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Abstract:

During vitrification of radioactive wastes excessive foaming reduces processing rates within melters by
hindering heat transfer from the molten glass pool to the reacting melter feed. Formulations of low-activity
waste (LAW) melter feeds, for vitrification at the Waste Treatment and Immobilization plant at the Hanford
Site, conventionally include addition of sucrose to mitigate excessive foaming by hastening the denitration
process. However, incomplete combustion of sucrose produces organics such as acetonitrile (CoHsN) that

may exceed bounding limits of downstream effluent treatment facilities. Using boron nitride (BN) as an
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alternate reductant to sucrose, in a representative LAW melter feed reduced C,HsN production by 90% by
preventing the low-temperature sucrose-nitrate reactions. Furthermore, foaming was suppressed due to the
higher decomposition temperature of BN than HsBOs meaning a delayed reaction of a large fraction of
boron with the transient glass-forming melt until above the foam onset temperature, thus reducing the

quantity and viscosity of the connected melt and trapping less gas in the foam layer.
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1. Introduction

Sucrose is the baseline reductant for the vitrification of Hanford low-activity waste (LAW) at the Waste
Treatment and Immobilization Plant (WTP) 7. Sucrose addition to the mixture of LAW and glass forming
and modifying additives (GFMAS) results in a reduction of foaming behavior and higher production rates
for a variety of high-nitrate feed simulants &2, Sucrose reduces the primary foam during feed-to-glass
conversion by reacting with nitrates at low temperatures (200-600 °C), so fewer evolved gases are trapped
beneath a viscous connecting melt at higher temperatures (>600 °C) °°. The nominal molar quantity of
sucrose is scaled such that the atomic ratios of organic carbon from the waste organics and sucrose to
nitrogen from nitrates and nitrites is equal to 0.75 1°2 1516 This C/N ratio was found optimal in the
compositional range tested for SOz retention, iron redox state (avoiding overreduction of the melt) and

sufficient foam reduction 10121516,

The sucrose/nitrate reaction that aids in reducing the foam volume also produces acetonitrile (C2HsN) in
the off-gas system 172, Experimental work using research-scale systems, that resemble the direct-feed
LAW (DFLAW) flowsheet, has shown that most of the acetonitrile will partition in the evaporator
condensate, which is directed to the Hanford Effluent Treatment Facility (ETF) °. The acetonitrile
concentration in these effluents was determined to be unsuitable for processing in the ETF exceeding waste
acceptance criteria 2°2, Since this was reported, costly downstream modifications to the treatment flowsheet
have been adopted for treatment of the acetonitrile in the ETF, including a steam stripper 222, No promising
solutions have yet been proposed upstream of the ETF that would allow flexibility in plant operations and

provide less-costly options for future operations.

Estimates of acetonitrile present in the primary off-gas system are around 1 g kg* of sugar, or 2 g kg* of
organic carbon equivalent added to the melter feed *°. Uncertainties remain where high contents of other
organics and water are present in the feed 2. Alternate carbon-based reductants, such as formic acid, have
been explored for the WTP and employed at other vitrification plants & 242", Other carbon-based reductants
are not immune from causing concerns in the off-gas system, as many carbon-forms will form products of
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incomplete combustion in the off-gas system. Furthermore, formic acid recently caused apprehensions over
production of flammable levels of hydrogen, propelling exploration of alternatives 24282°. Ceramic, or other
inorganic reductants, as an alternative to organic reductants, would alleviate many of these concerns,

removing the source of added carbon for acetonitrile generation.

Boron nitride ceramic powder provides an isostructural and isoelectronic compound to carbon . h-BN has
a melting temperature of around 3000 °C and 3! in h-BN nanoplatelets, a stable mass has been observed up

to 1000 °C and then the oxidation reaction:

2 BN +3/20; — B:0; + N, 1)
proceeds *2. To the authors knowledge, BN has not been added to waste feeds as a reductant, nor were we

able to identify any literature pertaining to its addition to any glass-forming melt.

