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EXECUTIVE SUMMARY

Control of the REDuction/OXidation (REDOX) state of glass in High Level Waste (HLW) melters, such
as the Defense Waste Processing Facility (DWPF), is critical in order to eliminate the formation of
metallic species from overly reduced melts while minimizing foaming from overly oxidized melts. The
REDOX control is normally a balance of the oxidants and reductants from the feed and from processing
additives. However, after reflux in the Sludge Receipt and Adjustment Tank (SRAT) and the Slurry Mix
Evaporator (SME), the balance between the oxidizing salts vs. reducing salts can be altered once the
mixture is fed to the melter if the melt pool is bubbled with gaseous species that either oxidize or sparge
the melt of oxygen. Hence, for a bubbled melt pool, the REDOX of the melt pool must be targeted based
on the balance of the oxidizing and reducing salts from the feed and from the processing additives, as well
as, accounting for the effects of any gas being bubbled through the melt to improve convection and
mixing while also increasing melt rate. For example, one would not set a REDOX target of Fe*'/2Fe of
0.20 based on chemical balancing and then bubble pure air through the melter as pure air would oxidize
the melt pool to an Fe?'/ZFe ~0. Some gases, such as argon, are inert but act as chemical sparging agents
or “degassing‘ agents” that can sparge out oxygen from the melt and cause the glass to become more
reducing.

This study examines DWPF flowsheets at various concentrations of antifoam (a reducing processing
additive) in the absence of melt pool bubbling (crucible and production data) and in the presence of melt
pool bubbling with argon (crucible and production data), a known sparging/degassing agent. In order to
de-convolute the impacts of antifoam on the melt pool REDOX from the impacts of melt pool bubbling,
crucible studies were performed with (1) varying antifoam concentrations without bubbling, and (2)
minimal antifoam with Ar bubbling. This allowed an antifoam term to be added to the REDOX model
and suggested that (1) more oxidizing Fe”/LFe ratios could be targeted which would create more
oxidizing species in the cold cap to offset the effects of Ar-sparging or (2) Ar-air gas mixtures could be
blended with a mixing valve to control the melt pool REDOX at the same Fe’'/ZFe ratios (same —log fO,)
as chosen for the chemical REDOX balancing.

The 2006 EE REDOX model is an electron equivalents (EE) model that balances the electrons lost during
oxidation of a reductant against the electrons gained during the reduction of an oxidant. The EE terms for
the formates, nitrates, and oxalates in the REDOX model are based on the formated salts like NaCOOH,
the nitrated salts like NaNO;, and the oxalated salts like NaC,04 that have higher decomposition
temperatures than their acidic counterparts which flash off. Thus it is the higher decomposition salts that
participate in the establishing the melt REDOX during their interactions in the melter cold cap.

For the antifoam feed additive, which is an organic chain structure composed of methyltrisiloxane (MTS)
end groups and a center polymer chain of varying length (8 to 12 polyethyleneoxide or PEO groups), such
salts do not form and so an EE term must be based on the number of carbons in each part of the organic
group and their relative EE term. This is the same strategy used to fit a carbon term for coal in the EE
model but the antifoam molecule contains carbons of different oxidation states so it is more complex.

The MTS end groups of the antifoam molecule have 7-8 carbons of -4 charge and the 8 chain PEO groups
have 16 carbons of -1 charge while the 12 chain polymers have 24 carbons of -1 charge. Since the ratio
of the 8:12 polymer chains is 90%:10%, there are 16.8 carbons of -1 charge in the weighted polymer

-+

Assuming that one wants to rid a solution of oxygen and/or carbon dioxide, bubbling with an inert gas substitutes the
dissolved harmful, reactive gases such as oxygen and carbon dioxide. Nitrogen, argon, helium, and other inert gases are
commonly used. To complete the substitution, the solution should be stirred vigorously and bubbled for a long time (from
www.wikipedia.org/wiki/Degasification).
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chain and 8 carbons in the MTS if the MTS groups are assumed to be octa-MTS instead of hepta-MTS for
a total of 24.8 carbons in the antifoam organic molecule (sum of 0.9%16 + 0.1*¥24). The -1 carbons of the
PEO exchange SEE’s per carbon to oxidize to CO, in the melter. The -4 carbons of the octa-MTS
exchange 8EE’s per carbon to oxidize to CO, in the melter. Experimentation and modeling have shown
that the MTS cleave off the antifoam during processing and do not participate in reduction of the melt
pool. Therefore, the EE of the PEO are 16.8/24.8 carbons * 5 EE per carbon for a total EE transfer term
of +3.39 per mole/kg of carbon once the following conversions are made

mg/kg of antifoam—mg/kg of total carbon in antifoam—mol/kg of total carbon in antifoam.

This method of conversion from antifoam to mol/kg of carbon was chosen because the DWPF data
available was in mg/kg of antifoam calculated from how many gallons of antifoam had been measured per
SME batch and sealed crucible studies that had been performed after known amounts of antifoam had
been added were available in mg./kg of antifoam. The DWPF data was also available as the measured
Total Organic Carbon (TOC) in mg/kg of carbon. The mg/kg of carbon from the antifoam was
determined by subtracting the carbon contribution from formic acid, oxalate/oxalic acid, and coal.
Modeling was performed using mol/kg carbon derived from gallons of antifoam used and from TOC
measurements.

Experimentation and modeling has shown that the antifoam PEO’s are 80-100% effective in melt pool
reduction. The modeling performed for the REDOX model for antifoam suggests that the efficiency is
85%. Therefore, 85% of +3.39 EE yields an overall EE transfer of +2.88 per mol/kg of carbon from
antifoam compared to +2 for formic acid and +4 for oxalate and coal. Having an antifoam term in the
DWPF REDOX model may allow antifoam to be used as a reductant source while also controlling feed
foaming.

There is an additive impact on the melt pool REDOX from the argon bubbling. Argon (Ar) degasses or
sparges the oxygen from the melt. Thus, REDOX is a function of both the oxidants and reductants in the
melt pool and the Ar sparging. While Ar is an inert gas, Ar replaces the free oxygen in a glass. This
process also occurs when inert gasses are used to sparge the oxygen or other gasses out of solutions,
molten metals, or glasses. The REDOX equilibrium in a glass melt can be represented by

O n
Fotr. % o5 Fo*- 4is=()

“melt 2 melt melt 4 2 melt

where n = the number of electrons transferred
O” = the oxygen ion activity or basicity of the melt
0, is the physically dissolved oxygen in the holes of the network structure.

The REDOX-oxygen balance equation is written as reversible as going from the right hand side (RHS) to
the left hand side (LHS) is the reduction of ferric to ferrous iron and going from LHS to RHS is the
oxidation of ferrous to ferric iron. Since the DWPF melt pool reductants shift the equilibrium to the RHS
where dissolved oxygen exists in the glass, it is the dissolved oxygen on the RHS of this equation that is
being displaced by the Ar in the melt pool. This is because the free oxygen on the RHS of the equation is
being sparged out and the equilibrium between the RHS and the LHS no longer exists, driving the
equilibrium to the RHS. Therefore, O; must be provided by either (1) additional melt pool oxidants (the
theory of targeting a more oxidizing REDOX target to compensate for the Ar sparging) or (2) using a
mixing valve to admix small amounts of air into the argon while sparging. This study provides the
calculations of Ar-air mixtures that would be acceptable if the latter route is desired.



SRNL-STI-2011-00652

Revision 0

Measurement of the REDOX of DWPF pour stream (PS) samples (with and without Ar bubbling) and
measurement of a simulated SB6 feed that was Ar bubbled during the feed-to-glass transformation in a
sealed crucible inside an Ar bubbled oven demonstrated that the argon bubbling impact is a linear
constant of Fe ?/ZFe of ~0.1. Therefore, it is recommended that targeting a chemical REDOX of 0.1
should yield a realized Fe™”/EFe of ~0.2. While there is no EE term that can be developed for Ar sparging,
“effective offset” term has been added to the REDOX model to account for Ar degassing. Since the
Savannah River National Laboratory (SRNL) has developed a sealed bubbled REDOX crucible procedure
with Ar bubbling that agrees with the data from the pour stream samples any additional testing of the
“effective offset” term can be performed using this crucible methodology.

The DWPF REDOX model then takes the form

F. 24
Z‘;e = f[(2[F] +4[C] +4[0; ] +339*eff [C,] 5[N] —S[Mnj)ﬂ = flé.]
where  f = indicates a function

[F] formate (mol/kg feed)

[C] = coal (carbon) (mol/kg feed)
[O1] = oxalatery, (soluble and insoluble) (mol/kg feed)
[C,) =carbon from antifoam (mol/kg feed)

(|

eff = effective antifoam impact = 0.85
[N] = nitrate + nitrite (mol/kg feed)
[Mn] = manganese (mol/kg feed)
T = total solids (Wt%)

Ex = |:(2[F]+4[C]+4[Or] + 3-39*eff[C,J—5[N]—S[Mn})i;]

When the REDOX data generated were fit as a linear function of &4 they fell within the confidence bands
of the 2006 EE model and so the slope and intercept were not refit. This gives the form of the DWPF
REDOX model with an antifoam term as:

Fez+
2Fe

=0.2358+0.1999¢ ,

The impact of Ar sparging on REDOX was quantified and the Ar adjusted DWPF model takes on the
form:

Feh
e

=0.2358+0.1999¢, +0.1,,

The DWPF REDOX is currently in control. The equations derived in this study will restore the
ability to accurately predict the REDOX even though the melt pool is bubbled and increased
antifoam concentrations have recently been necessary.

vii
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1.0 INTRODUCTION

During melting of HLW glass, the REDOX of the melt pool cannot be measured. Therefore, the Fe */ZFe
ratio in the glass poured from the melter must be related to melter feed organic and oxidant concentrations
to ensure production of a high quality glass without impacting production rate (e.g., foaming) or melter
life (e.g., metal formation and accumulation).

A production facility such as the Defense Waste Processing Facility (DWPF) cannot wait until the melt or
waste glass has been made to assess its acceptability, since by then no further changes to the glass
composition and acceptability are possible. Therefore, the acceptability decision is made on the upstream
process, rather than on the downstream melt or glass product, That is, it is based on “feed forward”
statistical process control (SPC)" rather than statistical quality control (SQC)." In SPC, the feed
composition to the melter is controlled prior to vitrification. Use of the DWPF REDOX model has
controlled the balance of feed reductants and oxidants in the Sludge Receipt and Adjustment Tank
(SRAT) (see Figure 1). Once the alkali/alkaline earth salts (both reduced and oxidized) are formed during
reflux in the SRAT, the REDOX can only change if (1) additional reductants or oxidants are added to the
SRAT, the Slurry Mix Evaporator (SME), or the Melter Feed Tank (MFT) or (2) if the melt pool is
bubbled with an oxidizing gas or sparging gas that imposes a different REDOX target than the chemical
balance set during reflux in the SRAT.

SLUDGE FEEDTANK FARIA

AhALYSES

PRODUCT CONTROL | ﬁ

ENVELOPE

Figure . DWPF flowsheet showing sludge receipt from the tank farm into the SRAT followed by frit
addition in the SME and qualification of the SME product (sludge and frit) via analyses and
processing through the Product Composition Control System (PCCS) before the acceptable
feed can be transferred to the MFT and onto the melter.

In the DWPF SRAT, acids are added to the waste sludge [1] for the following reasons:

This controls the Slurry Feed to the Melter prior to vitrification.

" ‘Which would adjudicate product release by sampling the glass after it's been made.
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= control potential foaming by gaseous species in the melter by:
- converting NO; (entering as nitrate species in the feed or as nitric acid) to nitrated salts such
as NaNO; and NaNO,,
- destroying nitrites
- converting carbonates in the feed to CO, which vaporizes in the SRAT off-gas and
- converting >66% of the oxidized Mn ™ or Mn" present as MnO,, Mn,0;, Mn;0y, or
NaMn "0, and/or hydrous complexes in the feed to Mn 0 or Mn *(COOH) ,, liberating O, to
the SRAT off-gas. Note that 66% is the goal based on studies of foaming but >66% may not
always be achieved (this is discussed in more detail in Section 2.2.2);
» reduce and steam strip mercury for subsequent removal, HgO — Hg®; and
+ improve slurry rheology by neutralizing excess hydroxide (OH) in the feed by converting species
such as NaOH to NaCOOH (sodium formate) salt.

The NaCOOH and NaNO, salts represent the refluxed species that react in the melter cold cap at elevated
temperatures as HCOOH and HNO; would just flash off in the melter at ~90°C if not refluxed during
SRAT processing.

The SRAT product is then fed to the DWPF SME, where a borosilicate glass frit slurry is added to
produce the melter feed slurry. The melter feed slurry is nominally concentrated to 40-50 wt% total
solids in the SME and then fed to the MFT which is just a holding tank for transfer of the melter feed into
the DWPF Joule-heated melter where it is fused into glass (vitrified) at 1150°C.

Based upon the development of an electromotive force (EMF) series for DWPF glasses and melter
experience at Pacific Northwest National Laboratory (PNNL), an acceptable iron REDOX ratio was
defined for DWPF melts as 0.09 < Fe?’/TFe < 0.33 (see discussion in Section 2.1). Controlling the
DWPF melter at a REDOX equilibrium of Fe"”/ZFe < 0.33 prevents the potential for conversion of NiO
— Ni° RuO; — Ru®° and 2SO0, — S; + 40, during vitrification; such that metallic and sulfide rich
species do not form and accumulate on the floor of the melter where they can interfere with Joule heating.
Control of foaming due to de-oxygenation of manganic species is achieved by having 66-100% of the
oxidized Mn species (Mn?*, Mn*, Mn3*) converted to Mn®" (as oxides, hydroxides, formates, or oxalates)
during SRAT processing. At the lower REDOX limit of Fe ?/ZFe ~ 0.09 about 99% of the Mn"/Mn" is
converted to Mn"?, Therefore, the lower REDOX limit eliminates melter foaming from de-oxygenation
of Mn in the melt pool.

1.1 Sludge Batch 1

During DWPF Sludge Batch 1 (SB1), the REDOX model only included terms for nitrate, nitrite, and
formates, i.e. an overly oxidized flowsheet was being implemented as REDOX was calculated by
balancing one mole of nitrate/nitrite against one mole of formate in the feed.[2] Off-gas surges were
experienced in the melter during processing of SB1 when these nitric acid rich feeds were being
processed. The surges were studied by neural net modeling of thirty-nine DWPF melter parameters. This
modeling indicated that melter feed flow and melter level (which includes any contributions from foam
generation) had a direct impact on the melter pour surges.[3]

1.2 Sludge Batch 2

Off-gas surges were more noticeable during processing of DWPF Sludge Batch 2 (SB2) even after the
implementation of a more reducing REDOX correlation [4] that balanced one mole of nitrate against
three moles of formate in the feed. DWPF SB2 contained higher noble metal content than SB1 feeds [5]
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and it is known that higher noble metal content can catalyze formic acid decomposition [6] and liberate
excess gases especially H; during feed preparation.

1.3 Sludge Batch 3

DWPF Sludge Batch 3 (SB3) was purported to contain high concentrations of reductants that were not in
the simple formate vs. nitrate REDOX correlations used for SB1 and SB2: species such as oxalate and
coal. An Electron Equivalents REDOX model was developed with terms for the additional reductants
[7,8]. In addition, a manganese term was added to the EE model to account for potential differences in
the oxidation state of Mn in the feed (+4) and in the glass (+2). When coal and oxalate were absent, the
EE model reverted to an [F]-2.5[N] stoichiometry plus the term for manganese. At the time the EE model
was developed for SB3, further investigation into the role of oxidized Mn species (+4, +5, +6, and +7) in
the feed was suggested. The EE model has been validated against DWPF samples (SME 224) taken
during SB2 operations, numerous SRNL pilot scale melters, REDOX data from West Valley Nuclear
Services (WVNS), and data from PNNL’s quartz crucible tests and pilot scale tests.

1.4 Sludge Batch 4

For Sludge Batch 4 (SB4), an investigation of the EE parameter for manganese was initiated because non-
radioactive melt rate testing of the manganese rich SB4 feeds produced glasses that were overly oxidized.
These overly oxidized feeds foamed and the copious amounts of foam adversely impacted melt rate [9].
It was determined that the reduced manganese from the SRAT could be re-oxidized in high nitrate feeds
by transient molten salt phases that form in the cold cap [10] and could be present as Mn'’ instead of
Mn™. In order to account for molten salt re-oxidation of manganese to +7, the EE term was adjusted
from -2 to -5 (as a transfer of Mn™ to Mn*? is -2 EE’s, but a transfer of Mn™’ to Mn*? is a SEE transfer),
This is discussed in more detail in Section 2.2.2.

