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EXECUTIVE SUMMARY

During processing at the Defense Waste Processing Facility (DWPF), high sulfate concentrations
in the feed are a concern to DWPF as it can lead to the formation of a detrimental, sulfate-rich,
molten salt phase on the surface of the glass melt pool. To avoid these issues, a sulfate
concentration limit was implemented into the Product Composition Control System (PCCS).
Related to SB7a frit development efforts, the Savannah River National Laboratory (SRNL)
assessed the viability of using the current 0.6 wt % SO, limit set for SB6 (in glass) and the
possibility of increasing the SO,* solubility limit in PCCS to account for anticipated sulfur
concentrations, targeted waste loadings, and inclusion of secondary streams (e.g., Actinide
Removal Process (ARP)) with two recommended frits (Frit 418 and Frit 702) for SB7a processing.

For a nominal SB7a blend with a 63 inch SB6 heel remaining in Tank 40 (projection SB7a-63"),
a 0.60 wt % SO, in glass limit was determined for waste loadings of 34 wt % up to 40 wt % with
Frit 418 based on crucible melts with batched chemicals. SRNL also examined the inclusion of
ARP for the same blending scenario (SB7a-63”-ARP) with Frit 418 and at least a 0.6 wt % SO,*
level, and waste loadings of 34 wt % to 40 wt % were also acceptable. When a visible yellow
and/or white sulfate salt layer was visible on the surface of any cooled glass, it was assumed to
have surpassed the solubility limit of SO,* for that particular composition. All of the glasses
fabricated at these concentrations did not exhibit a sulfate rich salt layer on the surface of the
glass melt and retained the majority of the batched SO,*. At higher levels of SO,* “spiked” into
the projected sludge compositions over the aforementioned interval of waste loadings, with Frit
418, low viscosity sulfur layers were observed on the surface of glass melts which confirm
exceeding the solubility limit. The same sludge scenarios were also tested with Frit 702 and all
glasses did not exhibit sulfur layers on the surfaces of the glass melts at spiking levels up to 0.80
wt % SO,~. An ultimate SO,* limit was not defined with Frit 702, but if projected SO,*
concentrations are expected to increase with the onset of SB7a processing, a higher limit is
achievable with Frit 702 than is achievable with Frit 418.

Given the anticipated concentration of SO, for SB7a, a SO,% limit of 0.6 wt % SO,” is
recommended for processing using Frit 418. Once the confirmed SB7a composition is known
and should a higher limit be needed, SRNL can re-evaluate the limit based on the actual
composition and provide an updated recommendation. It has been observed that higher levels of
S0, in glass can be retained with compositional changes to the frit, as was demonstrated by the
glasses fabricated using Frit 702. SRNL also recommends the continuation of studies to define a
more “global” sulfate concentration limit to account for future sludge batch composition
uncertainties.
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1.0 Introduction

During processing at the Defense Waste Processing Facility (DWPF), sulfate from the high-level
waste (HLW) feed can partition into at least three paths: (1) incorporate into the glass, (2)
volatilize during melting, and (3) result in a separate sulfate-rich salt phase on the surface of the
molten glass pool. High sulfate concentration in the feed is a concern to the DWPF as it can lead
to the formation of a sulfate-rich, molten salt phase on the surface of the glass melt pool. The
presence of this low viscosity melt phase on the surface of the glass melt pool increases corrosion
rates of the materials of construction (off-gas system, refractories, and top head components). In
addition, there remains the potential for undesirable current paths that could deplete energy
delivered to the melter due to the higher electrical conductivity of the molten salt layer. To avoid
these issues, a sulfate concentration limit was implemented into the Product Composition Control
System (PCCS). For Sludge Batch 1A, 1B, and Sludge Batch 2 (SB1A, SB1B, and SB2), the
sulfate solubility limit was 0.4 wt % SO,* in glass."* However, because of the increased SO,
levels in Sludge Batch 3 (SB3), due to the addition of excess material streams from the canyons
and less sludge washing, testing was conducted to determine if the sulfate solubility limit could
be increased to minimize washing of SB3. Based on sealed-crucible studies and slurry-fed melt
rate furnace (SMRF) runs, the limit was raised to 0.6 wt % SO, in glass specifically for SB3
with Frit 418.% Sludge Batch 4 (SB4),* Sludge Batch 5 (SB5),® Sludge Batch 6 (SB6),® were also
examined on a batch by batch basis, and 0.6 wt % SO,* solubility limit in glass were also
recommended. However, the SO, limit set in PCCS remains at 0.4 wt % SO,% in glass and has
to be confirmed and set for each new sludge batch. The current task, will examine the next
Sludge Batch to be processed at DWPF, Sludge Batch 7a (SB7a) coupled with Frit 418 and Frit
702 in order to set a current SO,* solubility limit in glass.