This study endeavors to investigate the potential benefits of BN as a reducing agent in a simulated DFLAW
feed and initiate the exploration of BN and other ceramic reductants across waste treatment programs and
potentially also into the commercial glass manufacturing industry. By studying the foaming properties and
gas evolution in a representative DFLAW melter feed with sucrose compared to alternatives batched with
varying ratios of BN, the following study will evaluate the effectiveness of BN as a foam reducing agent
and in suppression of acetonitrile evolution. By structural investigation of heat-treated feed samples, the
work intends to reveal some of the governing chemistry behind differences in foaming and gas evolution

and determine the effect on the glass redox state.



2. Materials and Methods

The 241-AP-107 simulated tank waste feed, herein described as AP-107, was batched as described in Table
1. The GFMAs were batched as described in Table 2, where the nominal AP-107 composition, containing
sucrose for the purpose of reducing foam, is based on the “AP107WDFL” formulation . From this baseline
composition, the other compositions were designed where BN was substituted for C in sucrose in an
equimolar ratio. For the feeds with BN added, HsBOs was reduced to account for the excess B, to ensure
that the final glass composition was consistent. The bounding case for “maximum” amount of boron nitride
addition was a feed in which BN entirely replaced the H3;BOs added as a GFMA, which resulted in a “BN/N”

ratio of 1.75.

For simplicity, the nomenclature used for BN-bearing melter feeds in this study is BNY where Y is the
BN/N molar ratio. Feeds with BN/N molar ratios of 1.75, 0.75, 0.50 and 0.25, where formulated. The raw
materials for the simulated waste feeds and GFMAs were batched in deionized water and then thoroughly
mixed, before drying for at least 24 hours at 105 °C. Once dry, feeds were crushed to a fine powder using

a tungsten carbide puck mill.

Table 1. Nominal composition of the AP-107 simulated waste feed .

Table 2. Nominal composition of the AP-107 GFMAs for each variation in sucrose and boron nitride

content.

For each composition variation the foam volume profile during melting was measured using a feed volume
expansion test (FET) as described by Hilliard and Hrma 34, and Marcial, et al. 3. Approximately 0.9 g of
dried feed was pressed into 13 mm diameter pellets under 7 MPa pressure for 3 intervals of 30 s. The pellets
were loaded into a furnace with a viewport and heated from room temperature at 10 °C min*. Images were
taken every 10 °C and the FET trial was deemed complete once the pellet had physically melted to a flat
pool, between 1000 and 1150 °C. The volume, V, was estimated assuming rotational symmetry around a

vertical axis and then normalized to the volume of the final glass melt, by the equation:
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Ve = (mfeed/pglass) (1'|—I) (2)

where meeeq is the mass of the feed added to form the pellet, pgiass is the density of the glass (estimated to be
2.5 g cm®) and L, is the loss on ignition. FET experiments were performed in duplicate or triplicate for

error analysis.

For evolved gas analysis (EGA), approximately 1 g of each powdered feed was loaded into a silica test tube
with a gas inlet and outlet secured to the top and placed in an electric furnace. The feeds were heated to
1150 °C at a rate of 10 °C min™* while a Hiden Analytical HPR R&D20 EGA monitored the signals of the
mass-to-charge (m/z) values, defined in Table S1, evolving from the test tube. Argon carrier gas at a flow
rate of 50 mL min? created an inert atmosphere to prevent overlap with gas evolving from the feed,
particular O, and N.. The measured intensities of the m/z signals were normalized to the intensity of the
carrier gas to convert into parts per million (ppm) values. The inert atmosphere could overestimate the total
guantity of gases evolved compared to the air atmosphere that the feed would experience in the furnace,
however the comparison of the different feeds in a controlled atmosphere is of interest to this study.
Background measurements were taken for approximately five minutes for each feed before beginning the
temperature ramp, the background gas quantities were subtracted from the collected quantities of gases

evolving during heating.