The EE model was validated during SB2 (SME 224) and SB4 (SME 434) operations when the only
reductants and oxidizers were those included in the 2006 EE REDOX model, e.g. nitrates, formates,
oxalates, manganese, and coal. Since the amount of antifoam added to SB1-SB4 laboratory studies were
in the range of 800-1000 ppm or mg/kg, the antifoam had a negligible effect on the melt pool REDOX
and hence a term for antifoam was not included in the 2006 EE REDOX model.

During SB4 processing more antifoam was required for SRAT and SME processing. This was due to the
increase in time required to steam strip mercury and to accommodate the dilute Actinide Removal Process
(ARP) and Modular Caustic Side Solvent -Extraction (CSSX) Unit (MCU) streams. The organics from
MCU have been reported to have little to no impact on melt REDOX [11,12].

While antifoam has always been added to DWPF feeds, the antifoam additions in the DWPF facility are
driven procedurally and are time dependent based on the antifoam effectiveness. Prior to the declaration
of the Potential Inadequacy in Safety Analysis (PISA) for the impact of antifoam on melter off-gas
flammability, longer cycle times resulted in the more antifoam being added. The amount of antifoam
added in the facility can be driven by several factors. These include the following:

SRNL observations during the SB qualification runs,

The amount of time required to steam strip the Hg® during the SRAT cycle,

The amount of time spent boiling off the water contained in the ARP and MCU streams,

The amount of time spent boiling the decontamination canister water additions to the SME
(for each can blasted ~1000 gallons of water is added to the SME).
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Since the resolution of the PISA, DWPF has minimized the amount of antifoam added during the SRAT
and SME process.

1.5 Sludge Batch 5 and 6

For SB5 and SB6, the Hg concentrations were the highest ever seen in the DWPF facility to date, thus
there were some very long SRAT cycles and increased amounts of antifoam were added to the SRAT and
SME from SB4 and forward. During SB5 (SME 520), antifoam concentrations were higher than previous
sludge batches but argon bubbling had not been initiated.

During SB6 from SME batch 540 and forward, argon bubbling was implemented. For SME 549, 550,
551, and 558 antifoam concentrations were higher than previous sludge batches but the melter was
simultaneously bubbled with argon to improve melt rate [13]. The increased antifoam additions and
ARP/MCU contributions continued into SB6 processing with argon melt pool bubbling. Concerns about
the excess organics and potential flammability [ 14] curtailed the usage of 11T-747 antifoam and initiated
several studies to examine the impact of antifoam IIT-747 on DWPF glass REDOX.

1.6 The Current Study

The results of the studies of antifoam I1T-747 on DWPF glass REDOX are summarized in this study and
used to develop an IIT-747 antifoam term for the EE REDOX model (HLW-SDWPF-TTR-2011-0017-
May 2011). Impacts of Ar melt pool bubbling are also discussed and address HLW-DWPF-TAR-2010-
0022 (September 2010) and HLW-DWPF-TAR-2011-0002 (February 2011). The antifoam term is
developed theoretically and fitted to sealed crucible data, then applied to DWPF melter pour stream (PS)
data and DWPF radioactive feed tested in sealed crucibles.

For SB6 REDOX modeling the data from bubbled vs. non-bubbled crucibles is compared to the results of
the MFT melt in a static crucible and the corresponding pour stream sample from the bubbled melt pool to
quantify the impact of Ar on melt pool REDOX. This allowed a methodology by which excess oxidizers
can be added to the SRAT to offset the impacts of Ar sparging. Lastly, argon-air (0.78N,-0.210,) gas
mixtures are calculated that could be used to introduce more oxygen into the melt pool by a gaseous route
rather than by a chemical route. Note that air is chosen and not pure O, to minimize any safety issues.
Since the air contains 78% N, this would sparge the melt pool in a similar manner to the Ar.

2.0 BACKGROUND

2.1 The DWPF REDOX Limits

The REDOX equilibrium in a HLW melter must be controlled to prevent the following [2,16]:

o liberation of oxygen which can cause foaming from decomposition of Mn"’, Mn"* or Mn™
because the MnO; — MnO + % O, or 2NaMnO4— 2MnO + Na,O + 2.50, reactions liberate
oxygen at the melt temperature

e liberation of NO, and oxygen caused by decomposition of nitrate species via reactions such as
NO*;—)NO + 02 or 2N0\—)N2 + 302

¢ retardation of melt rate due to foaming from nitrates and manganic species

¢ reduction of metallic species such as NiO — Ni° + % O, and RuO; — Ru® + O, which can fall to
the melter floor and cause shorting of electrical pathways in the melt and accumulations which
may hinder glass pouring
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e reduction of sulfate (SO4") to sulfide (S) which can complex with Ni°® and/or Fe® to form metal
sulfides which can fall to the melter floor and cause shorting of electrical pathways and/or hinder
glass pouring

¢ overly reduced glasses which can be less durable than their oxidized equivalents when the
Fe'’/ZFe exceeds 0.33 [15].

Controlling the HLW melters at a REDuction/OXidation (REDOX) equilibrium of Fe*/ZFe < 0.33 [16,
17] prevents the potential for conversion of NiO — Ni° + %2 O,, RuOQ; — Ru® + O,, and 2SO, — S +
40, during vitrification. Control of foaming due to deoxygenation of manganic species is achieved by
having 66-100% of the MnO, or Mn,0; or any other oxidized Mn species converted to MnO [ 18] during
pretreatment in the SRAT. At the lower REDOX limit of Fe”/ZFe ~ 0.09 about 99% of the manganic
species are converted to Mn'? [16, 17]. Therefore, the lower REDOX limit eliminates melter foaming
from deoxygenation of manganic oxides.

The REDOX equilibria for DWPF borosilicate glasses were initially investigated by Schreiber
[16,19,20,21]. Schreiber developed an electromotive force (EMF) series for DWPF glasses that
correlates a given oxygen fugacity to the ratio of the reduced to oxidized species in a glass for all REDOX
sensitive multi-valent species such as Mn, Fe, Ni Cr, Cu, U, S, etc. (Figure 2). The EMF series was

determined in small furnaces where the oxygen fugacity ( fo, ) of the vapor in equilibrium with a melt

was controlled by varying gas mixtures at a constant melt temperature of 1150°C. Therefore, the EMF
series is independent of melter feed additives, e.g. oxidizers and/or reductants.

The EMF series allows the estimation of the REDOX state of all REDOX pairs present based on the
measurement of only one REDOX ratio in DWPF glass, e.g. Fe' 1/Z( Fe'+ Fe”). Schreiber measured the
Fe %/ ( Fe'?+ Fe™) couple at 1% Fe, 5% Fe, and 10% Fe in a borosilicate frit and found that the total Fe
concentration moved the Fe ?/Y( Fe'?+ Fe'?) couple slightly. Since DWPF glasses contain between 8 -14
wt% Fe,03% or 5.6 - 9.8 Wt% Fe,ou), the region between the 5 wt% and 10 wt% Fe correlation (nominally
the V*/v™* couple) determined by Schreiber is normally used. In other words, the measurement of the

Fe'?/y( Fe'*+ Fe") ratio allows one to determine the oxygen fugacity Jo, of the DWPF melt and the
oxidation states of all the other REDOX pairs. For example, in Figure 2 when the Fe %/ ( Fe *+ Fe ) is
0.09 (9% of all the Fe present is reduced to Fe™), the log Jo, is -3.5 and 98% of all the Mn"? present is

reduced to Mn .

Schreiber's experimental data indicated that the oxygen fugacities in DWPF waste glass melters at
1150°C should be maintained between _fO: values of 10 and 107 atm to simultaneously avoid foaming

due to deoxygenation of transition metal species and metal precipitation [16]. This was based on
bounding cases of 1 wi% Fe and 10 wt% Fe. Goldman’s 1986 data, in support of the WVNS melter,

recommended that the oxygen fugacity be controlled between f,, values of 10* to 107 atm. [22]
Schreiber's publication specifically stated that “a melter must be operated at oxygen fugacities lower

The historic glass data on which the {[F]-[N]}, and the {[F]-[3N]} models were developed had Fe,O; concentrations in the
range of 10.6-13.8 wt% while the EE model included both the historic data and SB3 glasses made at waste loadings of 25,
30, 35, and 40 wi%. For the one hundred sixty five SB3 glasses, only 22 had Fe,O; concentrations lower than 10 wt %,
while the range of values varied from 8.33-29.02 wt% Fe,0:. The SB4 crucible samples added to the REDOX database had
Fe,0, values ranging from 8.35-12.29 wt%. The SBS5 crucible samples added to the REDOX database had Fe,O values
ranging from 10.53-11.03 wt%. The SB6 crucible samples added to the REDOX database had Fe,O; values ranging from
7.55-9.03 wt%. The SB7a crucible samples added to the REDOX database had Fe,O, values ranging from 8.70-9.37 wt%
and SB7b was 8.8-9.71 wt%. The AFA glasses which are SB6 simulated feeds doped with varying amounts of antifoam
(discussed later in this document) have a Fe,O4 content of ~10.01 wt%.
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(more reduced) than f,, =107 atm in order to eliminate the oxidized states of manganese, cerium, and

chromium as the cause of melter foaming” but his final oxidized waste processing limit was
recommended at 10 atm to be conservative [16].
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Figure 2. Electromotive Force (EMF) series developed for DWPF glasses at 1150°C [16].

Schreiber recommended routine measurement of the Fe */Fe* or Fe /Y Fe of a glass as the most accurate
methodology by which the oxygen fugacity in a melt could be evaluated [21]. Glass REDOX
measurement was shown to be more accurate than f0: measurement based on the use of oxygen probes in

the melt or melt plenum.

Based on Schreiber's correlation of iron REDOX with oxygen fugacity, a glass with an iron REDOX ratio
(Fe %/ Fe) between 0.09 (at 10% Fe) and 0.33 (at 10% Fe) provides the bounding fo: range between

10 and 107 atm. in the melter plenum and, hence, the optimum operating range to prevent foaming and

metal precipitation. These conditions keep 98% of the Mn present as Mn , >97% of the Cr present as
Cr™, =100% of the Ni present as Ni %, 70-95% of the Cu present as Cu’, 90-97% of the Ce present at
Ce'?, 25-65% of the U ® present as U, and 5-25% of the U presentas U'*.

Jantzen and Plodinec [17] compared the recommendations of Schreiber [16], Goldman [22], Hrma [18§],
and others [25] and recommended that the DWPF REDOX ratio based on Fe*/ZFe be controlled between
0.09 and 0.33 (i.e., the corresponding oxygen fugacity range of 10* to 107 atm at ~10 wt% Fe).
Additional calculations by P. Kent Smith [23] in 1981 at SRNL had shown that an optimum range of
oxygen fugacity for the DWPF was 10 to 10 atmospheres.
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Confirmation of the impact of REDOX on DWPF melt rate was made by Michael E. Smith and others in
2004-2005 [9,24]. A specially designed melt rate furnace (MRF) was used to show a direct correlation
between REDOX, foaming, and melt rate. At a Fe'”/ZFe of 0.1 and above the melt rate was maximized
while the melt rate decreased significantly (>25%) at Fe'”/SFe of <0.1 thus verifying the lower REDOX
limit of 0.09.

It should also be noted that [25] foaming and reboil were determined to be a strong function of oxygen
fugacity in the melts of simple two component glasses (Na,O-Si0,) that contain no REDOX active
species such as Mn and Fe. Foaming and reboil both decreased in this simple two component glass as the
oxygen fugacity decreased, i.e. became more reduced than 10” atm. In these experiments, the oxygen
partial pressures ranged from 107 to 10" atmospheres and were controlled by varying gas mixtures.
Bubble stability and foaming were shown to be minimized at oxygen fugacities more reduced than 102
atmospheres, while DWPF operates more oxidizing (10 to 107) than 10" but more reducing than 107
atm.

The REDOX range of 0.09>Fe ?/SFe<0.33 has remained the DWPF REDOX limit since it was defined in
the mid 1980’s. Additional testing with Cu enriched feeds and during REDOX modeling (described in
the next section) versus feed composition has been confirmatory of these limits and there has not been
any data to indicate that the limits should be changed, e.g. above a Fe'”/SFe of 0.33 metallic species
and/or metallic sulfide species will form.

2.2 REDOX Modeling

The first REDOX model developed at SRNL balanced formic acid [F] and nitric acid [N] with a 1:1
stoichiometry [2,26,27,28] which implied that the oxidizing power of nitric acid was equivalent to the
reducing power of formic acid on a molar basis. The equation developed is shown below.

Equation 1 Fe?'/SFe = -0.8 + 0.87{[F]-[N]}, R= 0.80

During the initial study, which was primarily a crucible study in which formated feeds were doped with
different reductants and oxidants, it was shown that {[F]-[N]}<0.9 corresponded to an Fe*'/SFe ratio of
<0.05. In this region the absolute concentrations of formate and nitrate in the melter feed had no
appreciable effect on glass REDOX since the feeds were oxidizer-rich and reductant-poor such that there
was no impact on the REDOX ratio. No appreciable impact on glass REDOX causes a plateau to form at
Fe’'/TFe of ~0 (Figure 3). For overly reduced glasses (Fe*"/ZFe>0.6 and {[F]-[N]}>1.7), the absolute
concentrations of formate and nitrate were shown to have no appreciable effect on glass REDOX. In this
overly reduced regime, excess reductant reduced >60% of the ferric iron to ferrous and then began
conversion of NiO — Ni° and 1.580,” — 1.58* + 30, causing Ni3S; and/or Ni® to form (Figure 3). This
causes a second plateau at a Fe’'/ZFe of ~0.65 (Figure 3). In the range between Fe?'/ZFe~0.05-0.6 or an
{[F]-[N]} between 0.9 and 1.7, the Fe®'/ZFe response is linear with respect to {[F]-[N1} and Equation 1
was fit to the data (Figure 3).

In 1997, the data used to develop the {[F]-[N]} relationship was revisited because inclusion of any data
from the two plateau regions shown in Figure 3 can highly leverage the Ordinary Least Squares (OLS) fit
to the data. Hence, glass quality and REDOX measurement criteria were developed to screen the data
used for modeling. This redefined the population of glasses by excluding those below one half the
Fe'?/ZFe measurement detection limit of 0.03 or 0.015 and those that precipitated metallic and/or sulfide
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species. Averaging of formate, nitrate and measured REDOX ratios was used to minimize model error.
The OLS fit of the redefined “Model Data™ over the {[F]-[N]} range between zero and 2.5 (Equation 2)
demonstrated that the {[F]-[N]} parameter was a less accurate (R*= 0.68 and a Root Mean Square Error
(RMSE) = 0.109) predictor of waste glass REDOX [4] than had previously been calculated (see Figure 4).
The large RMS value indicates that at a given {[F]-[N]} there is an associated large scatter in the REDOX
response and this can be seen in Figure 3 and Figure 4.

Equation 2 Fe*'/SFe = -0.0257 + 0.31667{[F]-[N]}, R*=0.68
T NIsS3, Cuz8, M-Cu
0?] or .
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Figure 3. REDOX ratio relationship to {[F]-[N]} showing the “S” shaped curvature of the response.
Equation 1 and Equation 2 hold only for the linear portion of the relationship between
Fe’'/SFe~0.05-0.6. Note that the Fe’/ZFe limits of 0.09 and 0.33 are not derived from this
figure but from scale melter experience and References 16,19,20,21 as discussed in Section
2.1.
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Figure 4. Relationship between the Fe?'/ZFe ratio and the difference of mean molar formate [F] and
nitrate [N] concentrations as re-determined in the 1997 study [4].

In addition, there was no known mechanistic impetus for using the molar difference between the
reductants and oxidants for REDOX prediction. This artificially set the relative oxidation/reduction
potentials of nitrate and formate to be equivalent when it was well known that nitric acid is a strong
oxidizer and formic acid is a weak reductant.

Regression of the redefined data demonstrated that the {[F]-[N]} parameter was a less accurate predictor
(R*=0.68) of waste glass REDOX than had previously been reported (R*=0.80).

The regression of the redefined data showed that there was an {[F]-3[N]} relationship between the feed
reductants, oxidants, and the glass REDOX ratio

Equation 3 Fe*'/ZFe=0.217 + {0.253[F]-0.739[N]}, R*=0.89

where the F and N concentrations are normalized to a feed that is 45 wt% solids. Both the {[F]-[N]} and
the {[F]-3[N]} REDOX models assumed that the melter feeds were properly formated to the formate salts
during reflux in the SRAT to ensure that 66-100% of the oxidized Mn®" and Mn*" were converted to Mn "
as Mn(COOH), during preprocessing, e.g., before the melter feed entered the melter.

