 

n the final glass [27] , in the HLW-Al-19 feed the glass was “slightly 

ore reduced” than the glass batched with Fe(OH) 3 [44] . Since 

ver-reduction and chemical durability are some of the main con- 

erns, associated with redox manipulation of HLW feeds [ 14 , 19 , 56 ]

his work also supports improved understanding of carbon addi- 

ions or other methods of redox manipulation to waste feeds with 

igh multivalent species contents [14] . 
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Table 7 

Hyperfine fitting parameters for 57 Fe Mössbauer spectra of the heat-treated feed samples at 800, 

10 0 0 and 1150 °C for the HLW-NG-Fe2 (NG-Fe2) and HLW-NG-Fe2-II (NG-Fe2-II). CS relative to 

α-Fe. CS ± 0.02 mm s −1 , QS ± 0.02 mm s − 1 , H ± 0.5 T, Area ± 2%. 

Feed Temp ( °C) Component CS (mm s −1 ) QS (mm s −1 ) H (T) Area (%) 

NG-Fe2 600 Doublet 1 0.33 1.12 9.1 

Sextet 1 0.37 51.6 53.0 

Sextet 2 0.36 49.7 26.0 

Sextet 3 0.35 46.4 11.9 

NG-Fe2-II 600 Doublet 1 0.38 0.66 39.0 

Doublet 2 0.38 1.09 54.0 

Doublet 3 0.89 2.59 7.0 

NG-Fe2 800 Doublet 1 0.25 0.95 25.0 

Sextet 1 0.36 50.9 62.6 

Sextet 2 0.41 44.3 12.4 

NG-Fe2-II 800 Doublet 1 0.25 1.03 33.4 

Sextet 1 0.37 50.8 43.0 

Sextet 2 0.32 45.4 23.6 

NG-Fe2 1000 Doublet 1 0.27 1.25 34.3 

Doublet 2 0.27 0.79 23.0 

Sextet 1 0.38 51.1 26.5 

Sextet 2 0.33 47.6 16.1 

NG-Fe2-II 1000 Doublet 1 0.28 1.29 37.3 

Doublet 2 0.28 0.80 30.0 

Sextet 1 0.39 51.0 8.5 

Sextet 2 0.33 47.6 24.2 

NG-Fe2 1150 Doublet 1 0.26 0.78 39.0 

Doublet 2 0.27 1.33 41.0 

Sextet 1 0.25 48.2 20.0 

NG-Fe2-II 1150 Doublet 1 0.25 0.79 35.0 

Doublet 2 0.27 1.30 48.0 

Sextet 1 0.43 47.5 16.0 

Table 8 

Hyperfine fitting parameters for 57 Fe Mössbauer spectra of the HLW-NG-Fe2-II glass sample heated 

to 1150 °C for 24 h. CS relative to α-Fe. CS ± 0.02 mm s −1 , QS ± 0.02 mm s −1 , H ± 0.5 T, Area ±
2%. 

Feed Temp ( °C) Component CS (mm s −1 ) QS (mm s −1 ) H (T) Area (%) 

NG-Fe2-II 

24 h 

melt 

1150 Doublet 1 0.27 0.82 32.6 

Doublet 2 0.27 1.31 39.0 

Sextet 1 0.35 47.8 19.4 

Sextet 2 0.38 43.4 9.0 
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The small but non-negligible structural differences in these 

amples observed from Raman spectroscopy ( Figs. 10 and 11 ) re- 

uire further investigation to understand, the theory of an increase 

n Fe 3 + content in the glass leading to a decrease in danburite ring 

nits [85–87] cannot be adopted without further study since 57 Fe 

össbauer spectroscopic analysis showed no change in Fe 3 + con- 

ent between the glass samples (see Table 7 ). Raman spectroscopy 

f the HLW-NG-Fe2-II glass sample melted for 24 h infers that this 

tructural difference is transient and the structure approaches that 

f the HLW-NG-Fe2 glass with melting time, but 57 Fe Mössbauer 

pectroscopy did not identify any structural change in Fe. Further 

nvestigation is required to identify this structural irregularity and 

etermine whether it will have any effect on the long-term chem- 

cal durability of the glassy phase. 