The sulfate retention or solubility of any glass system is a function of its overall composition,
which for high-level waste glasses is determined by the sludge composition, frit composition, and
waste loading (WL).* Related to SB7a frit development efforts, the Savannah River National
Laboratory (SRNL) was to assess the viability of using the current 0.6 wt % SO, limit (in glass)
and the possibility of increasing the SO,* solubility limit in PCCS to account for anticipated
sulfur concentrations due to uncertainties in the blending strategy, targeted waste loadings, and
inclusion of secondary streams (e.g., Actinide Removal Process (ARP)) with two recommended
frits (Frit 418 and Frit 702) for SB7a processing.” The Technical Task Request, HLW-DWPF-
TTR-2010-0014, was written in order to initiate glass formulation and a task to examine the S0,%
limit specifically for SB7. Work summarized in this report followed the task plan SRNL-RP-
2010-00908.°

2.0 Experimental Procedure

2.1 Glass Composition Selection

Sludge composition projections for SB7a were provided by Savannah River Remediation (SRR)
on December 8, 2010° and were used as the basis for formulating glass compositions to determine
the SO, limit for SB7a. Table 2-1 lists the as-received sludge projections, on an oxide basis, for
a nominal blend scenario with a 63" heel in Tank 40, with and without the ARP® stream. Also, in

2 Other factors that can influence sulfate retention include processing temperatures, cold cap coverage, feed rate, and
melter plenum conditions. These factors can influence the partitioning of sulfate among the glass (retention), off-gas
(volatility), and the formation of a salt layer.

® Sludge projections were received via personal communication from Daniel Mcilmoyle to David Peeler and Hasmukh
Shah on 12-08-2010 (see SRNL-NB-2010-00108 pp.73-75).
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Table 2-1 are the same sludge compositions, renormalized without U3Og and ThO,, that were
ultimately used for fabricating the glasses for the sulfate solubility study. From this point forward,
the renormalized sludge compositions will be referred to as SB7a-63" (sludge only, 63” heel in
Tank 40) and SB7a-63"-ARP (SB7a coupled with ARP, 63" heel in Tank 40).

Table 2-1. Sludge Compositions Based on the 12-08-10 SB7a Projections from SRR

As-Received Renormalized
Oxides Sludge Only With ARP Sludge Only With ARP
TK 40 Heel 63" | TK 40 Heel 63" | TK 40 Heel 63" | TK 40 Heel 63"
SRR 12-8-10 SRR 12-8-10 SRR 12-8-10 SRR 12-8-10

Al,O; 26.599 25.414 29.093 27.918
BaO 0.034 0.037 0.038 0.040
CaO 1.237 1.217 1.353 1.337
Ce, 04 0.193 0.190 0.211 0.209
Cr,04 0.090 0.090 0.099 0.099
CuO 0.026 0.026 0.028 0.029
Fe, O3 25.346 24.522 27.722 26.939
K,O 0.012 0.017 0.014 0.019
La,0O3 0.036 0.037 0.040 0.041
MgO 0.716 0.681 0.783 0.748
MnO 5.882 5.776 6.433 6.345
Na,O 22.206 22.929 24.288 25.188
NiO 3.690 3.550 4.036 3.900
PbO 0.011 0.016 0.012 0.018
SO,” 1.294 1.363 1.415 1.497
SiO; 3.762 3.584 4.114 3.938
ThO; 1.030 0.972 -- --
TiO, 0.017 1.306 0.019 1.435
U304 7.542 7.278 -- --
Zn0O 0.026 0.028 0.028 0.031
ZrQO, 0.250 0.246 0.273 0.270

Using the sludge projections, a minimum required SO,* limit was calculated based upon various
waste loadings. That is, if a particular waste loading is targeted, the minimum SO,* limit would
have to be equal to or greater than the values found in Table 2-2. For example, a targeted 40
wt % waste loading would require the SO,* limit to be equal to or greater than 0.52 wt% SO,*
for a sludge-only case, and 0.55 wt% SO,* for coupled operations with ARP on radioactive basis
(as-received compositions). This would be equivalent to needing a limit of at least 0.57 wt%
SO,* for a sludge-only case, and 0.60 wt% SO,* for coupled operations with ARP on a non-
radioactive composition basis (renormalized compositions, or SB7a-63” and SB7a-63"-ARP).
Note the renormalized compositions have higher concentrations of S0,% due to the removal of
the radioactive components (UzOg and ThO,). This ensures conservatism in setting the limit
based upon non-radioactive glasses.
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Table 2-2. SO,* Limit Required to Reach a Particular Waste Loading
. Sludge Only With ARP

WL Sludr%mze(i)vrélél)(as— ertgcﬁi\\ilz)(as (renormalized, (renormalized,

SB7a-63) SB7a-63”-ARP)
34 0.44 0.46 0.48 0.51
36 0.47 0.49 0.51 0.54
38 0.49 0.52 0.54 0.57
40 0.52 0.55 0.57 0.60
42 0.54 0.57 0.59 0.63