Ten gram samples of each feed were heated to temperatures representative of key stages of foaming based
on the FET results, these temperatures were 105, 400, 700, 1000 and 1150 °C. The feeds were quenched in
air once they had reached the desired temperature to provide a snapshot of the chemical nature of the feed
at that stage of melting. The samples were then milled and analyzed for composition by electron probe
microanalysis/wavelength dispersive spectroscopy (EPMA/WDS) and images of phase distribution shown
in the supplementary material. Phase identification and quantification were performed by X-ray diffraction
(XRD), and analysis of boron speciation by !B magic angle spinning nuclear magnetic resonance (MAS

NMR).



Elemental mapping was performed using a JEOL 8530F EPMA field emission gun electron microscope
outfitted with wavelength dispersive spectrometers operated at 15 keV and 50 nA. Heat treated and dried
feed powders were prepared for EPMA by mounting in epoxy resin. Following mounting in epoxy, samples
were polished using 200, 400, 600, 800, and 1200 grit silicon carbide (SiC) grinding paper with a mineral
oil lubricant. A mineral oil lubricant was used instead of water because some species were water soluble.
The polished surfaces were cleaned with ethanol. To reduce charging during EPMA, samples were sputter

coated with a 2-nm iridium coating. Elemental maps were taken for Na, Ca, Al, Fe, B, N, and Si.

XRD was performed in the range of 5 to 70 ° 26 on a Bruker D8 Advance X-ray diffractometer with a Cu
K-a X-ray tube. A step size of 0.015° 26 and dwell time of 1.5 seconds per step was used for these
measurements. Prior to measuring, a 5 wt% spike of CeO; internal standard was added to each XRD sample
before crushing in a tungsten-carbide puck mill. The amorphous fraction was calculated using the internal

standard method and Rietveld refinement in Topas software.

The "B direct polarization experiments were performed using a 20 Tesla wide bore Varian VNMRS
spectrometer, operated with a 4.0 mm triple resonance probe in HX mode and tuned to a !B frequency of
272.631 MHz. Spectral acquisition was performed by collecting 4096 transients using calibrated B /20
pulses of 0.4 us, a 625 kHz sweep width, a spinning speed of 15 kHz, and a 2.0 s recycle delay. The time
domain free induction decays were apodized using exponential functions corresponding to 150 Hz of
Lorentzian broadening followed by a Fourier transformation. The 0 ppm reference of B resonances was
defined using BFsO(CH:CHs), and 0.5 M H3BOs as a secondary reference at 19.6 ppm. Ratios of
BO3:BO.:BN3 were calculated using resonance line fittings conducted in the Nuts software environment
(Acorn NMR, Inc.). The primary uncertainty in the reported values for BO3;:BO4:BNj3 ratios arises from
spectral noise, which is diminished by collecting many transients for each spectrum. The standard deviation
in the BO3;:BO4:BNj3 ratios estimated with a Monte Carlo algorithm in the Mathematica programming
environment (Wolfram) using the root-mean-square deviation of a sample of random spectral noise %',

For all BO3:BO4:BN; ratio values reported here, the error is + 0.5% or lower.



The 5’Fe Mdossbauer spectroscopy was employed to determine the iron redox state of the final glasses.
Samples heat-treated to 1150 °C were powdered, diluted with graphite, and inserted into the room
temperature spectrometer. Decay of a 25 mCi >’Co source in a Rh matrix produced 14.4 keV y-rays to be
absorbed by the sample. The source oscillated at a constant acceleration by a SeeCo W304 drive unit, and
the y-rays detected by a SeeCo 45431 Kr proportional counter operating with 1.745 KV bias voltage applied
to the cathode. Spectra of the photons transmitted through the sample were collected over the velocity range
+ 12 mm st and were calibrated relative to a-Fe *. Recoil software was used to fit pseudo-Voight doublets
to the collected spectra, and the iron redox state was determined by the ratio of the peak areas of Fe** and

Fe?* sites, assuming a recoil-free fraction ratio of f(Fe**/Fe?*) = 1.0 *°.