In 2003, sludges with additional reductants (coal and oxalate) from Tank 7 were being incorporated into
SB3 feeds, and in 2006 oxidizers (manganese) from Tank 11 Purex high heat waste (HHW) were being
incorporated into SB4 feeds. [29] This required a mechanistic REDOX model that could account for all
oxidizers (nitrates, nitrites, soluble and insoluble manganic species) and reductants (formates, sugar, coal,
oxalate). In addition the model needed to be able to account for the relative oxidizing and reducing power
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of each species. At this point, an EE model was developed based on the REDOX reactions that were
known to occur in the melter cold cap.

2.2.1 THE COLD CAP REDOX REACTIONS (IN THE ABSENCE OF ARGON BUBBLING)

During feed-to-glass conversion, the REDOX reactions occur primarily in the cold cap along with feed
decomposition and calcination. In the melt pool, further degassing and homogenization occur primarily
by additional REDOX reactions. The gaseous products from the cold cap and the volatile feed
components further react with air in the melter vapor space. In order to represent the gradual nature of the
feed-to-glass conversion, a 4-stage cold cap model was developed by Choi [30] which approximates the
melting of feed solids as a continuous, 4-stage counter-current process [31]. In Stage 1 formate salts
formed in the SRAT, such as NaCOOH ! are decomposed to CO, CO; and H, or steam. The Na forms
oxides or otherwise interacts with any silicate, borate, or aluminate species available in the cold cap. The
CO subsequently gets oxidized by the air diffusing into the cold cap from the top and by the oxygen being
liberated during the Stage 2 denitration reactions (at further depth in the cold cap). Thus the overall
decomposition and calcination reactions occurring in Stages 1 and 2 can be represented by the combined
equation:

Equation 4
2NaCOOH + 2NaNO, — CO T +C0, T +H, T+ N,0T +20, T + 2Na,0 -
melter feed Srage | Srage 2 Stagel and 2
2¢0, T +H,0T +N, T +1.50, T +2Na,0
p-‘e;um i glass

Multiple oxides begin to form during Stage 3. These oxides are assumed to form solid solutions such as
spinels which coexist with the REDOX species in the same phase. Stage 4 represents the final fusion
where the oxides formed in Stage 3 form aluminate, borate, or silicate groups in the melt, e.g., Fe;SiOy4
and Na,SiO;. In order to represent all four stages of cold cap reaction simultaneously and include terms
for reduced and oxidized iron and silica one can assume a generalized form of the reactions as follows:

Equatioh 5 F6203 + 5810, + 6NaCOOH + ZNaNO; —> FeZSiO4 + 6COQT +N,T + 4N333i03 + 3H}_0T

Equation 5 assumes that Fe'" enters the melter as Fe,O; and that the reductant COOH and the oxidizer
NO;™ enter as sodium formate and sodium nitrate, respectively. The formated and nitrated salts react with
glass formers such as SiO; to form Fe'? and Na,SiO; components in the glass and liberate CO,, N,O and
H,O vapors to the melter plenum (Equation 4 and Equation 5).

f  While the example equations are written as the sodium salts, i.e. NaCOOH, it should be noted that such species
as Ca(COOH),, Ni(COOH),, Mn(COOH), form and undergo similar reaction.

10
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2.2.2 ELECTRON EQUIVALENTS MODEL [7,8,10]

For simplicity and consistency in prediction, a mechanistic REDOX model was developed using the
generalized form of the cold cap reactions (Equation 5). This equation can be rewritten in terms of Fe’'
and Fe'" instead of the iron oxides, and the SiO, term can be omitted as it is not involved in the REDOX
reactions, e.g. it does not change oxidation state. In addition, the vapor species generated in Stage 1 and
Stage 2 of the cold cap, where these reactions occur, are used as the product phases rather than the vapor
species measured in the plenum (see Equation 5) as these are the gases that diffuse upward though the
cold cap and provide the oxygen for the oxidation of organics to CO,. This generates Equation 6 below
as one of the controlling REDOX reactions, the one between reducing formate salts and oxidizing nitrated
salts, in the cold cap:

ox(-2e Cy=-12e

2Fes = GNaé‘:OOH ~2NaN~10; - 2Fe - 66"-*0: —.\1;:; - 3H.0 - 3Na;0 - 2Na~

2x(SeXN)y=-10e

. xf-le Fe)y==2¢
Equation 6 (

The oxidation/reduction equilibrium shown in the Equation 6 between nitrate and formate indicates that
one mole of nitrate gains 5 electrons when it is reduced to N, while one mole of carbon in formate loses 2
electrons during oxidation to CO,. This is an oxidant:reductant ratio of 5:2 which indicates that nitrate is
approximately 24 times as effective an oxidizing agent as formate is a reducing agent (when nitrogen gas
is the reaction product).

The oxidation/reduction equilibrium shown in Equation 7 between coal and the oxidized nitrated salts
indicates that one mole of nitrate gains 5 electrons when it is reduced to N, while one mole of carbon in
coal loses 4 electrons during oxidation to CO;. This is an oxidant:reductant ratio of 5:4 which indicates
that nitrate is only 1% times as effective an oxidizing agent as coal is a reducing agent (when nitrogen
gas is the reaction product).

xiHde Oy=-11¢

Equation 7

11
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The oxidation/reduction equilibrium between the oxalate and nitrate salts is given in Equation 8.
Equation 8

12x(-1e" C)=-12¢"

2Fe~ - 6Na-: é:_': O;- 2:\:&_\-_'{0': — :Fﬁ—: - 12&"'0; -N*-6Na:-0-

T 2x=feN)=-10¢
2x(=le  Fe)y=-le

One mole of nitrate should gain 5 electrons when it is reduced to N, and one mole of carbon in oxalate
should lose 1 electron during oxidation to CO,. This is an oxidant:reductant ratio of 5:1 which indicates
that nitrate is 5 times as effective an oxidizing agent as the carbon in oxalate is a reducing agent (when
nitrogen gas is the reaction product).

However, the REDOX modeling data indicated that oxalate was twice as strong a reductant as would be
indicated by a 5:1 ratio. During further investigation of the apparent increase in the reducing power of
oxalate, data became available that demonstrated that oxalate salts convert to oxalic acid, which then
disproportionates to formic acid and CO, during SB3 SRAT processing [32] via Equation 9:

Equation 9 6HC}0; - 12HC?0; +12Cc*0, T

The formic acid is converted to sodium formate, and therefore is stable until it reacts in the melter cold
cap oxidation/reduction reactions. The carbon in the newly formed sodium formate is twice as strong a
reductant as the initial carbon in the oxalate, and exchanges 2e¢” per carbon (see Equation 6). Stated
another way, half of the carbon in one mole of oxalate is providing the same number of electrons as a
mole of formate, i.e. oxalate is twice as reducing as initially expected and the associated REDOX EE
factor 1s 4 instead of 2. This can be expressed as shown in Equation 10 below:

Equation 10
/'__
’ net slectron exchange
12C 6molx (-2¢ Cu
=:-4e oxalate)

San o

bxi-le” )= Ge' 6x(-0e" )

v

JFei- 6.\'11%;""04 -2NaX—0: = :Ff": = 6:\'1?':001'1 = INaN—0; —6C0: = QF?': = I.’.C"O; - N*:—6Na:0-2
b

Gx(=le" C)=fe

Ix({=le Fei==l¢

Ixj=feNy=~-10e

In Equation 10 the electron exchanges that are shaded cancel each other out as 6 carbons are oxidized and
6 carbons are reduced in the disproportionation reaction. Experimentally, it was found that between 8-
37% of the oxalate present in the SRAT was determined to disproportionate during processing into
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HCOOH and CO, gas [32]. Therefore, it was assumed that additional disproportionation occurs in the
SME or cold cap when the liquid slurry impacts the melt pool surface.

While antifoam has been added to all SB3-SB7b SRAT and SME campaigns with simulants the antifoam
additions have all been small and all followed the following protocol:

¢ 200 ppm prior to nitric acid

* 100 ppm prior to formic (this addition not added to all runs)

* 500 ppm prior to SRAT boiling

e 100 ppm prior to SME processing

Therefore, a generic 800 ppm antifoam concentration has been added to each SB3, SB4, SBS, SB6, and
SB7a/b sample in the REDOX database used for this study.

An EE equation can be written for the reduction of manganese by any carbon containing species and its
re-oxidation by nitrated salts in the cold cap [10], for example

6x(-2e/C) =-12¢

v

2Fe" + 2NaMn*70, + 6NaC?00H — 2Fg2 + 6C*40, + 2MF1+20 +3H,0 + 3Na,0 + 2Na*

I

2x(+5¢Mn) =+10 ¢
) 2x(+1efFe) =+2¢
Equation 11 N yoes

If the left hand side (LHS) of the equation had Mn "™ reducing to Mn"?, then the EE term would be -2¢” per
mole of Mn instead of -5¢” per mole of Mn. However, since the DWPF cannot ensure that >66% of the
manganese in the SRAT is +2 (presumably as Mn(COOH),) it is more conservative to assume that more
oxidized species of manganese such as Mn"* or Mn"” are present. In addition, re-oxidation of Mn in the
cold cap by molten salts was proven [10] for SB4, and so the more conservative EE term for Mn (to
prevent foaming) was applied which is -5.

Equation 6, Equation 7, Equation 8, and Equation 11 demonstrate that the relative factors for the electrons
exchanged upon oxidation and reduction are the following:

+4 EE/mole of coal

+2 EE/mole of formate
+4 EE/mole of oxalate

-5 EE/mole of nitrate

-5 EE/mole of manganese.

Since the model is {reductants — oxidants} or {R-O}, the signs for the oxidants are negative and the signs
for reductants are positive.

The effectiveness of the oxidants and reductants depends on their concentrations relative to the other
slurry components. Therefore, the molar EE term must be multiplied by the factor 45/T, where T is the
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total solids (wt%) content of the slurry. This factor puts all concentrations on a consistent basis of 45 wt%
total solids. The normalized molar Electron Equivalents, & are then:

( mol / kg feed

@45 wt%solidsJ:(Z[F] +4[C]+4[O0;] 5[N] —5[1’M"1~;])4—T5

Equation 12

where the concentrations of the reductants and oxidants are expressed in mol/kg of feed. Therefore, the
basis for the relation of REDOX to electron equivalent transfers,g is

Fe* 45
- f[(zm +4[C] +4[0; ] -5[N] - SIMHJ)—] = fl¢]
2Fe T
where  / = indicates a function
[F] = formate (mol/kg feed)

[C] = coal (carbon) (mol/kg feed)
[O] = oxalatery, (soluble and insoluble) (mol/kg feed)
[N] = nitrate + nitrite (mol/kg feed)
[Mn] = manganese (mol/kg feed)
T = total solids (wt%)

£ = (2[F]+4[C]+4[O,]-5[N]-5[Mn])4—;

When the REDOX data generated in References 10, 7, 8 and the data from the 1997-8 study [4] were fit
as a linear function of &:

Fe.2+

=0.2358 +0.1999¢
Equation 13 2Fe

which is the DWPF Electron Equivalents REDOX model with an adjusted R” of 0.81 and a Root Mean
Square Error of 0.0704 for 139 data observations (67 data points* from the historic data study [4], 53 data
points from the 2003 SB3 study [7, 8], and 19 data points from the 2006 SB4 study [10]). The model
ranges for REDOX values, reductant concentrations, and oxidant concentrations will be discussed in
Section 2.2.4 followed by validation of the EE model in Section 2.2.5. However, the minimization of
error in the REDOX measurement is discussed in Section 2.2.3.

+
+

During the 2003 REDOX modeling a decision was made to use the 67 data values from the 1997 REDOX study rather than
the 40 averaged mean values used in the 1997 study. This decision was made because the formate, nitrate and REDOX
values in Appendix A of the 1997 study were comprised of 123 individual analyses that were averaged for the modeling.
During the current REDOX modeling the 1997 individual values given in Appendices B, C, and D of the 1997 report were
used since the SB3 data was comprised of individual analyses. Of the 123 values from 1997, only 72 measurements had
Fe'%/EFe ratios greater than the detection limit. Of the 72 values, two were missing formate concentrations, one was
missing a nitrate concentration, and two were missing Mn values. This left an “historic™ data pool of 67 samples.
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2.2.3 REPORTING OF THE REDOX MEASUREMENT TO MINIMIZE ERROR

The historical REDOX samples used in the 1997 model were determined based on one sample replicate
from each SME crucible batch. The Fe?/XFe analysis was performed by the Baumann method [33]
which is the method also used by the SRNL Process Science Analytic Laboratory (PSAL) [34] and in the
SRNL Shielded Cell Facility (SCF). These analyses were used to develop the {[F]-[N]} and the {[F]-
3[N]} DWPF REDOX models [2,4] as well as the EE REDOX model [7,8,10]. In this method, a single
dissolution is performed and two absorbances representing the REDOX state in a given glass are
measured: (1) one for Fe’* and (2) one for the total Fe (or ZFe) after all Fe*' was forcibly reduced to Fe?'.
The iron REDOX ratio appropriate for control-the fraction of iron present in the reduced state or Fe?'/ZFe
is computed from these two measured absorbances. The best estimate of the REDOX ratio for a glass
from n measurements is the average of the n computed ratios (from the n pairs of measured absorbances):

Fe* 1 Z Fe' ) _(Fe*
ZFe ni7\ ZFe, YFe

Equation 14

The glasses used for REDOX modeling are often measured in duplicate or triplicate. Even for glasses in
which only one REDOX ratio is measured, two absorbance measurements representing the REDOX state

in the glass are made: 1) one for Fe2t and 2) one for the total Fe (or Y Fe) after all Fe3* is forcibly
reduced to Fe2*.[33,34] Thus the iron REDOX ratio appropriate for control-the fraction of iron present in

the reduced state, or Fez"'/ZFe, is computed from these two measured values.[35] However, since both of
these measurements contain error, the best manner in which to compute the REDOX ratio for a glass from
multiple REDOX measurements is:

n

1 2+
2 T
FeZ+ B ngl: 1 FeZ+

- n
ZFe lZEFei ZFe
B

Equation 15
or the ratio of the mean reduced and mean total iron from the n measurements.

In other words, the n pairs of measured absorbances from each sample were averaged and then the
REDOX ratio was calculated. These averages are tabulated in Reference 4. The DWPF Environmental
Assessment (EA) glass [36], with a known REDOX, was always analyzed in tandem as a standard.

There are errors associated with each measurement in the REDOX model, e.g. measurement of the iron
absorbances, the nitrate, nitrite, manganese, coal, oxalate, and formate. Since the iron absorbances,
nitrate concentrations, and formate concentrations are still the dominant sources of error in both the {[F]-
3[N]} and the EE model, Table 1 is provided below from Reference 4.
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Table 1. Random Effects Model Summary for the SRNL Model Crucible Data

All Data Model Data Only
N Variance Std. Dev. Std. Error | N Variance Std. Dev. Std. Error
Formate (M) 151 0.01856 0.1362  0.07866™ | 119 0.019551 0.1398  0.08073?
Nitrate (M) 151 0.000948  0.0308 0.01778® | 119 0.000958 0.03095 0.01787%
Fe’'/SFe 111 0.003004 0.0548 0.03876® | 85 0.002163 0.04651 0.03289"

(a) Assuming three samples are available for the formate and nitrate concentration measurements. Note also that these
errors underestimate those for these parameters since the total weight percent solids measurements which should be
used to normalize these values to a 45% total solids basis (and thus add error) are unavailable for these data.

(b) Assuming duplicate samples are available for REDOX ratio measurements.

It should also be noted that once metallic species start to precipitate at concentrations of Fe ?/ZFe 0.33, it
becomes more difficult to measure the Fe'?/ZFe ratio exactly. This occurs because the precipitation of the
metallic species chemically alters the REDOX of the surrounding glass due to electron transfers between
the iron species and the metallic species and sulfides and the precipitates physically make the glass
inhomogeneous. Therefore, more replicates are necessary to get an accurate or average Fe'?/3Fe
measurement.

2.2.4 MODEL RANGES

The 2006 EE model was developed with data from the 1997 historic model and with REDOX data from
SB3 and SB4. It was the high nitrate in SB4 that demonstrated that the manganese term should be a -5
instead of a -2. However, before one can validate the 2006 EE model for SBS, SB6, SB7a, SB7b and the
antifoam glasses (designated as AFA) one must determine if the model ranges for the newer sludge
batches and the AFA glasses are within the original model ranges.

In 1997 the {[F]-3[N]} was fitted over the independent variables used in the regression analyses that
possessed the following ranges:

0.03 < Fe"/LFe < 0.64
0.31 < Formate (M) < 2.66
0.11 < Nitrate (M) < 0.76.

However, the formate and nitrate concentrations from the 1997 study were divided by the slurry weight
percent solids to enable the comparison to be made on a consistent basis independent of whether a given
slurry was more dilute or less dilute, e.g. mol/kg feed was normalized to 45% solids. This normalization
was also used in development of the subsequent 2003 and 2006 EE models where Mn was -2 in 2003 and
went to -5 in 2006 to account for Mn"’ species.