Glasses to determine a SO,* limit were formulated using the two non-radioactive (renormalized)
sludge compositions found in Table 2-1 and two candidate frits, Frit 418 and Frit 702, whose
compositions are listed in Table 2-3. Each sludge composition was then “spiked” with enough
SO,* to target 0.6, 0.65, 0.7, and 0.8 wt % SO, in glass at waste loadings of 34, 36, 38, and 40
wt % after renormalizing to 100%. These sludges were combined with Frit 418 at the
aforementioned waste loadings and “spiked” SO,* concentrations to form the glass compositions
necessary for sulfate testing. The targeted glass compositions that were ultimately fabricated for
Frit 418 and the SB7a-63" sludge case are listed in Table 2-4 and Table 2-5. The targeted glass
compositions that were ultimately fabricated for Frit 418 and the SB7a-63"-ARP coupled sludge
case are listed in Table 2-6 and Table 2-7. The sulfur “spiked”, and renormalized sludges were
also combined with Frit 702 at the waste loadings of 34, 36, 38, and 40 wt % at concentrations of
0.7 and 0.8 wt % SO, in glass in order to evaluate S0, retention with an alternative frit. The
targeted glass compositions that were ultimately fabricated for Frit 702 and the SB7a-63" sludge
case are listed in Table 2-8 and the targeted compositions for glasses with Frit 702 and the SB7a-
63”-ARP sludge case are listed in Table 2-9.

Table 2-3. Frit Compositions (wt %)

Frit ID B,O, leo Na,O SlOz
418 8 8 8 76
702 8 10 6 76
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Table 2-4. SB7a Glass Compositions for the Determination of SO, Limit in Glass (SB7a-63" Sludge Case and Frit 418)

Gllgss SL1-01 SL1-02 SL1-03 SL1-04 SL1-09 SL1-10 SL1-11 SL1-12
Frit 418 418 418 418 418 418 418 418
S_:.L;l(:)gee SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63"
WL 40 40 40 40 38 38 38 38
Al,O3 11.627 11.613 11.598 11.568 11.037 11.022 11.008 10.978
B,0s 4.800 4.800 4.800 4.800 4.960 4.960 4.960 4.960
BaO 0.015 0.015 0.015 0.015 0.014 0.014 0.014 0.014
CaO 0.541 0.540 0.540 0.538 0.513 0.513 0.512 0.511
Ce,04 0.084 0.084 0.084 0.084 0.080 0.080 0.080 0.080
Cr,03 0.039 0.039 0.039 0.039 0.037 0.037 0.037 0.037
CuO 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011
Fe,O4 11.079 11.065 11.051 11.023 10.517 10.503 10.489 10.461
K.O 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
La,04 0.016 0.016 0.016 0.016 0.015 0.015 0.015 0.015
Li,O 4.800 4.800 4.800 4.800 4.960 4.960 4.960 4.960
MgO 0.313 0.313 0.312 0.311 0.297 0.297 0.296 0.296
MnO 2571 2.568 2.565 2.558 2.441 2.437 2434 2.428
Na,O 14.507 14.495 14.482 14.458 14.174 14.162 14.150 14.125
NiO 1.613 1.611 1.609 1.605 1.531 1.529 1.527 1.523
PbO 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
S0~ 0.600 0.650 0.700 0.800 0.600 0.650 0.700 0.800
SiO; 47.244 47.242 47.240 47.236 48.681 48.679 48.677 48.673
TiO, 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007
Zn0O 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.011
Zr0O, 0.109 0.109 0.109 0.109 0.104 0.104 0.103 0.103
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Table 2-5. SB7a Glass Compositions for the Determination of SO, Limit in Glass (SB7a-63" Sludge Case and Frit 418)

Gllgss SL1-17 SL1-18 SL1-19 SL1-20 SL1-25 SL1-26 SL1-27 SL1-28
Frit 418 418 418 418 418 418 418 418
S_:_L;/(:)gee SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63"
WL 36 36 36 36 34 34 34 34
Al,O; 10.447 10.432 10.417 10.388 9.857 9.842 9.827 9.798
B,O; 5.120 5.120 5.120 5.120 5.280 5.280 5.280 5.280
BaO 0.014 0.014 0.013 0.013 0.013 0.013 0.013 0.013
CaO 0.486 0.485 0.485 0.483 0.459 0.458 0.457 0.456
Ce,0; 0.076 0.076 0.075 0.075 0.071 0.071 0.071 0.071
Cr,04 0.035 0.035 0.035 0.035 0.033 0.033 0.033 0.033
CuO 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.009
Fe,0; 9.954 9.940 9.926 9.898 9.392 9.378 9.364 9.336
K,0 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
La,O; 0.014 0.014 0.014 0.014 0.013 0.013 0.013 0.013
Li,O 5.120 5.120 5.120 5.120 5.280 5.280 5.280 5.280
MgO 0.281 0.281 0.280 0.280 0.265 0.265 0.265 0.264
MnO 2.310 2.307 2.304 2.297 2.180 2.176 2.173 2.167
Na,O 13.841 13.829 13.817 13.792 13.509 13.496 13.484 13.459
NiO 1.449 1.447 1.445 1.441 1.367 1.365 1.363 1.359
PbO 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
S0~ 0.600 0.650 0.700 0.800 0.600 0.650 0.700 0.800
Sio, 50.117 50.115 50.113 50.109 51.554 51.552 51.550 51.546
TiO, 0.007 0.007 0.007 0.007 0.006 0.006 0.006 0.006
Zn0O 0.010 0.010 0.010 0.010 0.009 0.009 0.009 0.009
ZrO, 0.098 0.098 0.098 0.098 0.093 0.093 0.092 0.092
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Table 2-6. SB7a Glass Compositions for the Determination of SO,* Limit in Glass (SB7a-63"-ARP Sludge Case and Frit 418)