3. Results and Discussion

3.1 Slurry properties

A white film rose to the surface of the slurry feed after BN was added, as shown in Figure 1, likely due to
the low density of the BN particles. The feed required mixing at 15 min intervals during the first 3 hours of
the drying period. Milling then ensured a homogenous distribution of the BN throughout the powdered
feed. WTP LAW design involves continuous mixing of the waste feed and GFCs before entry to the melter
2, Inhomogeneity of the feed slurry would require consideration where continuous stirring of the feed slurry

is not a practical option.
Figure 1. Segregation of the BN powder from the rest of the AP-107 BNO.75 mixed slurry feed.
3.2 Foaming and Gas Evolution

A comparison of major evolving gases, CO, NO, Oz, CO, and NO; and the feed volume expansion with
temperature, is shown in Figure 2 for each of the feeds. Maximum feed volume during FETs of AP-107
with no reducing agent is 18x the volume of glass produced (V/Vs = 18). The addition of sucrose, Figure
2b, reduced the maximum foam volume by around 18% (V/Vs = 15). Replacing all H3:BO3z with BN
(BN1.75), Figure 2c, delayed the foam onset to above 1000 °C and reduced the maximum foam volume by
approximately 77%. For BNO.25, BNO.5 and BNO.75 feeds, the maximum foam volume was reduced by
approximately 52, 72 and 81%, respectively. Two foaming maxima are distinct in BNO.75, and to a lesser

extent in BNO.5 and BNO.25.

The effect of a higher-temperature foaming pattern on the feed processing in electric melters is not clear.
This could mean a thinner cold cap with less overall foam, and therefore increased heat transfer to the
reacting feed. Alternatively, foam that collapses at higher temperature could restrict heat transfer directly

from the melt to the bottom of the cold cap, thus decreasing the melting rate.



Figure 2. Normalized volumetric expansion and evolution of CO, CO,, N2, NO, NO; and O, gases from
AP-107 batched (a) without sucrose, and (b) with sucrose at C/N 0.75, (c) and batched with boron nitride

equivalent BN/N of 1.75, (d) 0.75, (e) 0.50 and (f) 0.25.

Without sucrose addition, in Figure 2a, the majority of the NO evolution overlaps with the onset of foaming,
yielding the high peak foam volume. With sucrose addition, Figure 2b, a substantial fraction of the NO is
evolved at temperatures as low as 250 °C, decreasing the gas produced in the temperature interval of

foaming.

For BNO.75, 0.50 and 0.25, in Figures 2d, e and f, the amount of NO and NO- evolving between 600-800
°C is similar to the feed without sucrose, contributing to the primary foam peak, and suggesting that unlike
sucrose, BN does not react chemically with the nitrogen species in the feed. The quantity of gases in the
primary foam region, 700 — 900 °C, is greater in the BN-containing feeds than the nominal and no sucrose
AP-107 feeds, but the foam volume is less. The mechanism of foam reduction using sucrose as a reductant
is chemical, involving the partial destruction of nitrates at low temperatures, prior to the foam onset %,
Whereas, these results suggest, that foam reduction using BN is related to the quantity and/or viscosity of
the transient melt forming around the gasses and trapping them as foam. This reasoning is explored in the

following section on structure of the material with temperature 3° 443,

The secondary peak in the BN-containing feeds may be caused by the small N evolution above 900 °C
with lesser contribution from SOs evolution, Figure 3a. N2 evolution above 1000 °C is in keeping with the
decomposition of BN with temperature from reaction (1) discussed in section 1 *2. The temperature onset
of SO, evolution decreases with increasing BN content. The amount of SOs3 released is significantly greater
in the BNO.75 feed than the other BN containing feeds, while nominal AP-107 does not evolve SO; in the
temperature region measured. The retention of SOs in the glass will be of interest to waste processing and

therefore should be investigated further.
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With removal of sucrose, and replacement with boron nitride, there is a reduction of over 90% of the

acetonitrile produced by the feed during melting, shown in Figure 3b.