The independent variables used in the historic 1997 regression analyses possess the following ranges in
mol/kg slurry, the units used to define £ (see Equation 12): 0.23 < formate (mol/kg) < 1.87; and 0.06 <
nitrate (mol/kg) < 0.59. The independent variables used in the 2003 EE model (53 data points) cover
narrower ranges: (.24 < formate (mol/kg) < 0.68; and 0.14 < nitrate (mol/kg) < 0.38.

The 2006 EE model used the historic data set (1997), the SB3 and the SB4 datasets. The following
individual species feed composition ranges are covered:
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0.03 <Fe?/ZFe<0.71

0.25 < Formate (mol/kg slurry) < 1.63
0.09 < Nitrate (mol/kg slurry) < 0.65
0.00 < Oxalate (mol/kg slurry) <0.53
0.00 < Coal (mol/kg slurry) <0.10

0.00 < Manganese (mol/kg slurry) <0.15

Because the individual species concentrations vary widely it is more appropriate to look at the range of &
in the various studies. The 1997 {[F]-3[N]} model had a range of —1.14 < £< 1.768. The 2003 and 2006
EE models had a range of Xi () that fell within the 1997 so that the pooled variance of the historic, 2003
(SB3), and 2006 (SB4) EE model is still -1.14 < E< 1.768.

The comparisons of the ranges of the individual components are shown in Figure 5 in what are known as
quantile plots. The plots show the individual points and the midline in the box represents the sample
median value. The top of the box is the 75" quantile and the bottom of the box is the 25% quantile. The
difference between the 25% and 75% quantiles is known as the “interquantile” and the whisker values
represent 1.5 times the interquantile box. This allows comparisons of the median values of all the SB
glasses to the historic glasses, SB3 glasses, and SB4 glasses that were used to develop the 2006 EE model
and to DWPF operational glasses and the AFA glasses discussed later in this study. It also allows each
SBs studied after the 2006 EE model was developed to be assessed as to whether the feeds were in the
range of the model or not.

Figure 5a shows the ranges of nitrate in mol/kg and demonstrates that the maximum nitrate in SB3
crucible feeds were higher than the maximum nitrate in the SB4 crucible feeds but the median value of
the SB4 crucible feeds was higher in nitrate than the SB3 crucible feeds. The high nitrate in the SB4
crucible feeds were the driver for the re-evaluation of the Mn term from -2 to -5 as the Mn was shown to
re-oxidize in the cold cap from the formation of molten salt to the +7 state and/or the nitrate was so high
that >66% of the manganese had not been reduced to the +2 state. Due to these uncertainties in the
manganese state entering the melter or in the cold cap, it is conservative to use the -5 term for the EE
model as the median nitrate values for SB5, SB6, and SB7a/b are all higher than the median value of the
historic data and the median value of the SB3 data while not as high as the median value of the SB4 data.
Figure 5a also demonstrates that the AFA glasses (first antifoam study) have higher nitrate than many of
the other crucible feeds, including the second antifoam study (Antifoam-II), but the AFA glasses are still
within the maximum range of nitrate values on which the 2006 EE model is based.

Figure 5b shows the ranges of formate in mol/kg and demonstrates that the median formate in SB3
crucible feeds was lower than the historic or SB4 crucible feeds. The median value for SBS formate is
higher than all the other feeds tested except for the AFA feeds. All the feeds for all the crucible studies
and all the DWPF campaigns fall well within the model maximum and minimum.

Figure 5c shows the ranges of oxalate tested in mol/kg. This figure demonstrates that the SB3 feeds had
the widest variation in oxalate and that all the other sludge batches and DWPF campaigns had much
lower median values of oxalate. The diagram for coal (which is not shown) is almost identical to that of
oxalate as both those terms were added to the EE model in 2003 based on the SB3 testing.

Figure 5d shows the ranges of manganese tested in mol/kg. This figure demonstrates that the SB4 feeds
had the highest manganese median of the three data sets used to develop the 2006 EE model. SB4 had the
highest median nitrate (Figure 5a) coupled with the highest manganese (Figure 5d) and that was the basis
for being able to understand the interactions between high manganese content feeds in the presence of
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high nitrate feeds and the role of molten salts in reoxidizing the manganese after it leaves SRAT/SME
processing. Since the median value of manganese in DWPF feeds is high and the DWPF SRAT/SME/
MFT batches have gotten enriched in manganese as the DWPF transitioned from feeding SB3 to SB4,5,6.
The role of Mn is especially important because SB4 contained HM waste from Tank 11 and HM HHW is
simultaneously high in Al and Mn (Tank 11 is considered HM HHW’). Both HM low heat waste (LHW)
and Purex HHW are even higher in Mn compared to Purex LHW and HM HHW.[37] Thus, SB4 was
initially anticipated to be higher in Mn than SB1-SB3 depending on how much Tank 11 waste was added
to SB4. Moreover, future sludge batches made with HM LHW and Purex HHW will continue to have a
high Mn content. These differences in the Mn concentration come about from the following:

e The HM wastes were generated from higher activity uranium (U**)-aluminum alloy fuel
than the Purex wastes which were generated with U**,

¢ A manganese dioxide precipitation strike was used in the head end of both processes to
remove fission products like Zr and Nb by sorption if the beta/gamma activity of the
wastes were above certain limits.

e Even more Mn was used when the activity was higher and this coincided with processing
of the HHW (Purex and HM).

e The HM fuel was also clad in aluminum and during waste generation the entire assembly
was dissolved in nitric acid without a separate aluminum decladding step as done in
Purex processing [38], therefore the HM HHW is diluted by large concentrations of Al in
the sludge compared to the HM LHW and the Purex HHW.

Therefore, it is appropriate to continue to use the -5 EE factor (2006) instead of the -2 EE factor (2003)
for manganese in the presence of elevated nitrate. The median value of manganese for SBS, 6, and 7 are
all high and, indeed, the median value of manganese for SB6 was outside (higher) than the maximum
tested to develop the model. When the DWPF model is revised to include the data from SBS, 6, and 7,
the model maximum for manganese will be revised.

Figure Se shows the model ranges for Xi (§) which is
45
& = (fF]+4[C] +4[0;] =S[N] =S[Mn])=—=

Figure 5e demonstrates the range of this composite model term and demonstrates that all the sludge
batches to date including all the DWPF campaigns were targeted within the model and model parameters,
which is why the impacts of parameters not included in the model (antifoam and Ar bubbling) are being
assessed in this study.

The last figure, Figure 5f, shows the range of REDOX (Fe'*/ZFe) for all the crucible studies performed
from 1997 to present and compares those ranges to those measured in the DWPF. Both the model
maximum and minimum are shown in Figure 5f along with the DWPF operational window. Note that at
values of Fe ?/~Fe >0.33 metallic and sulfide droplets and nodules have been observed in various crucible
studies. Figure 6 shows a quantile plot for the SME/MFT wt% solids for various crucible studies and
DWPF campaigns. The nominal wt% solids is shaded in Figure 6 but the actual value of any batch is
used to adjust the molar concentrations to a 45 wt% solids basis during REDOX modeling.

/ e-mail on 01/03/07 from Jeffrey Gillam to C.M. Jantzen
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Figure 6. Quantile Plot of the different glass populations showing the variation in SME wt% solids.

The model nominal range of 40-50 wt% solids is shaded in the figure. The actual wt% solids
is not a concern for the REDOX model as all the SME wt% solids are normalized to a 45
wt% basis to correct all the concentrations as done with all the historic REDOX data.
Crucible data and DWPF engineering scale data are shown for comparison.
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2.2.5 VALIDATION OF THE EE MODEL (SB4-SB7 AND DWPF DATA)

The EE model (Equation 13) is shown in Figure 7 along with melter data from DWPF SME Batch 224
taken and analyzed during SB2 processing. It can be seen in Figure 7 that the SME 224 measured
REDOX is superimposed directly on the predicted REDOX correlation. Additional glasses from the
SRNL Slurry Melt Rate Furnace (SMRF) which processed SB2/SB3, and SB4 feeds are also
superimposed (red circle and purple squares) and fall within the 95% confidence bands of the model,
The SRNL Minimelter also processed SB2 feeds with frit 200 and frit 320 and the measured REDOX
validation data is overlain on Figure 7. Data from crucible studies related to SB4 are also shown in Figure
7 (all star shaped symbols regardless of color are SB4 crucible data). All the SB2, SB3 and SB4
validation data fall within the 95% confidence bands of the model.

Sealed crucible data from SBS [39] and SB6 [11] testing is overlain on the Equation 13 fit in Figure 8 to
validate the EE REDOX equation for these sludge batches. The correlation of predicted REDOX vs.
measured REDOX gives a slope of 1.0 and an intercept of zero and the data from SBS and SB6 falls
within the 95% confidence bands.

Sealed crucible data from SB7a [40] and SB7b [41] testing is overlain on the Equation 13 fit in Figure 9.
Note that the one data point that does not fit within the model defined by Equation 13 and that is sample
SB7-7. As noted by Newell [11] and Newell and Stone [12] SB7-10, which contained ARP components
did not appear to have an impact on glass REDOX.

0.7 - 120 Historic + SB3 2 j

| m DWPF SME 224 !

L 0.6 —{® SMRF sB3-F202 it A

I - m Minimelter P 7

~ 0.5 | msMRFsB4 e ' Py
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Figure 7. Fit of Xi() to the pooled historic, SB3, and SB4 2006 EE REDOX data [10] which generates
the slope and intercept of Equation 13.
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Figure 9.  Fit of Equation 13 to the 2006 EE REDOX model data (pooled historic, SB3, and SB4
REDOX data) [10] with data from SB7a (green solid circles) and SB7b (open orange
diamonds) crucible testing overlain from References 40 and 41. The correlation of predicted
REDOX vs. measured REDOX gives a slope of 1.0 and an intercept of zero and the data from
SB7and SB7b falls within the 95% confidence bands except for SB7-7.

23



SRNL-STI-2011-00652
Revision 0

3.0 THE THEORETICAL EE TERM FOR ANTIFOAM

The IIT-747 antifoam is a proprietary compound of the [llinois Institute of Technology (IIT) but a
deBourg Corporation Material Safety Data Sheet (MSDS #31152, Rev. | dated February 2002) for
antifoam 747 states that it is an organo-modified silioxane containing primarily polyether modified
polymethylsiloxane copolymers like polyether modified heptmethyltrisiloxane (hepta-MTS) or
octamethyltrisiloxane (octa-MTS). These compounds can be thought of as hydrides of both organic
(ethers and methyl groups) and inorganic compounds like silica in the form of siloxane. The organic
monomer chains confer hydrophobic properties while the -Si-O-Si-O- siloxane is purely inorganic.[42]
The siloxane is R,SiO where R is either a hydrogen atom or a hydrocarbon group.

Choi [14] notes that the ITT-747 is not a pure compound since it has a range of molecular weights: it is
primarily a mixture of polyethyleneoxide (PEO) chains and methyltrisiloxane (MTS) groups. Koopman
[43] states that the IIT-747 is made up of two major and two minor components. The primary component
(90%) and the secondary component (9%) are chemically similar to each other, except for the length of
the PEO chain, -(OCH,CH,),- or C,H4O, where n can vary from 8-12. The PEO chains are considered
likely sites for attack and cleavage by acids under sufficiently vigorous conditions such as those existing
in the SRAT and SME.[43]

Stripping of the antifoam decomposition products was assumed to occur in the 2000 SRAT testing
performed by Koopman [43] and attempts were recently made to quantify the amounts with little success
[44]. Long chain siloxanes with boiling points above 400°C were the major decomposition products
identified as being stripped.[44] Antifoam fragments were also seen during non-radioactive
experimentation when hexa-MTS was found in the Slurry Mix Evaporator Condensate Tank
(SMECT).[45] This was supported by findings of ~340 mg/L. Si when the DWPF radioactive SMECT
was sampled in 2004 to support the DWPF recycle evaporator project.[46]This suggests that the poly-
MTS groups cleave off as they are found in the SMECT and likely do not participate in the melter
reduction reactions. Choi [14] shows that any remaining MTS groups in the SRAT/SME likely
decompose in the melter in a similar manner to polydimethysiloxane by a free radical mechanism for
thermo-oxidative decomposition. Choi further states that if the poly-MTS survives to the melter that the
oxidative decomposition in the presence of O, will begin around 350°C in the melter cold cap and that the
siloxane will decompose to SiO, at ~600°C in the melter cold cap.

The main antifoam contributor to the melter, is therefore, the monomer polyether chains which Choi [14]
proposes will decompose stoichiometrically to polyoxymethylene (POM) which is (CH,0),.” In other
words, in the PEO chains of the monomers (-(OCH,CH,),- = C;H40 = PEO), the two CH, groups share
one oxygen. If the PEO chains cleave during thermal decomposition and they form a neutral
formaldehyde and a CH, radical, i.e. (CH,0) + (CH,) [47] which for the simplicity of developing an
electron transfer term is represented as (CH;Oy s), and then the electron transfers for POM can be multiplied
by 2 times the n chain length for the decomposition of PEO, i.e. if there are 8 PEO chains it will
decompose to 16 POM chains. The thermal decomposition is stepwise potentially forming aldehydes
which decompose to CO, CH; and H,, but the methane is not thermodynamically favored and further

/" 1t should be noted that ethylene oxide has many reaction paths. It can be hydrolyzed by water, C;H,0 + H,0 —

HO-CH,CH-—OH, and become ethylene glycol (wikipedia.org/wiki/Ethylene glycol). This reaction can be
catalyzed by acid or bases or at neutral pH at elevated temperatures. In the presence of HNO 3, the (CH.CH»)O
+ HNOj; can form mono-nitroglycols or di-nitroglycols, i.e. HO-CH,CH,-ONO>(mono) or O-NO-CH-CH.-
ONO; (di). Reaction with NaNO, can form 2 nitroethanols HO—-CH,CH,-NO,. If ethylene glycol is indeed
formed, the antifoam may act similarly in terms of electron transfers to the use of ethylene glycol as a reductant.
Further testing would have to be done to determine the stoichiometry of the electron transfers of a mole of
ethylene glycol to a mole of antifoam.
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reacts in the cold cap eventually decomposing to CO and H,, according to Choi. [14] These conservative
decomposition products are used to account for any potential sources of H, in the flammability
calculations but for simplicity and consistency with previous REDOX modeling, it is assumed that
sufficient O, is being generated by the decomposition of the nitrate salts and manganic species that the
final gaseous products will be CO, and H,O vapor. Based on DWPF SME 551-565 data Choi [14]
estimated that ~80% of the antifoam carbon may reach the melter and react.

Because neither the MTS nor the PEO/POM species form alkali or alkaline earth or transition metal type
salts, an EE term must be based on the number of carbons in each part of the organic group and their
relative EE terms. This is the same strategy used to fit a carbon term for coal in the EE model (coal does
not participate in salt formation). However, the antifoam molecule contains carbons of different oxidation
states so it is more complex.

The MTS end groups of the antifoam molecule have 7-8 carbons of -4 charge and the 8 chain PEO groups
have 16 carbons (16 POM’s) of -1 charge while the 12 chain PEO groups have 24 carbons (24 POM’s) of
-1 charge. Since the ratio of the 8:12 polymer chains is 90%:10%, there are 16.8 (sum of 0.9%16 +
0.1*24) carbons of -1 charge in the weighted POM chains and 8 carbons in the MTS if the MTS groups
are assumed to be octa-MTS instead of hepta-MTS for a total of 24.8 carbons in the antifoam organic
molecule. Therefore, the following two EE values are derived:

e electron transfers for one carbon in an octa-MTS
e ¢lectron transfers of one carbon in a POM

The chemical formula for methyl groups is CH; so that an octa-MTS is approximately (CH;)gSi;0,. The
carbons in the octa-MTS carry a -4 charge and the final decomposition products are considered to be
primarily CO, and steam by Choi [14]. Since the carbon in CO, carries a +4 charge, then there is a +8 EE
transfer per MTS group _(jsee Equation 16) or an electron exchange of 64 for the octa-MTS. Sodium
nitrate (or nitrite) and Fe ~ provide the reduction half reactions (also exchanging 64 electrons), and their
decomposition products are N,, Na,0O, Na” and Fe”. The latter three species (Fe'?, Na*, and Na,0) may
complex with the SiO; to form Na,SiO; and/or FeSiO; medium range order structures in the glass.