Gl'gss SL1-05 SL1-06 SL1-07 SL1-08 SL1-13 SL1-14 SL1-15 SL1-16
Frit 418 418 418 418 418 418 418 418
Sludge | SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"-
Type ARP ARP ARP ARP ARP ARP ARP ARP
WL 40 40 40 40 38 38 38 38
AlLO; 11.167 11.153 11.138 11.110 10.600 10.586 10572 10.543
B,O; 4.800 4.800 4.800 4.800 4.960 4.960 4.960 4.960
BaO 0.016 0.016 0.016 0.016 0.015 0.015 0.015 0.015
Ca0 0535 0.534 0533 0.532 0.507 0.507 0.506 0.505
Ce,0; 0.083 0.083 0.083 0.083 0.079 0.079 0.079 0.079
Cr,05 0.040 0.040 0.040 0.039 0.038 0.038 0.038 0.037
Cuo 0.012 0.012 0.012 0.012 0.011 0.011 0.011 0.011
Fe,0, 10.775 10.761 10.748 10.720 10.228 10.214 10.201 10.173
K,O 0.008 0.008 0.008 0.008 0.007 0.007 0.007 0.007
La,05 0.016 0.016 0.016 0.016 0.016 0.016 0.016 0.016
Li,0 4.800 4.800 4.800 4.800 4.960 4.960 4.960 4.960
MgO 0.299 0.299 0.299 0.298 0.284 0.284 0.283 0.283
MnO 2.538 2535 2.532 2.525 2.409 2.406 2.403 2.396
Na,0 14.875 14.862 14.849 14.824 14524 14511 14.498 14.472
NiO 1.560 1558 1.556 1552 1.481 1.479 1.477 1.473
PbO 0.007 0.007 0.007 0.007 0.007 0.007 0.007 0.007
S0~ 0.600 0.650 0.700 0.800 0.600 0.650 0.700 0.800
sio, 47.175 47.173 47.171 47.167 48.615 48.613 48.611 48.607
TiO, 0.574 0573 0572 0571 0.545 0.544 0.543 0.542
ZnO 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012
10, 0.108 0.108 0.108 0.108 0.103 0.102 0.102 0.102
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Table 2-7. SB7a Glass Compositions for the Determination of SO,* Limit in Glass (SB7a-63”-ARP Sludge Case and Frit 418)

Gl'gss SL1-21 SL1-22 SL1-23 SL1-24 SL1-29 SL1-30 SL1-31 SL1-32
Frit 418 418 418 418 418 418 418 418
Sludge | SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"-
Type ARP ARP ARP ARP ARP ARP ARP ARP
WL 36 36 36 36 34 34 34 34
AlLO; 10.033 10.019 10.005 9.976 9.466 9.452 9.438 9.410
B,O; 5.120 5.120 5.120 5.120 5.280 5.280 5.280 5.280
BaO 0.014 0.014 0.014 0.014 0.014 0.014 0.014 0.014
Ca0 0.480 0.480 0.479 0.478 0.453 0.453 0.452 0.450
Ce,0; 0.075 0.075 0.075 0.075 0.071 0.071 0.071 0.070
Cr,05 0.036 0.036 0.036 0.035 0.034 0.034 0.034 0.033
Cuo 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010
Fe,0, 9.681 9.668 9.654 9.626 9.134 9.121 9.107 9.080
K,O 0.007 0.007 0.007 0.007 0.006 0.006 0.006 0.006
La,05 0.015 0.015 0.015 0.015 0.014 0.014 0.014 0.014
Li,0 5.120 5.120 5.120 5.120 5.280 5.280 5.280 5.280
MgO 0.269 0.269 0.268 0.267 0.254 0.253 0.253 0.252
MnO 2.280 2.277 2.274 2.268 2.152 2.148 2.145 2.139
Na,0O 14.172 14.159 14.147 14.121 13.821 13.808 13.795 13.770
NiO 1.402 1.400 1.398 1.394 1.322 1.320 1.318 1314
PbO 0.006 0.006 0.006 0.006 0.006 0.006 0.006 0.006
S0~ 0.600 0.650 0.700 0.800 0.600 0.650 0.700 0.800
sio, 50.055 50.053 50.051 50.047 51.495 51.493 51.491 51.487
TiO, 0.516 0.515 0.514 0513 0.486 0.486 0.485 0.484
ZnO 0.011 0.011 0.011 0.011 0.010 0.010 0.010 0.010
10, 0.097 0.097 0.097 0.097 0.092 0.091 0.091 0.091
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Table 2-8. SB7a Glass Compositions for the Determination of SO, Limit in Glass (SB7a-63" Sludge Case and Frit 702)