.5. Application in a laboratory scale melter 

The Laboratory Scale Melter test with the HLW-NG-Fe2-II feed 

roduced a sufficient sample with no feeding or excessive foam- 

ng issues. The presented SEM/EDX results in Fig. 16 , of the glassy 

egion of the representative cold cap sample, reflect those of the 

lass prepared by benchtop scale melting. The EDX maps, ( Fig. 17 ) 

f the sample at lower temperatures are also consistent with XRD 

nalysis ( Figs. 5 and 6 ) of samples at 60 0, 70 0 and 80 0 °C. Both

mall bubbles and larger cavities are observed in the quenched 

SM sample, consistent with the expectations of a realistic cold cap 

 4 , 40 ]. The successful increase in scale from the induction-melted 
18 
tages of Melting samples ( Sections 2.2 –2.5 ) to the more repre- 

entative LSM system (Section 2.7) is promising for the potential 

rocessability of a feed with initially reduced iron, and a lower 

iscosity than the original feed in full-scale melters; validation of 

he use of laboratory-scale melters to predict full-scale melter be- 

aviour is currently being modelled computationally, and the prop- 

rties of feeds experiencing different redox conditions will ais this 

odelling [ 40 , 61 , 116 ]. While the form of iron entering the melter

s not something that is practical to alter, the implications of the 

educed viscosity, addition of carbon and structural behaviour dur- 

ng melting studied with the FeC 2 O 4 ·2H 2 O raw material will help 

uide future research on the mechanisms of foaming and methods 

or reduction of foam. 

. Conclusions 

A decrease of 50.0 ± 10.8% in the maximum normalised vol- 

me of the HLW-NG-Fe2 feed during melting is observed when 

t is prepared using FeC 2 O 4 ·2H 2 O rather than Fe(OH) 3 as the iron

ource. The reduction in foaming is consistent with previous stud- 

es of carbonaceous material additions and alternative raw materi- 

ls during vitrification. The mechanisms of foam reduction in the 

educed iron feed have been explored through the decomposition 

athways of the raw materials, by both EGA and TG-MS. A rigorous 

tudy of the structural changes during melting by XRD, SEM/EDX, 
7 Fe Mössbauer and Raman spectroscopies has been undertaken, 

howing that the feeds deviate in properties most notably between 
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Table 9 

Analysed compositions of HLW-NG-Fe2 and HLW-NG-Fe2-II glasses by X-ray fluorescence 

(XRF) spectroscopy compared with the nominal composition. 

Oxide Nominal Composition (wt%) HLW-NG-Fe2 (wt%) HLW-NG-Fe2-II (wt%) 

SiO 2 41.02 41.2(2) 41.13(2) 

Na 2 O 13.36 10.1(2) 11.1(2) 

B 2 O 3 13.79 15.49 ∗ 14.46 ∗

Li 2 O 1.56 1.18 ∗ 1.38 ∗

MgO 0.16 0.36(2) 0.00 

Fe 2 O 3 16.12 17.94(3) 17.86(3) 

Al 2 O 3 5.59 6.6(1) 6.03(1) 

CaO 0.52 0.61(1) 0.60(1) 

ZrO 2 1.13 0.94(03) 1.18(03) 

SrO 0.20 0.16(01) 0.16(01) 

SO 3 0.22 0.00 0.00 

P 2 O 5 0.78 0.60(3) 0.65(3) 

MnO 3.95 3.20(1) 3.63(1) 

PbO 0.63 0.66(05) 0.73(5) 

NiO 0.47 0.45(04) 0.54(4) 

Cr 2 O 3 0.25 0.25(1) 0.29(1) 

CeO 2 0.12 0.12 ∗∗ 0.12 ∗∗

ZnO 0.03 0.03(01) 0.03(01) 

La 2 O 3 0.09 0.09 ∗∗ 0.09 ∗∗

Sum 100.00 100.00 100.00 

∗ Measured by ICP. 
∗∗ Nominal Values. 
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0 0 and 80 0 °C of the temperatures investigated, and equilibrate 

p to glass melting temperatures. At the upper melt temperature, 

hey are structurally similar but not identical: the differences in 

tructure converge when the glass is melted for 24 h, suggesting 

ransient structures that warrant further investigation. Key melt- 

ng rate indicators of the two feeds, such as dissolution of silica 

nd temperature of foam collapse, are similar for the two feeds, 

eaning a similarly high melting rate would be achieved with this 

hange of raw material. Neither of the final glasses studied here 

ontain appreciable quantities of Fe 2 + , within the detection limits 

f 57 Fe Mössbauer spectroscopy and approximately equal quanti- 

ies of spinel phase were present in the two final glasses. 

While manipulation of iron redox in the feed before entering 

he melter may not be a practical option for the Hanford site, the 

esults are consistent with the view that addition of a reductant, 

uch as a carbon source, or other methods of redox manipulation 

efore or during melting, can be a key enabler for foam reduc- 

ion in this high-iron feed. Furthermore, the structures of the fi- 

al glasses remain similar, and there is low risk of precipitation 

f metallic species or alteration of the desirable properties of the 

nal glass. This has implications when evaluating methods of re- 

ox control for the operation and efficiency of processing high-iron 

adioactive waste feeds in JHCMs relevant to the US Hanford site 

elters and others. 
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