Equation 16

8xi-8e/C) = -64 per octamethyltrisiloxane

2Fe** + {(8‘4H3)58i302)+ 12 4NaN-%0; — 6.2N°; + BC"*O; + 12H,0 + 52Na;0 +2Na~ + 2FT‘2 +3Si0;

12 4x(+5e7/N) = +62 ¢

2x(+1e7Fe) = +2e¢

The chemical formula for the ethylene group base units is CH,Oy 5 so that the carbon has a -1 charge and
their final decomposition products are considered to be primarily CO, and steam by Choi[14]. Since the
carbon in CO, carries a +4 charge, then there is a +5 EE transfer per POM group or per carbon (see
Equation 17) or an electron exchange of 80 electrons for an 8 membered PEO polymer chain. Sodium
nitrate (or nitrite) and Fe" provide the reduction half reaction (also exchanging 80 electrons), and their
decomposition products are N,, Na,O, NaOH, steam, and Fe. The latter two species (Fe™ and Na,0)
may complex with the SiO, to form Na,SiO; and/or FeSiO; medium range order structures in the glass.
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Equation 17

16x(-5e°/C) = -80e" per 8 polyethylene oxide chain

v
2Fe*3 + 16(C"H,0,5) + 15.6NaN*50, + —» 7.8N°, + 16C*40, + 16H,0 + 2Na* + 6.8Na,0 + 2FT+2
POM

15.6x(+5e°IN) = -78e"

2x(+1e/Fe) = =2e

For a 12 PEO chains (24 POM’s) the electron equivalents is 120 electrons (12 x 2 x 5 = 120). These
varying electron transfers per mole/kg of antifoam added will be fitted against the DWPF and crucible
data discussed in the next section.

Due to the differences in the oxidation states of the carbons in antifoam and the relationship derived by
Choi [14] showing the equivalency of antifoam in mg/kg and TOC adjusted for the carbon from formic
acid and oxalate/oxalic acid, the modeling will be performed on a mol/kg carbon basis. This requires that
the +8 electrons per carbon for the octa-MTS (Equation 16) should be weighted by 8/24.8 carbons (~1/3
of the 49% carbon in antifoam) times 8 EE per carbon for an EE of 2.58. The +5 electrons per carbon for
the POM (Equation 17) should be weighted by 16.8/24.8 carbons (~2/3 of the 49% carbon in antifoam).
Since experimentation and modeling have shown that the octa-MTS likely cleave off the antifoam during
processing in the SRAT and SME and do not participate as much in reduction of the melt pool, the +8
electron transfer (Equation 16) does not necessarily have to be considered at all. Therefore, the EE of the
16.8/24.8 POM carbons times 5 EE per carbon yields a total EE transfer term of +3.39 per mol/kg of
carbon for the antifoam REDOX model term. This term will be designated as C, for Carbonifam and
further get multiplied by an “efficiency” factor (“eff”) that is expected to be >80% according to Choi
[14]. The eff will be fit empirically to the data discussed in Section 3.1.

Note that in the treatment above the split between the carbons from the octa-MTS and the POM’s is 0 and
100%, respectively. However, experimentation has shown that small amounts of the octa-MTS do
participate in reduction of the melt pool and an alternative way of deriving the C, term for antifoam
would be as follows:

Equation 18 eff *C (total) = effyps * C oy yirs + elf por™Capou

So by assuming a different split between POM and octa-MTS carbons and a different “eff” term for each
of the organic species in the antifoam, the same total antifoam impact term, “eff *C, (total)” can be
derived as done for 0% octa-MTS and 100% POM carbons. Since the exact split between the POM and
octa-MTS carbons is not known, the split of 100% POM carbon and 0% octa-MTS is used for the
derivation of the “eff” term. An example of the impact of using Equation 18 will be given in Section 3.1.
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3.1 Fitting The Theoretical Antifoam REDOX Term to Experimental Data

The available data for adding an antifoam term to the REDOX model was available in different units as

follows:

Data from sealed crucible studies on non-radioactive surrogates where the mg/kg (ppm)
antifoam added to each crucible in increasing amounts was known

Data from DWPF (radioactive sealed crucible studies and pour stream samples) was
summarized as the total amount of antifoam added in gallons and then this was converted
to mg/kg (ppm) antifoam adjusted per SME volume and density

Data from DWPF was available as measured TOC in mg/kg (ppm) carbon which had to
be adjusted for the carbon content contributed by formic acid and oxalates/oxalic acid
and coal (if known)

For the historic data concentrations of antifoam were set at 800 ppm as a default value. The following
conversions were made to put all of the data onto the basis of mol/kg carbon in antifoam:

Crucible data was converted from mg/kg (ppm) antifoam — mg/kg carbon in antifoam
(multiply by 0.49 wt% carbon in antifoam)—mol/kg of carbon in antifoam (divide by
molecular weight of 12*1000)

DWPF gallons of antifoam were converted — mg/kg of antifoam (adjusted for SME
volume and density) — mg/kg of total carbon in antifoam (multiply by 0.49 which is the
carbon percent in antifoam) —mol/kg of total carbon in antifoam (divide by molecular
weight of 12*¥1000). The DWPF antifoam concentrations from gallons were also
adjusted for the 20X dilution performed in the Additive Mix Feed Tank (AMFT).
DWPF TOC data in mg/kg was adjusted for the carbon content coming from formates,
oxalates and coal and then the mg/kg were converted to mol/kg

To prove the equivalency of mol/kg carbon coming from the gallons measured for the DWPF samples
modeled to mol/kg carbon from TOC a plot of these two parameters is shown in Figure 10a for the DWPF
samples that will be modeled. A similar plot generated by Choi [14] for a larger DWPF database showing
the equivalency in ppm or mg/kg is shown in Figure 10b. Both the mol/kg and the mg/kg data fit in
Figure 10 have slopes close to one. The mol/kg has an intercept close to zero while the mg/kg has an
intercept of ~482.

Note that in Figure 10 both datasets (mol/kg and mg/kg) for the DWPF SME/MFT/PS 549 and 550
samples are excluded as the gallons and the TOC are not equivalent for these two points. That means that
during REDOX modeling the values shown in Table 2 for these points will have different calculated
REDOX values when evaluated from gallons versus when evaluated from TOC.
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Figure 10. Graphical representation of the equivalency of the carbon content of antifoam calculated from
the gallons measured in DWPF processing to the carbon content measured by TOC when
adjusted for the carbon content attributed to formates, oxalates, and coal. (a) For the REDOX
model this equivalency must be shown in mol/kg for the DWPF samples that are modeled
while (b) Choi [14] demonstrated this equivalency on a larger DWPF data set in mg/kg. Note
that in both datasets (mol/kg and mg/kg) that SME/MFT/PS 549 and 550 are excluded from
the fits provided.

A compilation of all of the data collected on the impact of antifoam on glass REDOX is given in Table 2
and Table 3 where the antifoam is expressed as mol/kg carbon in the total antifoam added and the TOC
values have been adjusted for the carbon coming from the formic acid and the oxalate/oxalic acid as
described above and in Figure 10. Feed compositions including the amount of antifoam carbon in mol/kg
of slurry, analyzed values of Fe'?, analyzed values for total Fe, and the computed values of the REDOX
ratio determined using the procedure of Baumann [33,34] are given in Table 2.

The sealed crucible data using simulants in Table 3 will be used to verify whether the electron transfer of
+3.39 from the (16.8/24.8)*SEEs given in Equation 17 for the 16.8 POM chains are valid. Then the
DWPF radioactive MFT sealed crucible data and PS samples will be evaluated. Then an effective “eff”
term will be defined empirically so that the model with and without an “antifoam term” overlap. If the
antifoam term has been derived correctly and the “eff” term empirically fit correctly the two correlations
should overlap as the antifoam term was derived in a similar manner to all the other terms in the REDOX
model, i.e. by counting electron exchanges.

3.1.1 THE DWPF REDOX MODEL FITTED WITH AN ANTIFOAM TERM

The available data from DWPF facility tests are given in Table 2 while the majority of the data available
from crucible studies with various simulated feeds doped with varying levels of antifoam from References
57 and 58 is given in Table 3. The majority of the data in Table 3 is from a study done by Johnson and
Stone [57] which was supplemented with a study performed with mercury containing feeds by the same
authors.[58] The simulated feed for the first antifoam study [57] was a high nitrate feed and so many of
the initial doping levels gave REDOX values at or near the detection limit of the REDOX methodology
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forming the plateau observed in Figure 11 before an antifoam impact could be observed. The data shaded
in Table 3, much of which was at or near the detection limit of the REDOX method [4,7,8], was not used
to develop the antifoam term for the REDOX model.

The data circled in Figure 11 are used in the model but it should be noted that in Table 3 the replicates for
these samples are diverse while represented in Figure 11 as a pooled average. For the REDOX model, the
individual replicates were used and, as shown, when the pooled averages are used there is a bias in these
samples toward lower REDOX measurements than indicated by the amount of antifoam used in ppm
(Figure 11).

It should be noted that the data shaded in Table 3 were not used in modeling. Those glasses whose
measured REDOX values are proximate to the detection limit (i.e., Fe*’/ZFe < 0.05 but > 0.015) are not
used. It is believed that measurement error near the detection limit is responsible for the “wobble” in the
data circled in Figure 11 as several of the REDOX ratios measured in this region are not reproducible (see
samples 13312 Table 3). Data for other replicates, such as sample 21166 in Table 3 are also poor but
glasses above Fe’"/XFe = 0.33 may contain metallic globules that alter the local environment of the glass
surrounding a metallic inclusion and/or alter the Fe*'/ZFe measurement response.

It should also be noted that the Fe*'/ZFe ratios given in Table 3 were computed by averaging the Fe®'
measurements and then averaging the XFe measurements and taking the ratio of these averaged values
rather than taking the individually calculated Fe*'/ZFe ratios and averaging them. This gives slightly
different Fe’'/SFe values than those reported in the references cited and plotted in Figure 11 as the
references cited took the average of the computed Fe’ /ZFe ratios. Taking the average of the individual
measurements and then averaging them minimizes error as discussed in Section 2.2.3 and allows “fliers”
not to be excluded from the modeling.

The data from Newell and Riley [48] is not used as the crucibles labeled as having excess antifoam had
lower Fe'’/ZFe ratios than those deficient in antifoam. Therefore, the data is suspect as the sealed
crucibles may have leaked during the feed to glass transition or the samples may have become mislabeled.
Lastly, there are two data points from the work of Jantzen and Stone [10] where excess antifoam was
added to simulate SB4 SME product followed by sealed crucible experiments and Fe */£Fe measurement
and calculation performed. The data for the | gram sample and 2 gram antifoam sample both gave the
same measured REDOX. Since it cannot be determined which of the two is in error, neither of these
samples is included in the REDOX antifoam database. Thus, antifoam modeling relies solely on the work
of Johnson and Stone [57,58] with two simulated feeds.
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Figure 11. Average Fe’"/SFe ratio as a function of antifoam concentration [from Reference 57]

In all of the data used from the crucible studies, the IIT-747 was added after SRAT processing.
Therefore, fitting of the measured Fe'Y/LFe from the crucible to the calculated REDOX from the feed
assumes that the antifoam POM’s and MTS’s degraded in the furnace as they do in the SRAT, SME, and
melter.

Using the +3.39 EE transfer derived in the previous section for each mole of POM carbon in the antifoam
would give the DWPF REDOX model the following form:
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Equation 19

ii‘e = f[(Z[F] +4[C]+4[0 ] +3.39%¢ff [C,] 5[N] "S[M"])ﬂﬂ -fEl

where  f = indicates a function
= formate (mol/kg feed)
[C] = coal (carbon) (mol/kg feed)
[Of] = oxalatey, (soluble and insoluble) (mol/kg feed)
[CA) = carbon from antifoam (mol/kg feed)
[N] = nitrate + nitrite (mol/kg feed)
[Mn] = manganese (mol/kg feed)
T = total solids (wt%)

And would give &4, the {R-O} term including antifoam the following form:
& = [(2[F] +4/C]+4[0, ] +3.39*¢ff [C,]-5[N] _S[M,,])‘*_;]

where the “eff”’ term must be determined empirically from the Johnson and Stone [57,58] crucible studies
and then applied to the DWPF pour stream (PS) samples. Therefore, a fit of £, will make it simpler to fit
the “eff” term since it gets weighted by the weight percent solids term, 45/T, like the remainder of the
reductants and oxidizers. In addition a fit of £, avoids confounding the fit of the “eff” term along with
the slope and intercept of the model.

Fitting of the “eff’” term for the effectiveness of antifoam carbon ranged from 80-100% for the weighted
POM term of 16.8/24.8 carbons or an EE of +3.39. Figure 12a shows that an “eff” of ~85% or 0.85
allows the antifoam data to overlap the 2006 EE model data almost exactly while an “eff” of 1.00% biases
the antifoam data lower than the 2006 EE model data. Therefore, the “eff” term is defined as 0.85 for this
dataset. The 0.85 “eff” term is in agreement with the >80% projected by Choi.[14] Using Equation 18 an
eff for octa-MTS of 11% and an eff for POM of 80% gives an equally suitable fit to the data. The overall
EE of 0.85*3.39EE for POM REDOX only impact is 2.88 EE’s while the overall EE of 0.8%3.39 +
0.11*2.88 is 2.99.

Note that the antifoam {R-O}*45/T data has smaller confidence bands than the 2006 EE model data.
That is because the antifoam data from the AFA and the Antifoam-II studies has an R? of 0.94while the
model data only has an R* of 0.80 for this term. The slopes of the two datasets when “eff” is 0.85 are
0.200 for the 2006 EE model data and 0.219 for the antifoam data from both studies.

When the REDOX data generated with the antifoam term were fit as a linear function of &, they fell
within the confidence bands of the 2006 EE model and so the slope and intercept were not refit. This
gives the form of the DWPF REDOX model with an antifoam term as:

Equation 20

Fez+
2Fe

=0.2358+0.1999¢, .
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Figure 13 shows the 2006 EE REDOX model data with the antifoam data overlain based on Equation 20.
The antifoam data fits comfortably within the existing model slope and intercept.

3.1.2 APPLICATION OF THE ANTIFOAM TERM TO DWPF POUR STREAM AND MELTER
FEED TANK DATA

During SB2, a DWPF sample was taken and the REDOX analyzed. This sample was designated SME
224 but was a pour stream sample (see Table 2). This sample was taken and analyzed before Ar
bubbling, before ARP/MCU additions, and before the current foaming/antifoam issues. SME 224 is
shown on Figure 14 for reference. The SME 224 sample fits the EE model which now includes a
nominal 800 ppm for every historic batch in the database (see footnote to Table 2). Therefore the
position of SME 224 is slightly different in Figure 14 than shown in Figure 7.

The data for the DWPF facility data, which includes both PS samples and MFT samples that have been
vitrified in the SRNL SCF in sealed crucibles (all of the data in Table 2) is overlain on Figure 13 to see
how well the DWPF data fits the Equation 19 model with an “eff” of 0.85. Two different overlays are
shown in Figure 14. One overlay (Figure 14a) uses the carbons generated from the gallons added and the
other overlay (Figure 14b) uses the carbons generated from the measured TOC values in Table 2 which
have been adjusted for the carbon from other sources (formates, oxalates, and coal).

There are some subtle differences in the two DWPF data overlays, since some DWPF data was available
in gallons and some data was only available as measured TOC (see Table 2). Note that the position of PS
550 and 434 are quite different in the two overlays. This is because the TOC and gallons do not track
each other in either Figure 10a or Figure 10b.

Note also that in Figure 14a and b that PS 580 is biased higher than the crucible MFT 580 samples and in
general all the PS samples that were bubbled with Ar in the melter (the MFT crucible studies were not
bubbled with Ar) are all biased between the OLS fit of the 2006 EE REDOX model and the U95 percent
confidence band. Therefore, there is an impact of Ar bubbling which will be discussed in Section 4.0 and
an Ar impact term will be developed in Section 4.3.2.The Ar impact is due to a phenomena called Ar de-
gassing since Ar bubbling was initiated during melting batch 538 and affected all subsequent melter

campaigns.