Gllgss SL2-01 SL2-02 SL2-05 SL2-06 SL2-09 SL2-10 SL2-13 SL2-14
Frit 702 702 702 702 702 702 702 702
S_:_L;/(:)gee SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63" SB7a-63"
WL 40 40 38 38 36 36 34 34
Al,O; 11.598 11.568 11.008 10.978 10.417 10.388 9.827 9.798
B,O; 4.800 4.800 4.960 4.960 5.120 5.120 5.280 5.280
BaO 0.015 0.015 0.014 0.014 0.013 0.013 0.013 0.013
CaO 0.540 0.538 0.512 0.511 0.485 0.483 0.457 0.456
Ce,0; 0.084 0.084 0.080 0.080 0.075 0.075 0.071 0.071
Cr,04 0.039 0.039 0.037 0.037 0.035 0.035 0.033 0.033
CuO 0.011 0.011 0.011 0.011 0.010 0.010 0.010 0.009
Fe,0; 11.051 11.023 10.489 10.461 9.926 9.898 9.364 9.336
K,0 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
La,O; 0.016 0.016 0.015 0.015 0.014 0.014 0.013 0.013
Li,O 6.000 6.000 6.200 6.200 6.400 6.400 6.600 6.600
MgO 0.312 0.311 0.296 0.296 0.280 0.280 0.265 0.264
MnO 2.565 2.558 2.434 2.428 2.304 2.297 2.173 2.167
Na,O 13.282 13.258 12.910 12.885 12.537 12.512 12.164 12.139
NiO 1.609 1.605 1.527 1.523 1.445 1.441 1.363 1.359
PbO 0.005 0.005 0.005 0.005 0.004 0.004 0.004 0.004
S0~ 0.700 0.800 0.700 0.800 0.700 0.800 0.700 0.800
Sio, 47.240 47.236 48.677 48.673 50.113 50.109 51.550 51.546
TiO, 0.007 0.007 0.007 0.007 0.007 0.007 0.006 0.006
Zn0O 0.011 0.011 0.011 0.011 0.010 0.010 0.009 0.009
Zr0, 0.109 0.109 0.103 0.103 0.098 0.098 0.092 0.092
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Table 2-9. SB7a Glass Compositions for the Determination of SO,* Limit in Glass (SB7a-63”-ARP Sludge Case and Frit 702)

Gl'gss SL2-03 SL2-04 SL2-07 SL2-08 SL2-11 SL2-12 SL2-15 SL2-16
Frit 702 702 702 702 702 702 702 702
Sludge | SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"- SB7a-63"-
Type ARP ARP ARP ARP ARP ARP ARP ARP
WL 40 40 38 38 36 36 34 34
AlLO; 11.138 11.110 10572 10.543 10.005 9.976 9.438 9.410
B,O; 4.800 4.800 4.960 4.960 5.120 5.120 5.280 5.280
BaO 0.016 0.016 0.015 0.015 0.014 0.014 0.014 0.014
Ca0 0533 0.532 0.506 0.505 0.479 0.478 0.452 0.450
Ce,0; 0.083 0.083 0.079 0.079 0.075 0.075 0.071 0.070
Cr,05 0.040 0.039 0.038 0.037 0.036 0.035 0.034 0.033
Cuo 0.012 0.012 0.011 0.011 0.010 0.010 0.010 0.010
Fe,0, 10.748 10.720 10.201 10.173 9.654 9.626 9.107 9.080
K,O 0.008 0.008 0.007 0.007 0.007 0.007 0.006 0.006
La,05 0.016 0.016 0.016 0.016 0.015 0.015 0.014 0.014
Li,0 6.000 6.000 6.200 6.200 6.400 6.400 6.600 6.600
MgO 0.299 0.298 0.283 0.283 0.268 0.267 0.253 0.252
MnO 2532 2.525 2.403 2.396 2.274 2.268 2.145 2.139
Na,0 13.649 13.624 13.258 13.232 12.867 12.841 12.475 12.450
NiO 1.556 1552 1.477 1.473 1.398 1.394 1.318 1314
PbO 0.007 0.007 0.007 0.007 0.006 0.006 0.006 0.006
S0~ 0.700 0.800 0.700 0.800 0.700 0.800 0.700 0.800
sio, 47.171 47.167 48.611 48.607 50.051 50.047 51.491 51.487
TiO, 0572 0571 0.543 0.542 0.514 0513 0.485 0.484
ZnO 0.012 0.012 0.012 0.012 0.011 0.011 0.010 0.010
10, 0.108 0.108 0.102 0.102 0.097 0.097 0.091 0.091
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2.2 Glass Fabrication