Figure 3. (a) SOz and (b) acetonitrile evolution nominal AP-107 BN at equivalent BNO0.25, 0.50, 0.75 and

1.75.
3.3. Structure and phase composition

For heat-treated AP-107, BN0.25, BN0.50 and BN0.75 at 105, 400, 700, 1000 and 1150 °C proportions of
crystalline phases were determined by refinement of collected XRD patterns, given in the supplementary
materials, these allowed for quantification of the amorphous phase at each of the temperatures shown in

Figure 4.

Figure 4. Mass fraction of crystalline phases in the feed at 105, 400, 700, 1000 and 1150 °C for AP-107
with sucrose and with varying BN content by refinement of XRD patterns and fraction of amorphous

phase in the feeds with sucrose and BN at 105, 400, 700, 1000 and 1150 °C.

Figure 4e takes the quantity of crystalline phase and mass loss during melting to approximate the proportion
of amorphous phase at each temperature. The difference in the quantity of amorphous phase is significant
at 700 °C, where a higher proportion of silica has dissolved into the transient melt in AP-107 than in any of
the BN feeds. This would mean the transient melt forming around the other constituents and trapping gases

from gas evolving reactions would be much more viscous in the AP-107 feed than the BN-added feeds.

The evolution of the structure of boron, investigated by !B NMR, is displayed in Figure 5. BN can be
ascribed to a signal centered near 26 ppm consistent with previously published chemical shifts for BN3 %
45, Additional signals observed correspond to BOs (~15 ppm) and BO4 (~0 ppm) consistent with previously
published chemical shifts with aluminosilicate glasses *“¢. The doublet observed for BN; and BO; signals

is not due to multiple crystallographic special sites but instead to the quadrupolar line splitting **.
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The nominal AP-107 feed, shown in Figure 5a, follows a transition from sharp to broadened features with
increasing temperature, without a chemical shift indicating a transition from highly structured crystalline
to amorphous BOz and BOs. The relative abundance of BOs increases with temperature, Figure 6. For
BNO.75, there is a non-linear relative increase in BNs; phase proportion from 105 °C to 700 °C. The BO.
signal is consistent throughout the temperature range, and the proportion of BO; changes relatively with
the proportion of BNs. At 1150 °C, there is no discernable BN and instead BN has oxidized to either BOs

or BO,.

Figure 5. Evolution of boron structure with temperature by !B NMR of (a) the AP-107 feed, (b) the
BNO.75 feed, (c) an AP-107 feed batched with isotopic °B HsBOj3 aiming to isolate the BN behavior with

temperature and (d) the BN1.75 feed.

The 1°B isotopic enrichment, using H3'°BOs-containing BNO.75 melter feed, was performed to directly
observe only the evolution of the arrangement of boron from BN during heating. In the 1°B enriched feed,
Figure 5¢, BN remains undissolved until 1000 °C after which, the B oxidizes primarily to BO; at 1000 °C
while minor quantities of BOs emerge at 1150 °C. !B NMR data of AP-107 1.75BN, where BN is the only
boron raw material, in Figure 5d, suggests that BN begins dissolving as temperatures approach 1000 °C.
The data mirrors that of the 1°B-enriched feed, apart from there being a greater relative proportion of BO.

structural units.

Figure 6. Proportion of B as BN3, BOs; and BOy structures by 'B NMR for the (a) the nominal AP-107
feed (b) the BNO.75 feed, (c) a BNO.75 feed batched with isotopic °B H3BOs aiming to isolate the BN

behavior with temperature and (d) the BN1.75 feed.

The decomposition of BN observed by 'B NMR, Figure 6, shows no interaction of BN with other feed
components until above the foam onset temperature found in the feed expansion curve in Figure 2 to be
>700 °C. With boron being a key component of the low-temperature transient glass forming melt in AP-

107, this is the origin of the lack of amorphous phase fraction in the BN-containing feeds. Since both less

12



silica and boron are dissolved into the transient melt, the melt readily collapses causing lower overall foam
volume despite large quantities of gases evolving. Both the quantity and viscosity of transient melt are

reduced compared to the nominal feed containing sucrose at 700 °C where the major gas evolution occurs.