32



Measured REDOX

Measured REDOX

SRNL-STI-2011-00652
Revision 0

0.7 5

& Antifoam AFA data|
Antifoam-ll data

0.6

0.5

Gray shade is 2006
EE model data

0.4

0.3

0.2

0.1

4 05 0 05 1
{R-O}'45/T with “eff” =0.85

(a)

0.7-|¢ Antifoam AFA data

Antifoam-ll data

0.6 -

0.5

Gray shade is 2006

EE model data o’

0.4

0.3 -

0.2

&1

-1 05 0

0.5 1
{R-O}45/T with “eff’ =1.0
(b)

1.5

Figure 12. Fitting the Xi (€,) term or {R-O}*45/T with an effective antifoam efficiency term. Top is

with an “eff” of 85% and bottom is with an “eff” of 100%.
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Table 2. Measured REDOX Data on DWPF Feeds and Glass Containing Varying Amounts of IIT-747 Antifoam
- ap w 5 9 - c :‘g g g
2|5 & 5 52 (283 |8 |Z9f|Zes | &
2 v 3 @ Z €2 | Eg oY= (& T
£ 52| B| & : of 835 | E [ 385 (3% | °
3 a” | & | ® * z GI§ £2° |&
DWPF MELTER DATA WITH ANTIFOAM*
DWPF PS 224 200 PS - 0.210 0.210 6 1.000 | 47.70 | 0.795 | 0.311 0 0 0.054 | 0.0326* | 0.00** 0.206 0.212 0.195 7.8
DWPF PS 434 510 PS - 0.222 0.197 2 0.885 | 4359 | 0.741 | 0.255 | 0.014 | 0.007 | 0.088 | 0.1146 | 0.3305 | 0.122 0.2736 0.402
DWPF PS 520 418 PS - 0.232 0.160 2 0.693 | 46.65 | 0.843 | 0.338 | 0.005 | 0.007 | 0.127 | 0.2345 | 0.2436 | 0.094 0.2524 0.257
DWPF PS 549-Ar 418 PS - 0.253 0.259 2 1.028 | 40.17 | 0.814 | 0.319 | 0.006 | 0.007 | 0.144 | 0.3219 0.3395 0.106 0.3011 0.312
DWPF PS 550-Ar 418 PS - 0.316 0.286 2 0.864 | 43.74 | 0.983 | 0.401 | 0.006 | 0.007 [ 0.129 | 0.4765 0.2653 0.106 0.388 0.263 49
DWPF PS 550-Ar 418 PS — 0.316 0.217 2 0.719 | 43.74 | 0.983 | 0.401 | 0.006 | 0.007 | 0.129 | 0.4765 0.2653 0.078 0.388 0.263
DWPF PS 551-Ar 418 PS - 0.375 0.275 2 0.740 | 43.62 | 0.855 | 0.352 | 0.006 | 0.007 | 0.153 | 0.3455 0.3705 | 0.078 0.2836 0.298
DWPF PS 551 - Ar 418 P§ - 0.375 0.328 2 0.871 | 43.62 | 0.855 | 0.352 | 0.006 | 0.007 | 0.153 | 0.3455 0.3705 | 0.100 0.2836 0.298
DWPF MFT 558 418 | MFT | - | 0474 | 0220 | 2 | 0464 | 41.62 | 0.671 | 0.308 | 0.006 | 0.007 | 0.095 | 0.3271 | 0.3254 | 0.100 | 0.304 0.303
DWPF MFT 558 418 MFT - 0.410 0.212 2 0.517 | 41.62 | 0.671 | 0.308 | 0.006 | 0.007 | 0.095 | 0.3271 0.3254 | 0.100 0.304 0.303 50
DWPF PS 558-Ar 418 PS - 0.407 0.354 3 0.869 | 41.62 | 0.671 | 0.308 | 0.006 | 0.007 | 0.095 | 0.3271 0.3254 | 0.040 0.304 0.303
DWPF MFT 568 418 MFT -- 0.157 0.060 ) 0.382 | 39.88 | 0.742 | 0.346 | 0.006 | 0.007 | 0.135 | 0.1381 0.00** 0.040 0.1295 0.040
DWPF MFT 568 418 MEFT - 0.057 | 0.0293 3 0.511 | 39.88 | 0.742 | 0.346 | 0.006 | 0.007 | 0.135 | 0.1381 0.00** 0.040 0.1295 0.040 51
DWPF MFT 568 418 MFT - 0.025 0.012 3 0483 | 39.88 | 0.742 | 0.346 | 0.006 | 0.007 | 0.135 | 0.1381 0.00** 0.035 0.1295 0.040
DWPF MFT 580 418 | MFT | — | 0029 | 0012 | 3 |0414 | 4237 | 0.689 | 0396 | 0.050 | 0,007 | 0.114 | 0.0486 | 0.0710 | 0.035 0.065 0.079
DWPF MFT 580 418 MFT - 0.040 0.023 3 0.561 | 42.37 | 0.689 | 0.396 | 0.050 | 0.007 | 0.114 | 0.0486 0.0710 | 0.035 0.065 0.079 52
DWPF MFT 580 418 MFT - 0.050 0.023 3 0.462 | 42.37 | 0.689 | 0.396 | 0.050 | 0.007 | 0.114 | 0.0486 0.0710 | 0.035 0.065 0.079
DWPF PS 580-Ar 418 PS - 0.132 0.056 3 0.425 | 42.37 | 0.689 | 0396 | 0.050 | 0.007 | 0.114 | 0.0486 0.0710 | 0.100 0.065 0.079 53
DWPF MFT 592 418 MFT - 0.021 0.021 3 0969 | 41.71 | 0.707 | 0.335 | 0.046 | 0.007 | 0.116 | 0.0319 0.0380 | 0.100 0.1197 0.124
DWPF MFT 592 418 MFT — 0.022 0.022 3 0.990 | 41.71 | 0.707 | 0.335 | 0.046 | 0.007 | 0.116 | 0.0319 0.0380 | 0.100 0.1197 0.124 54
DWPF MFT 592 418 MFT - 0.025 0.024 3 0.975 | 41.71 | 0.707 | 0.335 | 0.046 | 0.007 | 0.116 | 0.0319 0.0380 | 0.100 0.1197 0.124
DWPF PS 592-Ar 418 PS - 0.044 | 0.0424 3 0975 | 41.71 | 0.707 | 0.335 | 0.046 | 0.007 | 0.116 | 0.0319 0.0380 | 0.206 0.1197 0.124 55

* note that a minimum of 800 mg/kg of antifoam was assumed for DWPF PS224 which is ~130 gallons of antifoam.
#**TOC minus the carbon in formate and oxalate gave a negative number for C,so C, was set equal to zero
Shaded data is Below the Detection Limit for the Fe ”/ZFe measurement
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Table 3. Measured REDOX Data on Simulated Glasses* Containing Varying Amounts of IIT-747 Antifoam
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SB4 ANTIFOAM STUDY
?f_;,‘;;;“s full antifoam 413 SME 350 | 057 | 0353 | 4 | 0615 | 4166 | 0975 | 0404 0 0 0119 | 0038 | 0403 | 0.6830 ,
i‘f;ﬁ;;‘”s W2antifoam’ | 410 SME 350 | 053 | 0209 | 4 | o564 | 4166 | 0975 | 0404 0 o | o019 | 0019 | 0253 03923
ANTIFOAM STUDY (AFA SLUDGE)
Baseline AFA 418 SME 359 | 00006 | 0001 | 1 162 | 4169 | 1438 | 0586 | 0004 | 0 | 01392 | 0033 <0 <0
Baseline AFA 418 SME 359 | 00006 | 0001 | 1 162 | 4169 | 1438 | 058 | 0004 | 0 | 01392 | 0033 <0 <0
AFA-2000A 418 SME 359 | 00007 | 0001 | 1 149 | 4245 | 1438 | 0585 | 0004 | 0 | 01392 | 0079 | 0.104 <0
AFA-2000B 418 SME 359 | 00007 | 0001 | 1 149 | 4245 | 1438 | 0585 | 0004 | 0 | 01392 ] 0079 | 0104 <0
AFA-4000A 418 SME 359 | 00007 | 0001 | 1 151 | 4248 | 1438 | 0586 | 0004 | 0 | 01392 | 0.151 | 0.126 <0
AFA-4000B 418 SME 359 | 00007 | 0001 | 1 151 | 4248 | 1438 | 058 | 0004 | o0 | 01392 | 0151 | 0.126 <0
AFA-6000A 418 SME 359 | 00007 | o001 | 1 151 | 4245 | 1438 | 058 | 0004 | 0 | 01392 | 0223 | 0.149 I
AFA-6000B 418 SME 359 | 00007 | 0001 | 1 151 | 4245 | 1438 | 058 | 0004 | 0 01392 | 0223 | 0.149 <0 57
AFA-8000A 418 SME 359 | 00007 | 0001 | 1 138 |4245 | 1439 | 058 | 0004 | 0 | 01393 | 0298 | 0.174 | 0018
AFA-8000B 418 SME 359 | 00007 | o001 | 1 138 | 4245 | 1439 | 0586 | 0004 | 0 | 01393 | 0298 | 0174 | 0018
AFA-10000A 418 SME 359 | 0022 | ool | 1 05 | 4245 | 1438 | 058 | 0004 | 0 | 01392 | 0369 | 0.19 | 0062
AFA-10000B 418 SME 359 | 0022 | 0011 | 1 | 0501 | 4245 | 1438 | 058 | 0004 0 |o01392 ] 0369 | 019 | 0062
AFA-12000A 418 SME 359 | 0054 | 0029 | 1 | 0533 | 4248 | 1438 | 0585 | 0004 | 0 | 01392 | 0446 | 0222 | o011
AFA-12000B 413 SME 359 | 0056 | 003 1 | 0s32 [ 4248 | 1438 | 0585 | 0004 | o0 01392 | 0446 | 0222 | o011
AFA-14000A 418 SME 359 | 0102 | 0052 | 1 [ 0508 [4248 | 1438 | 0585 | 0004 | 0 | 01392 | 0515 | 0248 | 0152
AFA-14000B 418 SME 359 | 0102 | 0052 | 1 051 | 4248 | 1438 | 0585 | 0004 | 0 | 01392 ] 0515 | 0244 | 0152
AFA-16000A 418 SME 359 | 0098 | 0049 | 1 | 0501 | 4247 | 1438 | 0586 | 0004 | 0 | 01392 | 0592 | 0268 | 0.198
AFA-16000B 418 SME 359 | 009 | 0048 | 1 | 0s00 [ 4247 | 1438 | 058 | 0004 | ©0 | 01392 ] 0592 | 0268 | 0.198
AFA-18000A 418 SME 359 | 0261 | 0129 | 1 | 0493 [4246 | 1438 | 058 | 0004 | 0 01392 | 0666 | 0292 | 0243
AFA-18000B 418 SME 359 | 0260 | 0128 | 1 | 0492 [ 4246 | 1438 | 058 | 0004 | 0 | 01392 | 0666 | 0292 | 0243
AFA-20000A 418 SME 359 | 029 | 014 I | o468 {4247 | 1438 | 0585 | 0004 | 0 |o01392| 0745 | 0319 | 0292
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AFA-20000B 418 SME 359 0.296 0.139 1 0.469 42.47 1438 0.585 0.004 0 0.1392 0.745 0319 0.292
AFA-22000A 418 SME 359 0.365 0.185 | 0.507 | 4247 1438 0.586 0.004 0 0.1392 | 0814 0.340 0.333
AFA-22000B 418 SME 359 0.366 0.185 1 0506 | 4247 1438 0.586 0.004 0 0.1392 | D814 0.340 0.333
AFA-24000A 418 SME 359 0.440 0216 1 0492 | 4247 1438 0.585 0.004 0 0.1392 | 0891 0.366 0.381
AFA-24000B 418 SME 359 0434 0214 | 0.494 42.47 1.438 0.585 0.004 0 0.1392 0.891 0.366 0.381
AFA-26000A 418 SME 359 0.393 0.189 | 0.482 42.47 1438 0.586 0.004 0 0.1392 0.962 0.387 0423
AFA-26000B 418 SME 359 0.393 0.189 | 0482 | 4247 1438 0.586 0.004 0 0.1392 | 0.962 0.387 0.423
AFA-28000A% 418 SME 359 0.434 0.208 | 0479 | 4247 1438 0.585 0.004 0 0.1392 1.038 0413 0.47
AFA-28000B% 418 SME 359 0434 0208 | 0479 | 4247 1438 0.585 0.004 0 0.1392 1.038 0413 047
AFA-30000A 418 SME 359 0.519 0.261 | 0.503 4248 1438 0.585 0.004 0 0.1392 1.112 0.437 0516
AFA-30000B 418 SME 359 0518 0.261 1 0.504 | 4248 1438 0.585 0.004 0 0.1392 1.112 0437 0sle 56.
AFA-32000A 418 SME 359 0.568 0278 1 0489 | 4247 1438 0.585 0.004 0 0.1392 1.184 0.460 0.56 s
AFA-32000B 418 SME 359 0.567 0278 1 0.49 4247 1.438 0.585 0.004 0 0.1392 1.184 0.460 0.56
AFA-13312A 418 SME 359 0.134 0.056 1 0417 4249 1437 0.585 0004 0 0.1391 0.507 0242 0.147
AFA-13312B 418 SME 359 0.0026 0.001 1 0384 | 4250 1.437 0.585 0.004 0 0.1391 0.503 0.240 0.144
AFA-13312C 418 SME 359 0.026 0.012 1 0462 | 42.50 1.437 0.585 0.004 0 0.1391 0.503 0.240 0.144
AFA-17239A 418 SME 359 0.0690 0.027 1 0.391 | 42.49 1.437 0.585 0.004 0 0.1391 0.648 0.287 0.233
AFA-17239B 418 SME 359 0.105 0.04 1 0.3825 | 42.50 1.437 0.585 0.004 0 0.1391 0.645 0.286 0.231
AFA-17239C 418 SME 359 0.106 0.041 1 0.3855 | 4251 1437 0.585 0.004 0 0.1391 | 0.646 0.286 0.231
AFA-21166A 418 SME 359 0411 0.169 | 0411 42.47 1.438 0.586 0.004 0 0.1392 0.799 0.335 0.324
AFA-21166B 418 SME 359 0.251 0.11 1 0439 | 42.51 1437 0.585 0.004 0 0.1391 | 0.798 0336 0.324
AFA-21166C 418 SME 359 0272 0.0995 1 0366 | 4248 1438 0.585 0.004 0 0.1392 | 0.796 0.335 0.323
AFA-25093A 418 SME 359 0.391 0.149 1 03815 | 4247 1438 0586 0.004 0 0.1392 0949 0.383 0415
AFA-25093B 418 SME 359 0.342 0.1375 | 04025 | 4248 1438 0.585 0.004 0 0.1392 | 0948 0.384 0416
AFA-25093C 418 SME 359 0.394 015 1 0.3805 | 4248 1438 0.585 0.004 0 0.1392 | 0.948 0.385 0417

ANTIFOAM-I1 STUDY (SLUDGES 11-HG3-5627 and 11-HG6-5760)

FCI-HG-800A 418 SME 350 0.063 0.033 1 0504 42.91 0.836 0.268 0.0016 0 0.0834 800 0219 0.099
FCJ-HG-800B 418 SME 350 0.046 0.023 | 0497 | 42.91 0836 0.268 0.0016 0 0.0834 800 0219 0.099 58
FCJ-HG-800C 418 SME 350 0.063 0031 | 049 4291 0836 0.268 0.0016 0.0834 800 0219 0.099
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FCJ-HG-3100A 418 SME 350 0.136 0.067 | 0492 4272 0.825 0.266 0.0019 0 0.0830 3100 0217 0.155
FCJ-HG-3100B 418 SME 350 0.081 0.060 1 0.74 42,72 0.825 0.266 0.0019 0 0.0830 3100 0217 0.155
FCI-HG-3100C 418 SME 350 0.168 0.078 | 0463 42.72 0.825 0.266 0.0019 0 0.0830 3100 0217 0.155
FCJ-HG-5400A 418 SME 35.0 0219 0.109 | 0497 42,52 0814 0.264 0.0022 0 0.0826 5400 0215 0.212
FCJ-HG-5400B 418 SME 350 0.264 0.131 1 0496 42.53 0814 0.264 0.0022 0 0.0826 5400 0.215 0212 58
FCJ-HG-5400C 418 SME 350 0.207 0.100 1 0.483 4252 0814 0.264 0.0022 0 0.0826 5400 0.215 0.212
FCJ-HG-T700A 418 SME 350 0278 0.131 1 0472 4233 0.803 0.263 0.0025 0 0.0822 7700 0.212 0.268
FCJ-HG-7700B 418 SME 350 0289 0.142 1 0491 4233 0.803 0.263 0.0025 0 0.0822 7700 0.212 0.268
FCI-HG-10000A 418 SME 350 0.300 0138 1 0.46 4215 0.793 0.261 0.0028 0 00819 10000 0211 0.326
FCIJ-HG-10000B 418 SME 350 0.355 0.173 1 0488 4215 0.793 0.261 0.0028 0 0.0819 10000 0.211 0.326
FCJ-HG-10000C 418 SME 35.0 0.328 0.154 I 0.469 4215 0.793 0.261 0.0028 0 0.0819 10000 0.211 0.326

1 at 28,000 ppm antifoam nickel nodules were visibly observed.
*For the AFA glasses only 60% of the formate was considered active during modeling per M.E. Stone; a minimum of 800 mg/kg of antifoam was

assumed for all the historical samples in the 2006 EE database.
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Figure 13. DWPF REDOX Model (gray shaded symbols from Reference 10) and Antifoam Crucible
Data (AFA Study and Antifoam-II Study) Overlain from references 57 and 58. Equation 19
with an “eff” factor of 0.85 was used to generate this plot.
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Figure 14. The Measured and Predicted REDOX for the Pour Stream and MFT Crucible Studies Using
the New Antifoam Term: (a) antifoam carbon determined from gallons added and (b)
antifoam carbon determined from adjusted TOC measurement.
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4.0 ARGON GAS BUBBLING

4.1 Argon Degassing in Liquid Solutions and Molten Metals and Glass

Argon is an inert gas. Argon gas does not add electrons to form negative ions as in reducing ionic species
in a solution or in molten metals or in glass as the electron affinity of argon is zero. [59] However, inert
gasses can be used to “sparge” or “degas” or “deoxygenate” a solution including molten “solutions™ or
melts.