Glasses were batched and melted following the standard SRNL procedures.’®** The glasses were
prepared from the proper proportions of reagent-grade oxides, carbonates, boric acid, and salts in
100 g batches. The raw materials were thoroughly mixed and placed into 95% platinum-5% gold,
300 mL crucibles and covered with loose fitting platinum-gold lids. The crucibles were placed
into an electrically heated, high-temperature furnace at the target melt temperature of 1150 °C.
After an isothermal hold at 1150 °C for 1.0 hour, the crucibles were removed from the furnace
and allowed to air cool (quench) while remaining in the crucible. Visual observations were
recorded for each glass. Specifically, the glasses in the cooled crucibles were examined for
evidence of a yellow sulfur salt layer on the surface of the cooled glass, or the presence of
undissolved batch, spinels, large crystals, etc. When a visible yellow and/or white sulfate salt
layer was visible on the surface of any cooled glass, it was assumed to have surpassed the
solubility limit of SO,* for that particular composition. If there was no visible evidence of a
sulfur salt layer, that glass composition was concluded to have remained below the sulfur
solubility limit. Visual observations regarding SO,* retention were confirmed by compositional
analysis.

2.3 Chemical Analysis

To confirm the quantity of SO,* which was retained in each crucible melt, representative samples
of each of the glasses fabricated were subjected to chemical analysis. Lithium-metaborate fusion
(LM) dissolution was used in order to fully dissolve the glass for measurement of sulfur (S)
concentrations. Each glass was prepared in duplicate and all of the prepared samples were
analyzed by Inductively Coupled Plasma — Atomic Emission Spectroscopy (ICP-AES) with the
instrumentation being re-calibrated between the duplicate analyses. Glass standards were also
measured with each submitted set of glasses to assess the performance of the ICP-AES instrument
over the course of the analyses. Specifically, several samples of low-activity test reference
material (LRM)* were submitted as a check of the precision and accuracy of the ICP-AES
analytical technique for measuring sulfur throughout the sample analysis.

3.0 Results and Discussion

The highest projected concentration of SO,” in glass for the SB7a-63” (non-rad.) sludge case at a
40 wt % WL is 0.57 wt % SO,*. For coupled operations using the SB7a-63”-ARP (non-rad.)
sludge case, a 40 wt % WL resulted in a projected 0.60 wt % SO,*. These projections remain
below and right at the 0.60 wt % SO, limit set for sludge batches 3, 4, 5 and 6.5° A 0.60 wt %
SO,* limit was also expected to be adequate for SB7a, however, knowledge of the point at which
the limit would actually be exceeded was considered to be beneficial due to processing
uncertainties. The “spiking” method outlined in Section 2.1 allowed for the determination of the
S0,* solubility limit as a function of WL for each of the sludge cases and frits of interest. Since
SB7a has the possibility of processing with and without coupled operations, the SO,* limit for
SB7a with Frit 418 was determined by the sludge case which exhibited the lowest SO, solubility
over the range of waste loadings of interest.

Historically it has been observed that for certain sulfate concentration targets, the presence of
sulfate salt layers are highly dependent upon the composition variance imposed by varying waste
loadings.*® For all glasses for the Frit 418, SB7a-63” and SB7a-63"-ARP sludge cases, it was
confirmed that no sulfate salt layer formed on the surface of the test melts at 0.6 wt % SO4* up to
a waste loading of 40 %. The visual results of both sludge cases with Frit 418 as a function of
waste loading and targeted SO, content are displayed in Figure 1 and Figure 2. For the Frit 418
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and SB7a-63" sludge case glasses, sulfate layers were observed at spiking concentrations of 0.65
wt % SO,* at waste loadings of 36 and 38 wt %. At concentrations of 0.7 wt % S0,% and greater
at 34, 36 and 38 wt % WL, sulfate was also observed. A sulfur layer was not observed at 40%
WL until spiking levels of 0.80 wt % SO,* were attempted.

For the Frit 418 and SB7a-63”-ARP sludge case, it appeared the SO, limit was slightly higher
than the sludge only system with the same frit (Figure 2). A visible sulfur layer on the surface of
the glass was only observed for spiking levels of 0.80 wt % SO,* at waste loadings of 34 and 38
wt %. This apparent increase in sulfate solubility may be related to the very slight composition
differences which occur with the addition of ARP streams to the sludge waste. In glasses
fabricated with the SB7a-63"-ARP sludge type, total Fe,03, Al,Os, and SiO, decreases and Na,O
increases. This combination of the major glass formers shifting slightly demonstrates the
significance of slight composition shifts and their impact on sulfate solubility for these glass
composition regions.

0.85

0.80 AN AN AN AN

0.75 A
< 070 A A A ®
2
3 065 ° A o °
%)
2 060 ° ° ° °
(O]
2
ﬁ 0.55 -

050 1 ®no sulfur

A sulfur
0.45 -
0.40 T T T T
32 34 36 38 40 42
Waste Loading (wt%)

Figure 1. Visual observations for glasses based on Frit 418 and the SB7a-63" sludge
composition as a function of waste loading and targeted SO, content.
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Figure 2. Visual observations for glasses based on Frit 418 and the SB7a-63”-ARP sludge
composition as a function of waste loading and targeted SO, content.