Once the boron from BN starts to react with the transient melt, the rate of silica dissolution increases in the
BNO.25, 0.50 and 0.75, Figure 4, such that they match the fraction in the nominal AP-107 feed by 1000 °C.
This will increase the viscosity of the glass-forming melt and begin trapping more gases, causing the
secondary foam peak observed, predominantly in the higher BN feeds, Figure 2. The oxidation reaction (1)
of BN postulated to explain the N gas evolution peak >1000 °C in section 3.2, from the literature in section

1, is also supported by the BN decomposition in Figures 5 and 6.
3.4 Iron Redox

Hyperfine fitting parameters of the pseudo-Voight functions fitted to the >’Fe Mdssbauer data in Figure 7
are detailed in Table 3 along with the iron redox state of each sample based on the relative intensities of the

Fe* and Fe?* features identified from the spectra *'.

Figure 7. x-VBF of the 5"Fe Mossbauer spectra of (a) the nominal AP-107 1150 °C sample, (b) the

BNO0.25 1150 °C sample, (c) the BN0.50 1150 °C sample and (d) the BN0.75 1150 °C sample.

For the nominal AP-107 feed only a single Fe** doublet is resolved. With increasing BN content, the
proportion of iron in Fe?* sites increases, beginning at an abundance of 24 + 2 % in the BN0.25 sample and
reaching 55 * 2 % for the BN0.75 sample making the redox state of Fe in the BNO0.75 sample (Fe®'/Fer)
approximately 0.45. Where Fe?* phases are present, only one Fe®* site is resolvable. In all three samples,

the Fe3* site is tetrahedral on average. There are no magnetic phases resolved in either of the spectra 2.

Table 3. Hyperfine splitting parameters from pseudo-Voight fits of °’Fe Mossbauer spectra collected for

AP-107 and BNO.75 glasses. CS relative to a-Fe, = 0.02 mm s relative abundance + 2 %.
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The reduction of iron from Fe®* to Fe?* correlates with the BN content. Over reducing the melt can lead to
undesirable phenomena, such as the precipitation of metallic phases and sulfides % 4°. Fe?*/Fe®" ratios
between 0.09 and 0.33 are suggested for processing of nuclear waste to “provide sufficient safety against
foaming or precipitation” “° 50, The heavily reduced iron in the BN-containing feeds exposes the
insufficiency in assuming an equivalent reducing power between BN and the C in sucrose. Perhaps the use
of a more robust stochiometric calculation for BN addition would be suitable for implementation in this

case 2. Additional discussion on this is provided in the supplementary materials.
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4, Conclusion

Employing BN as a replacement for sucrose as an alternate reductant in the LAW waste feed studied
reduced 90% of the acetonitrile produced during melting. If implemented in the WTP, this could alleviate

strain on secondary liquid effluent waste processing.

In replacing the sucrose, a proportion of the glass forming additive H;BOs was also removed to account for
the B in BN. The higher-temperature incorporation of boron in the transient glass-forming melt caused by
this replacement is the mechanism that leads to a reduction in foaming. Representative melter testing and
observation of the cold cap would be required to understand how such foaming behavior influences the
processing rates of the feeds in a melter. Based on the mechanism of foam control, similar results could be
achieved with other ceramic compounds with decomposition temperatures high enough to withhold glass

forming species from the low-temperature transient melt, such as B4C, SiC, BsSi.

While a comprehensive study of all impacts of a change of reductant to the waste treatment and
immobilization plant processing flowsheet and glass product quality is beyond the scope of the present
paper, demonstration of foam control and redox manipulation using ceramic compounds provides potential
avenues for exploration that could enhance operational flexibility at the waste treatment and immobilization
plant as well as other glass melting processes, and further optimizing the BN addition, e.g. adding less than

BN/N = 0.25, for desired glass properties while examining whether foam control is still achieved.
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