4.1.1 ARGON DEGASSING IN SOLUTIONS

If a deoxygenated solution is needed for a chemical experiment, the solution is bubbled with an inert gas.
The inert gas can substitute in the solution for the unwanted dissolved species, i.e. dissolved reactive
gases such as oxygen and carbon dioxide. Nitrogen, argon, helium, and other inert gases are commonly
used for sparging or degassing. To complete the substitution, the solution should be stirred vigorously
and bubbled for a long time. [60] This was the methodology used by Jantzen at SRNL to deoxygenate the
Basalt Waste Isolation Project basaltic groundwater with argon and equilibrate the groundwater with rock
in an Ar glove box to achieve low oxidation potential (low Eh) groundwater to perform leach tests on
rock, metal, and glass coupons under low Eh conditions.[61]

4.1.2 ARGON DEGASSING IN MOLTEN METALS

Gas injection into molten metals (also considered a solution) is utilized in many high temperature
processes [62] to degas hydrogen and/or oxygen species out of the molten metal. Argon has been used to
degas molten aluminum containing hydrogen to minimize porosity in cast aluminum ingots [63,64], and
to degas oxygen from molten silver by injecting argon through an immersed nozzle.[65] In the latter
study, the deoxygenation efficiencies were very high and the atomic percent of oxygen in the metal
decreased as a function of the bubbling time. The mechanism and rate of degassing/deoxygenation were
studied and fit to several kinetic models. The rate data were found to be consistent with the model
describing the liquid-phase mass transfer during bubble formation at the nozzle and bubble ascent through
the melt. From a comparison between the measured and calculated times of bubble formation, it was
shown that mass transfer during bubble formation makes a large contribution to the deoxidation process.

The largest single use for argon is inert-gas-shielded arc welding of metals and in inert-gas-shielded
tungsten electrode arc cutting. Inert-gas-shielded welding and cutting are used for the nonferrous metals
(aluminum and magnesium) and for stainless steel and other kinds of steel to protect the hot metal from
the action of air or oxygen. [66]

4.1.3 ARGON DEGASSING IN MOLTEN GLASS

Much is known about the solubility of inert gases in molten glass and in molten magmas. [67] The
presence of noble gasses in magmas is geochemical evidence of melt degassing in nature.[68)]

The solubility of noble gases in glass and melts is negatively correlated with their atomic radius, thus Ar

(r=0.341 nm) is less soluble than He (r = 0.256 nm) or Ne (r = 0.275 nm). The solubility of any noble
gas in a silicate melt increases with increasing SiO, content and near ambient pressure, the solubility of
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the noble gas in glass depends only on the nominal Non-Bridging Oxygen (NBO) divided by Si ratio
known as the NBO/Si. For DWPF this means that Ar solubility in the glass is related to the viscosity of
the melt, i.e. the more network modifiers a glass has the more intrinsic vacancies and extrinsic interstitials
exist in the glass. [69] Thus, more soluble gases can be incorporated into these interstitial sites of
vacancies also known as “free volume™ and the molar volume increases while the glass density decreases
as shown in Figure 15 [70]

The solubility mechanisms of noble gases in silicate melts and glasses have been modeled on the
assumption that the gas occupies holes known as “free volume™ or “ionic porosity” in the structure.[67]
This has been proven for Kr in SiO, glass by x-ray absorption data. The presence of the gas occupies a
free volume in the glass which is expressed as a partial molar volume. For Ar in a pure SiO; glass the
free volume has been measured as 16.4+1.4 cm*/mol of Si0,.[67]

An excellent synopsis of the impacts of melt degassing from Reference 68 is given below:

“The dissolution of noble gases in silicate melts is thought not to involve
chemical interactions between the inert gas atoms and the surrounding melt: due
to their inert nature, noble gas develops van der Waals interactions with silicate
melts and seems to display a “physical solubility” in which the size of the noble
atom plays a key role [71,72]. Several experimental studies have indeed
highlighted that the solubilities of noble gases decrease with increasing size of
the gas atom [73,74,75] and are strongly dependent on melt composition
[74,76,77,78]. SiO,-rich compositions generally show higher noble gas
solubilities than those depolymerized [73; 74,76,77,78,79]. These features have
suggested that the noble gas atoms may be accommodated in holes and free
spaces of the melt on the basis on their atomic sizes. Rings of interconnected
silicon tetrahedra have been proposed to work as solubility sites [80]. All noble
gases have higher solubilities in silica-rich melts than in more mafic [Mg-Fe
bearing] ones, as, in general, silicon and other tetrahedrally coordinated cations
(Al, Fe¥, and Ti*") are network-formers, while Na+, K+, Mg>", Ca*', and Fe**
break the silicate polymers. In alumina-free melts, Shibata et al. [77] found a
direct relationship between noble gas solubility and degree of polymerization, the
latter being expressed as NBO/T, namely the number of non-bridging oxygens
per atom of tetrahedrally coordinated cations [81]." Noble gas solubility was also
observed to be independent on the nature of network-modifier cations breaking
the polymers [77]. In contrast, Marrocchi and Toplis [82] observed a lack of
correlation between Ar solubility and polymerization in Al-bearing melts.
According to these authors, the number of the solubility sites for the noble gases,
as well as their distribution, both vary as a function of the Al content of the
liquid, owing to the different role of cations which act either as network
modifiers or as charge balancers for Al.

In accordance with the idea of physical interstitial dissolution, noble gas
solubility has been found to correlate with several melt properties related to the
free space in the silicate network: density [70,74], molar volume [75] and ionic
porosity [76].”

Examples of the effects of noble gas solubility on glass physical properties are given in Figure 15.

' The DWPF viscosity model is based on a modification of the 1975 Brawer and White reference.
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Figure 15. Comparisons of correlation between the natural logarithm of equilibrium constant of Ar and
(a) NBO/Si, (b) ionic porosity, (c) molar volume, and (d) density, respectively, for simple
silicate glasses. The same trends are observed for other noble gases (from Reference 77)
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4.2 Effective Oxygen Fugacity (REDOX) of Argon

The chemical dissolution of inert gases® in the glass results in a fugacity of the physically dissolved gas.
Oxygen fugacity, fO,, which for all intents and purposes is numerically equal to the partial pressure of
oxygen (pO,) for ideal gases such as O,, N; and Ar is normally expressed as 10™* atmospheres. While
values of fO, such as 107 or 107 are so low that the equivalent partial pressures of oxygen are
physically unrealistic, fO, remains a convenient expression of the relative “lack of oxygen” in a given
system.

The REDOX equilibrium in a glass melt can be represented by

Equation 21 M (™" 4 2o oM™ +Lo

melt 2 melt meilt 4 2 melt

where M = the polyvalent ion such as Fe
m’ = the lower valency state such as Fe’~
(m+n)" = the higher valency state such as Fe''
n = the number of electrons transferred
O = the oxygen ion activity or basicity of the melt
O, is the physically dissolved oxygen in the holes of the network structure.[69]

Therefore, a plot of log Fe* /Fe’" gives a slope of —n/4 when plotted against log oxygen fugacity. Thus for
an EE exchange between ferric and ferrous iron of 1 the slope is -1/4 or -0.25.

Equation 21 is written as reversible as going from LHS to RHS is the reduction of ferric to ferrous iron
and going from RHS to LHS is the oxidation of ferrous to ferric iron. Since the DWPF melt pool
reductants shift the equilibrium to the RHS where dissolved oxygen exists in the glass, it is the dissolved
oxygen on the RHS of Equation 21 that is being displaced by the Ar in the melt pool. This is because the
dissolved oxygen on the RHS of Equation 21 is stripped off and the equilibrium between the RHS and the
LHS no longer exists, so any Fe'" that has been converted chemically to Fe’* stays as Fe’" since Equation
21 can no longer proceed to the LHS. In addition, more Fe'" is converted to Fe’' to restore equilibrium.
Therefore, O, or air must be added or admixed to the argon being used in the DWPF bubblers or enough
oxidants must be used to overwhelm the effect of the argon degassing. Both these cases for providing
more oxygen to the melt pool will be modeled and discussed below.

Very pure argon such as Grade 6.0 argon (99.9999% or 6 nines pure) imparts a logarithm of the oxygen
fugacity (log fO,) of -6 to -7 atm according to Reference 83. However, Abbott Welding Supply
maintains that Grade 6.0 has <0.2 ppm O, which calculates to log fO, equal to -6.6990 (Table 4). The
negative logarithms can also be written as —log fO, = 6.6990 atm. (Table 4). The gas coming from
cryogenic argon, such as that used for the bubblers in DWPF contains between <0.6 ppm O, to 1.6 ppm
O, which calculates to a -log fO, range of = 5.7959 to 6.2218 atm. (Table 4). High purity argon
(99.999%) contains 1-2 ppm O, (depending on vendor) which calculates to -log fO, = 6 or 5.69897 atm.
(Table 4). And welding grade argon (99.995-99.997) contains between 5 ppm to 7 ppm O, which
calculates to -log fO, = 5.3 to 5.15 atm. (Table 4).

§ Gaseous, H20, CO2 and SO3 are controlled chemically by an acid-base relationship in the glass (Mysen and
Richert — Reference 67).
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Table 4 also gives the DWPF acceptable REDOX range in terms of oxygen fugacities (-log fO,) derived
from the Schreiber EMF plot for Fe’'/SFe between 0.09 and 0.33. This range is provided since the
DWPF target for Fe’ /SFe had been Fe?'/2Fe ~ 0.2 ( —log fO, ~ 5.16 atm) and recently moved to Fe’'/SFe
~0.1 (-log fO; ~3.89 atm) to accommodate the Ar sparging of O, from the melt [84]. However, the
cryogenic argon source being used for DWPF has a calculated —log fO, ~ 6.22 which is equivalent to a
Fe*'/ZFe of ~0.28.

Note that all the values calculated in Table 4 assume that Ar is an ideal gas and that the partial pressure of
oxygen (pO,) is the same as the oxygen fugacity (fO,). This is proven using ASPEN modeling in
Appendix A.
Table 4. Relative Oxygen Fugacities of Ar and Air at
Room Temperature and DWPF Oxygen Fugacity REDOX Targets

Species Gas Purity Oxygen Fugacity (atm)
knAr Grade 6..0 MW (99.9999‘%}) also -log fO, = 6 to 7 [ref 83]
own as Scientific or Research’ Grade Jog O, = 6.6990 [0.2ppm]
Argon (<0.2 ppm’ O,) * Bt -“PP
Cryogenic Liquid Ar (<0.6 ppm O,)* -log fO, = 6.2218 [0.6 ppm]
Argon High Purity 5.0 Ar! (99.999%; 1-2 ppm -log fO, = 6.0000 [1 ppm]
0,) * -log fO, = 5.69897 [2 ppm]
High Purity 4.8 Ar’Al(.99.998%)*; Jppm -log fO, =5.3010 [5 ppm]
Welding Grade Ar (99.995-99.997; 5 to -log fO, =5.3010 [5 ppm]
7 ppm O,) * -log O, = 5.1549 [7 ppm]|
Airf 0.78N,-0.210, -log fO, = 0.68 [83,85]
DWPF REDOX Targets and Associated Oxygen Fugacity from Schreiber’s EMF
Series for Total Iron in Glass Between 5-10 wt% [16]
Fe*'/SFe = 0.09 -log fO,=3.76
DWPF Fe’'/TFe = 0.10 -log fO, = 3.89
Glass Fe?'/SFe = 0.15 -log fO, = 4.52
Fe’'/ZFe = 0.20 -log fO,=5.16
Fe’’/EFe = 0.25 -log fO, =5.79
Fe’/¥Fe = 0.30 -log fO, = 6.42
Fe’ /LFe = 0.33 Jlog fO, = 6.80
¥ log fO, = log (ppm/1,000,000)
i fO,of air is 0.21, the volume percent in dry air, the logarithm of 0.21 is -0.68.
f/ grades from Abbott Welding Supply home web page; grade 6 is six nines pure, grade five is

five nines pure, grade 4.8 is four nines and an eight pure.




SRNL-STI-2011-00652
Revision 0

4.3 Experimental Evidence: Ar Bubbling Impact on DWPF Melt REDOX

The DWPF currently balances the oxidants and reductants in the melter feed to achieve the desired
REDOX ratio. Whether the feeds are chemically balanced such that the reductants > oxidants or
oxidants>reductants, the impact of the Ar will be additive to the impact from the chemical balancing.
Once an Ar impact term is determined the feed chemistries can be balanced such that oxidants >
reductants so that the extra oxidants provide the needed oxygen to counteract the Ar degassing. In order
to prove this concept, the recent data acquired from the DWPF pour stream samples and some Ar bubbled
sealed crucible experiments that were performed at SRNL were examined.

4.3.1 CRUCIBLE STUDIES

Sealed crucible studies were performed on SB6-21 non-radioactive SME product which contained Hg® in
a hood in 773-A. A special Ar bubbler made of Inconel pipe was fabricated by the SRNL glass shop and
a hole drilled into the crucible so that Ar could be continuously bubbled through the crucible during the
sludge to glass transition (Figure 16). The Ar supply in 773-A comes from cryogenic argon and so is the
same purity as that being used by DWPF as the tanker truck delivers to both facilities on the same day.
The Ar is passed through a drierite column behind the furnace to remove any moisture and then a glass
splitter allows the Ar to be used to bubble the crucible and the furnace at the same time or to bubble Ar in
the crucible without purging the furnace. Tests were performed at room temperature with molasses in a
glass beaker to predetermine an effective bubbling rate for the small volume (Figure 17). A video is also
available of the bubbling experiment with molasses.

Figure 16. Experimental setup to bubble Ar through DWPF simulated feeds in a sealed crucible during
the feed to glass conversion. Furnace chamber can be simultaneously purged with argon if
desired.
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Figure 17. Bubbling Ar through molasses to determine an effective Ar bubbling rate.

Experiments were performed in the sealed crucibles under the following conditions:

e Arbubbling in the crucible and in the furnace chamber-duplicate tests;

e Ar bubbling in only the crucible and not the furnace chamber; and

e the normal way that REDOX sealed crucibles are performed with no Ar
bubbling and no Ar in the furnace chamber.

The measured Fe’'/ZFe ratios are given in Table 5, each crucible glass is sampled and dissolved once for
the REDOX measurement and two reads are performed on each dissolution, i.e. A & B pairs. The
REDOX ratios from the duplicate Ar bubbling experiments where Ar was bubbled in the crucible and in
the feed were 0.266 and 0.267 for the two samples prepared in this manner. The SB6-21 feed in which
there was no Ar purge and no bubbler in the crucible gave Fe’'/Fe ratios of 0.147-0.149, the ratio
reported for this feed which were tested in triplicate in Reference 11 was 0.147, 0.149, and 0.151, and the
predicted REDOX with antifoam is 0.1466. The last set of crucible tests that were performed bubbled Ar
into the crucible but did not purge the furnace with Ar and this gave an oxidized REDOX of 0.028-0.032
likely because of air inleakage around the bubbler entrance into the crucible as seen in Figure 16. It will
be shown that in Section 4.4 that it does not take much O, (as air) to oxidize a melt that is being purged
with Ar.
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Table 5. Measured REDOX Ratios in SRNL Crucible Studies Targeted for Fe'*/ZFe=0.15 with and

without Ar Bubbling
Argon Argon Fet*
Sample Bubble | Purge | LabID | Fe?* | Fe(total) Fe(total)
Crucible | Furnace

EA Glass REDOX Standard N/A N/A N/A 0.132 0.733 0.180
SB6-21 SME Prod

(slow increase to 1100°C, 4 hours) (A) Yes ¥e tetern | 0180 0:676 0.266
SB6-21 SME Prod

(slow iicrease 16 1100°C, 4 hours) (B) |  Y©° Yes | W | 0480 | 06750 | 10267
SB6-21 SME Prod

(direct increase to 1100°C, 4 hours) (A) Do H W25 || 0099 0:566 0.142
SB6-21 SME Prod

(direct increase to 1100°C, 4 hours) (B) e No i 0008 G668 0147

SB6-21 SME Prod Center section
(slow fricreaseto 1100°C, & hours) (A) Yes Yes 10-2781 0.202 0.758 0.266
SB6-21 SME Prod Center section
(low indreasety 1100°C, 4 hiours) (B) Yes Yes 10-2781 0.203 0.760 0.267
SB6-21 SME Prod (A)
(slow increase to 1100°C, 4 hours) = e RIS | e GEoe wos
SB6-21 SME Prod (B)
(slow increase to 1100°C, 4 hours) Yes No 10-2788 0.019 0.679 0.028

4.3.2 TARGETING REDOX WITH AR BUBBLING

A large number of DWPF pour stream glasses have been analyzed for the Fe?'/SFe ratio while the melt
pool has been bubbled with argon. This data may be found in Table 2 and was shown in Figure 14b.
However, Figure 14b included the data for glasses that had been made from DWPF MFT feeds in sealed
crucibles and then had the REDOX determined. These MFT glasses had not been Ar bubbled. Therefore,
only the data from DWPF pour stream samples given in Table 2 is plotted as Figure 18a, i.e. only the
argon bubbled PS samples are overlain on the 2006 EE DWPF REDOX model. One additional set of data
from Table 5 for the Ar bubbled crucible study is added to the plot (furnace chamber Ar purged as well).
The PS data plotted will all be for SME/MFT batches corresponding to numbers above 538 when Ar
bubbling commenced in the DWPF.