Chemical analysis of elemental S by ICP-AES was also conducted on all glasses fabricated in
order to set an actual SO,* solubility limit for the Frit 418 and SB7a glass composition region for
projected processing. The concentration of SO,* retained in each glass along with visual
observations and the percent relative difference of the measured S0,% concentration from
targeted are listed in Table 3-1. A reference glass (LRM) was also measured for S during
chemical analysis in order to establish the ability to measure S accurately in the study glasses.
The LRM measurements were shown to be repeatable and were within the reported values®? (in
S0s) and can be found in Table 3-2. The data reflect (in Table 3-1) and also as are shown in
Figure 3 andFigure 4, that most compositions exhibited some loss of SO,* from what was
targeted. This can be attributed to possible volatilization since the crucibles the glasses were
melted in were only covered with a loose fitting lid.

Notice that for the Frit 418 and SB7a-63" glass system, the glasses which exhibited a sulfate layer
ata 0.65 wt % SO,* (36 and 38 wt % WL) retained 0.62 and 0.63 wt % SO,* in glass. This is still
higher than is expected to be processed during non-coupled processing. As was previously
mentioned, none of the glasses for the Frit 418, SB7a-63” and SB7a-63”-ARP sludge cases
exhibited a sulfate salt layer on the surface of the test melts at 0.6 wt % S0,% over all waste
loadings of interest (up to waste loadings of 40 %), so a 0.60 wt % SO,* for SB7a processing
would be the highest limit achievable.

12



SRNL-STI-2011-00197

Revision 0

Table 3-1. Summary of Visual Observations and Measured S0,* for Frit 418 and SB7a-63”
with and without ARP at Various SO,* Target Concentrations

Glass ID FIBt % WL | Sludge Type T;: %eé:é\_/t Of)l;g:/l(‘a d V'\\//leoa/: usrgfg. % Diff.
SL1-01 418 40 SB7a-63" 0.60 No 0.58 -3
SL1-02 418 40 SB7a-63" 0.65 No 0.72 11
SL1-03 418 40 SB7a-63" 0.70 No 0.69 -1
SL1-04 418 40 SB7a-63" 0.80 Yes 0.77 -4
SL1-09 418 38 SB7a-63" 0.60 No 0.63 5
SL1-10 418 38 SB7a-63" 0.65 Yes 0.63 -3
SL1-11 418 38 SB7a-63" 0.70 Yes 0.70 0
SL1-12 418 38 SB7a-63" 0.80 Yes 0.75 -6
SL1-17 418 36 SB7a-63" 0.60 No 0.54 -10
SL1-18 418 36 SB7a-63" 0.65 Yes 0.62 -5
SL1-19 418 36 SB7a-63" 0.70 Yes 0.64 -9
SL1-20 418 36 SB7a-63" 0.80 Yes 0.74 -8
SL1-25 418 34 SB7a-63" 0.60 No 0.60 0
SL1-26 418 34 SB7a-63" 0.65 No 0.63 -3
SL1-27 418 34 SB7a-63" 0.70 Yes 0.69 -1
SL1-28 418 34 SB7a-63" 0.80 Yes 0.74 -8
SL1-05 418 40 SB7a-63"-ARP 0.60 No 0.60 0
SL1-06 418 40 SB7a-63"-ARP 0.65 No 0.63 -3
SL1-07 418 40 SB7a-63"-ARP 0.70 No 0.65 -7
SL1-08 418 40 SB7a-63"-ARP 0.80 No 0.81 1
SL1-13 418 38 SB7a-63"-ARP 0.60 No 0.64 7
SL1-14 418 38 SB7a-63"-ARP 0.65 No 0.63 -3
SL1-15 418 38 SB7a-63"-ARP 0.70 No 0.64 -9
SL1-16 418 38 SB7a-63"-ARP 0.80 Yes 0.76 -5
SL1-21 418 36 SB7a-63"-ARP 0.60 No 0.64 7
SL1-22 418 36 SB7a-63"-ARP 0.65 No 0.57 -12
SL1-23 418 36 SB7a-63"-ARP 0.70 No 0.69 -1
SL1-24 418 36 SB7a-63"-ARP 0.80 No 0.78 -3
SL1-29 418 34 SB7a-63"-ARP 0.60 No 0.60 0
SL1-30 418 34 SB7a-63"-ARP 0.65 No 0.68 5
SL1-31 418 34 SB7a-63"-ARP 0.70 No 0.68 -3
SL1-32 418 34 SB7a-63"-ARP 0.80 Yes 0.74 -8
Table 3-2. Measured LRM SO; Concentrations for Each Set of Glasses Submitted for