Figure 18a demonstrates that most of the PS samples are biased above the OLS for the 139 model points
that were not bubbled (the no bubbling line in the figure) except for two points (PS 549 and PS 592 which
are biased low). Therefore, those two points are considered outliers for the following reasons:
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e PS 549 was taken just after Ar bubbling was initiated and the melt pool likely had not
reached a steady state with the Ar bubbling

e PS 592 was almost at the detection level of the REDOX measurement in the SCF and the
Ar bubbled PS sample was approximately the same REDOX as the MFT samples which
were not bubbled.

Thus PS 549 and PS592 are excluded from further modeling. When the historic 139 model points and the
8 pour stream data points are fit with an OLS regression separately the pour stream data falls along a
parallel line to the “no bubbling” OLS. The “Ar bubbling” OLS appears as a constant offset to the “no
bubbling” OLS. This simplifies defining an Ar impact on REDOX.

In order not to include the slope and intercept effects the Ar impact is determined from {R-O}*45/T or &a
as the “eff” term was. The plots of Xi defined as {R-O}*45/T or &, are shown in Figure 18b where the
same offset is observed. The equations for the “no bubbling™ and “Ar bubbling” OLS for {R-O}*45/T or
£ are given in Figure 18b. If these equations are solved at {R-O}*45/T or &4 equal to 1.0, then the
difference between the two OLS is the Ar impact or 0.09906. This is rounded off to 0.1 for the Ar impact
term. The impact of Ar sparging on REDOX can therefore be quantified as:

Equation 22

Fe!-i
Fe

=0.2358+0.1999¢, +0.1,,

Where &, is defined by Equation 19 and the REDOX model using &x is defined by Equation 20.

It is of interest to be able to reference Figure 18a and Figure 18b to the Technical Safety Requirements
(TSR) recently defined by Choi. [14] Using the TSR limits of 2013 ppm of carbon from antifoam,
assuming the remaining carbon is coming from formates and imposing the minimum NO; of 15,000 ppm
and the maximum NO; of 30,000 and the TOC/NQ; ratios defined by Equation 23,

Equation 23

T0C _ 727916 [NO,T -5.0035E7%[NO, ] +1.5347

MAX[N—OJ_

These ratios are broader than the DWPF REDOX range as shown in Table 6 for the chemical balancing of
2+

the melt pool independent of the additional =0.1,, impact from Ar.

Fe

48



SRNL-STI-2011-00652
Revision 0

Table 6. Fe*'/SFe Ratios Associated with SB7B Nitrate and TOC Limits from

Fe’'/ZFe from Fe’'/ZFe from
Nitrate TOC Equation 20 - Equation 22
without Ar with Ar
MAX MIN -0.05 +0.05
MIN MAX +0.55 +0.65
MIN MIN +0.18 +0.28
MAX MAX +0.32 +0.42
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Figure 18. (a) Relationship between Predicted REDOX and measured Ar bubbled REDOX; (b) between
measured REDOX and the Melter Feed Reductants and Oxidants {R-O}*45/T or &a.
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5.0 CONCLUSIONS

The impacts of antifoam on the DWPF melt pool REDOX has been de-convoluted from the impacts of
melt pool bubbling with argon. Data from crucible studies with (1) varying antifoam concentrations
without bubbling, and (2) with minimal antifoam and Ar bubbling were assessed. This allowed an
antifoam term to be added to the REDOX model and suggested that (1) more oxidizing Fe */ZFe ratios
could be targeted which would create more oxidizing species in the cold cap to offset the effects of Ar-
sparging or (2) Ar-air gas mixtures could be blended with a mixing valve to control the melt pool
REDOX at the same Fe’'/ZFe ratios (same —log fO,) as chosen for the chemical REDOX balancing.
Option 1 is preferred but the necessary Ar-air gas mixtures are given in Appendix B for Option 2.

The antifoam feed additive, is an organic chain structure composed of methyltrisiloxane (MTS) end
groups and a center polymer chain of varying length (8 to 12 polyethyleneoxide or PEO groups), so an EE
term for the REDOX model must be based on the number of carbons in each part of the organic group and
their relative EE transfers.

The MTS end groups of the antifoam molecule have 7-8 carbons of -4 charge and the 8 chain PEO groups
have 16 carbons of -1 charge while the 12 chain polymers have 24 carbons of -1 charge. Since the ratio
of the 8:12 polymer chains is 90%:10%, there are 16.8 carbons of -1 charge in the weighted polymer
chain and 8 carbons in the MTS if the MTS groups are assumed to be octa-MTS instead of hepta-MTS for
a total of 24.8 carbons in the antifoam organic molecule (sum of 0.9%16 + 0.1*¥24). The -1 carbons of the
PEQ exchange SEE’s per carbon to oxidize to CO, in the melter while the octa-MTS exchange 8EE’s per
carbon. Experimentation and modeling have shown that the MTS cleave off the antifoam during
processing and do not participate in reduction of the melt pool. Therefore, the EE of the PEO are
16.8/24.8 carbons * 5 EE per carbon for a total EE transfer term of +3.39 per mole/kg of antifoam carbon.

Experimentation and modeling has shown that the antifoam PEO’s are 80-100% effective in melt pool
reduction. The modeling performed for the REDOX model for antifoam suggests that the efficiency is
85%. Therefore, 85% of +3.39 EE yields an overall EE transfer of +2.88 per mol/kg of carbon from
antifoam compared to +2 for formic acid and +4 for oxalate and coal.

The DWPF REDOX model then takes the form

FeZ-i-

—f{(ZfF]+4[C]+4[O ] +339%eff [C,]=5[N] - 5[MH]) ] rle.]

where  f = indicates a function

[F] = formate (mol/kg feed)

[C] = coal (carbon) (mol/kg feed)
[Or] = oxalateryy (soluble and insoluble) (mol/kg feed)
[Ca)= carbon from antifoam (mol/kg feed)
eff = effective antifoam impact = 0.85

[N] = nitrate + nitrite (mol/kg feed)
[Mn] = manganese (mol/kg feed)

T = total solids (wt%)

- [(2[F] +4[C]+4[0, ] +3.39%eff [C,]=5[N] —S[Mn])$]
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When the REDOX data generated were fit as a linear function of &, they fell within the confidence bands
of the 2006 EE model and so the slope and intercept were not refit. This gives the form of the DWPF
REDOX model with an antifoam term as:

F82+
Fe

=0.2358+0.1999¢ ,

There is an additive impact on the melt pool REDOX from the argon bubbling. Argon (Ar) degasses or
sparges the oxygen from the melt. Thus, REDOX is a function of both the oxidants and reductants in the
melt pool and the Ar sparging. While Ar is an inert gas, Ar replaces the free oxygen in a glass. This
process also occurs when inert gasses are used to sparge the oxygen or other gasses out of solutions,
molten metals, or glasses. The REDOX equilibrium in a glass melt can be represented by

Fe* +2 0> o Fe* +%0

melt 2 melt melt 2 melt

where n = the number of electrons transferred
O™ = the oxygen ion activity or basicity of the melt
0, is the physically dissolved oxygen in the holes of the network structure.

The REDOX-oxygen balance equation is written as reversible as going from the right hand side (RHS) to
the left hand side (LHS) is the reduction of ferric to ferrous iron and going from LHS to RHS is the
oxidation of ferrous to ferric iron. Since the DWPF melt pool reductants shift the equilibrium to the RHS
where dissolved oxygen exists in the glass, it is the dissolved oxygen on the RHS of this equation that is
being displaced by the Ar in the melt pool. Because the free oxygen on the RHS of the equation is being
sparged out, the equilibrium between the RHS and the LHS no longer exists, driving the equilibrium to
the RHS.

Measurement of the REDOX of DWPF pour stream (PS) samples (with and without Ar bubbling) and
measurement of a simulated SB6 feed that was Ar bubbled during the feed-to-glass transformation in a
sealed crucible inside an Ar bubbled oven demonstrated that the argon bubbling impact is a linear
constant of Fe'?/ZFe of ~0.1. Therefore, it is recommended that targeting a chemical REDOX of 0.1
should yield a realized Fe */ZFe of ~0.2. While there is no EE term that can be developed for Ar sparging,
an “effective offset” term has been added to the REDOX model to account for Ar degassing. The impact
of Ar sparging on REDOX was quantified and the Ar adjusted DWPF model takes on the form:

F€2+

€

=0.2358+0.1999¢, + 0.1,
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6.0 PATH FORWARD

Many assumptions had to be made during the development of the antifoam term. A more definitive
derivation could be made if the following were addressed:

* it would be helpful in developing the theoretical EE transfers if the long chain polymers
discussed in Reference 44 (partitioning of antifoam during SRAT processing) were identified
- it was noted in this study that a better extraction method was needed to get more
definitive data

* it would be helpful in defining the “effective antifoam carryover to the melter” to repeat the
partitioning study given in Reference 44 during SRAT processing and also perform similar
experiments for SME processing

e while the Ar impact term is well defined as 0.1 it is based on 6 pour stream samples and 2
SRNL Ar bubbled crucible experiments. Two additional pour stream samples would be
helpful along with the associated TOC measurements for additional confirmation.

Argon-air mixtures are given for argon sources varying between 0.6-1.66 ppm impurities of oxygen.
Since SRNL (773-A) uses cryogenic argon from the same Air Liquide vendor as the DWPF, it is
suggested that if sealed crucible studies with or without Ar are to be performed that it be done with the
newly designed SRNL bubbled REDOX crucible methodology described in this report since the bubbled
crucible data was used to quantify the Ar impact on the glass in this study.
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Appendix A
Calculation of the Fugacity Coefficients for Ar, Air, O, and N,
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The fugacity coefficient for component i, @, is related to the gas fugacity of the component, f;, through:
fi=9,y;P
where y; is the component mole fraction and P is the total pressure. Thus, ¢; = 1 for ideal gas behavior.

Fugacity coefficients are calculated using Aspen Properties with the Benedict-Webb-Rubin-Lee-Starling
(BWR-LS) equation of state (EOS). This is a virial EOS, which is most appropriate for gas phases
exhibiting small deviations from ideal gas behavior, which is consistent with light gasses at 1150 °C and
1 atm.

Fugacity coefficients were calculated at 1150 °C and 1 atm for three systems of interest: 1) Ar — air, with
air as a “mixture” component of 21 mol% O, and 79 mol% N,; 2) Ar — O,; and 3) Ar— N..

Air fugacity coefficients were calculated over the range from 1 parts per million (ppm, by mole) to
20 ppm air in Ar. Correspondingly, fugacity coefficients were calculated from 0.21 to 4.2 ppm O, in Ar
and 0.79 to 15.8 ppm N; in Ar for the other two systems.

Over all conditions calculated, the fugacity of each component was constant to more than 8 significant
figures. Results are presented in Table Al show the system is very close to ideal gas behavior.
Additionally, the fugacities of O, and N, were not affected by the presence or absence of the other.

Table Al. Calculated fugacity coefficients

Component b
Ar 1.0002110
Air 1.0002710
0, 1.0002080
N, 1.0002740

These values show the system differs from ideal gas behavior by only 0.0274%. So, assuming the
fugacity of O, is equal to its partial pressure introduces no more than 0.0274% error.

This conclusion agrees with the provided O, fugacity as a function of purity in Ar. Given the O,

concentration and the resulting O, fugacity (provided as the negative log of O, fugacity in atm), the
fugacity coefficient can be calculated assuming a total pressure of | atm; values are provided in Table A2.

Table A2. O, fugacities (in atm) and fugacity coefficients from composition data

Data Calculated
Ar Spec y0O, | -logfO, fO, 00,
Cryogenic | 6E-07 | 6.221800 | 6.0007E-07 | 1.000112
High Purity | 2E-06 | 5.698970 | 2.0000E-06 | 1.000000
SE-06 33 5.0119E-06 | 1.002374

7E-06 5.15 7.0795E-06 | 1.011351

Welding
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Table A2 shows the calculated fugacity coefficient is close to 1 for all cases. The larger values calculated
for the welding grade are likely due to the inherent product variability resulting in the limited number of
significant figures provided. The fugacity value provided for the high purity grade may have been
calculated assuming ideal gas behavior as this would result in a fugacity coefficient of exactly one.

The target fugacity of oxygen is given to be 1.69x10° atm (-log fO, = 4.771). Using the assumption that
the O, fugacity is equal to its partial pressure, this becomes the target partial pressure of O, over the melt.
The small correction from ideal behavior calculated using Aspen Properties would only be seen at the
sixth significant figure.

Note that the target mole fraction of O, 1.69x107, is larger than even the upper-end of the welding grade
g

concentration of O, (see Table A2). To reach the target O, concentration, most of the required O, will
have to come from another source and be mixed with whatever source of Ar is used.
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Appendix B
Calculation of Ar-Air Mixtures for REDOX Control
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The alternate methodology for control of the DWPF melt pool REDOX at the desired target of
Fe’ /£Fe=0.2 is to target the REDOX chemically by use of Equation 13 using the &, value defined in
Equation 19 in conjunction with Equation 20 and then using a mixing valve to bleed air into the Ar being
used for bubbling such that the Ar-Air (N,-O,) mixture fixes the fO, of the melt pool at the same fO, that
corresponds to Fe’'/EFe=0.2. From Table 4, this would be a —log fO, = 5.16 atm. Then the melt pool is
balanced chemically and gas equilibrated at the same —log fO,.

In order to determine the required Ar-air mixtures should this methodology be considered, the amount of
O, impurity in the Ar being used at DWPF must be known. For the example of cryogenic Ar given in
Table 4, the O, impurity level is <0.6 ppm. For the cryogenic Ar delivered to SRNL, the O, impurity
level is 1.6 ppm and can vary slightly from delivery batch to delivery batch. Therefore, calculations were
performed for Ar-O, and then Ar-air mixtures at O, impurities varying from 0.6 -1.6 ppm at intervals of
0.2 ppm. The data is given in Table B1 and shows that anywhere from 253-301 ppm air needs to be bled
into the Ar used for bubbling the DWPF in order to control the melt pool —log fO, at 5.16 atm. which
corresponds to a REDOX target of Fe?/£Fe=0.2. This data is also shown graphically in Figure 19.

Table Bl. Amount of Air Admixed with Various Levels of Pure Ar to Control the Gas Fugacity of
the DWPF Melt Pool at —logfO; = 5.16 atm. or FeX'/ZFe =0.2

Ar with Ar with Arwith | Arwith | Arwith [ Arwith
Desired Desired Desired | 0.6ppm | 0.8ppm | L.Oppm | 1.2ppm | 14 ppm | 1.6 ppm

Glass | MeltPool | Melt 0, 0, 0, 0, 0, 0,
?g‘{;}?fi ~I(t:lgt nf:))z l:op:l)l r:]))l impurity | impurity | impurity | impurity | impurity | impurity
Additional Air (ppm) Needed

0.09 3.76 174 8245 8236 8226 8217 8207 8198
0.10 3.89 129 6105 6095 6086 6076 6067 6058
0.15 4.52 30 1409 1400 1390 1381 1371 1362
0.20 5.16 6.9 301 291 282 272 263 253
0.25 5.79 1.6 49 39 30 20 11 1
0.30 6.42 0.38 - - - -- - -
0.33 6.80 0.16 - - - -
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Figure Error! Main Document Only.. Target Air Concentrations in Cryogenic Argon Depending on
Oxygen Impurity Level in Argon. Impurity levels of 0.6, 1.0 and 1.6 ppm O; in Ar are
shown.
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