Analytical Analysis

LRM ID Wt % SO
LRM (A) 0.23
LRM (B) 0.23

LRM Target* 0.2

LRM Measured 03

(Round Robin)*?
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Figure 3. Visual observations for glasses based on Frit 418 and the SB7a-63 sludge
composition as a function of waste loading and measured SO,* content.
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Figure 4. Visual observations for glasses based on Frit 418 and the SB7a-63”-ARP sludge
composition as a function of waste loading and measured SO,* content.
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Another frit and sludge system was examined during the course of the study. Frit 702 was also
recommended as a viable frit for SB7a processing’ and was used to evaluate whether the frit
could achieve similar if not better SO,* solubility properties for SB7a if projected concentrations
of SO, increased from those projected by SRR on 12-8-10. A smaller matrix of glasses was
fabricated than what was conducted for the same sludge cases with Frit 418. Glasses with waste
loadings of 34, 36, 38 and 40 wt % and S0,% concentrations of 0.7 and 0.8 wt % were fabricated
for both SB7a-63” and SB7a-63”-ARP and exhibited the same visual results (shown in Figure 5).
No visible sulfur layer was found on the surface of any of the glasses fabricated with Frit 702
even with the elevated concentrations of SO,* levels in glass.
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Figure 5. Visual observations for glasses based on Frit 702 and the SB7a-63" sludge case
and the SB7a-63”-ARP sludge case as a function of waste loading and targeted SO,” content.

Chemical analysis of elemental S by ICP-AES was also conducted on all glasses fabricated in the
Frit 702 system in order to evaluate the total retention of SO,* as compared to the Frit 418 system.
The concentration of SO, retained in each glass along with visual observations and % relative
difference of the measured SO,> concentration from targeted are listed in Table 3-3. There were
no major differences evident in the percent differences from targeted to measured concentrations
of SO,* between the two frits. Again, most glasses exhibited some loss of S0,% from what was
targeted. This can also be attributed to possible volatilization since the crucibles the glasses were
melted the same way, in crucibles with only a loose fitting lid. A visual plot of the measured
S0,% concentration for the Frit 702 and SB7a-63” and SB7a-63”-ARP glasses are shown in
Figure 6 and Figure 7. No apparent trend in retained SO,* as a function of waste loading was
observed, but a number of glasses could retain as high as 0.79 wt % SO,* in glass when 0.80
wt % SO,* was targeted. From this small matrix study, it is highly probable that Frit 702 could
increase the SO, limit for the projected SB7a waste processing higher than 0.60 wt % SO,%,
which was found as the highest achievable limit for Frit 418. It is possible that the SO, limit for
the SB7a-Frit 702 projections could be as high as 0.80 wt % SO,”, but a small number of
additional glasses would have to be fabricated to confirm the exact number since no glasses
exhibited any visual evidence of sulfur on their surfaces.
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Table 3-3. Summary of Visual Observations and Measured S0,* for Frit 702 and SB7a-63”

with and without ARP at Various SO,* Target Concentrations

Glass ID FIrD't % WL | Sludge Type T(‘;: %eép.’t Of)l;g:/:a d V'\\//le;: Lé'g?z. % Diff.
SL2-01 702 40 SB7a-63" 0.70 No 0.61 -13
SL2-02 702 40 SB7a-63" 0.80 No 0.74 -8
SL2-05 702 38 SB7a-63" 0.70 No 0.67 -4
SL2-06 702 38 SB7a-63" 0.80 No 0.78 -3
SL2-09 702 36 SB7a-63" 0.70 No 0.65 -7
SL2-10 702 36 SB7a-63" 0.80 No 0.71 -11
SL2-13 702 34 SB7a-63" 0.70 No 0.71 1
SL2-14 702 34 SB7a-63" 0.80 No 0.74 -8
SL2-03 702 40 SB7a-63"-ARP 0.70 No 0.69 -1
SL2-04 702 40 SB7a-63"-ARP 0.80 No 0.77 -4
SL2-07 702 38 SB7a-63"-ARP 0.70 No 0.67 -4
SL2-08 702 38 SB7a-63"-ARP 0.80 No 0.76 -5
SL2-11 702 36 SB7a-63"-ARP 0.70 No 0.65 -7
SL2-12 702 36 SB7a-63"-ARP 0.80 No 0.79 -1
SL2-15 702 34 SB7a-63"-ARP 0.70 No 0.68 -3
SL2-16 702 34 SB7a-63"-ARP 0.80 No 0.77 -4
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Figure 6. Visual observations for glasses based on Frit 702 and the SB7a-63" sludge

composition as a function of waste loading and measured SO,* content.
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Figure 7. Visual observations for glasses based on Frit 702 and the SB7a-63"-ARP sludge
composition as a function of waste loading and measured SO,* content.

4.0 Conclusions

Experiments conducted in this study examined SO, retention and partitioning on a crucible scale
as a function of composition from two sludge processing scenarios, two recommended frits and
targeted operating windows for SB7a. A targeted 0.6 wt % SO,* for waste loadings of 34 % to
40 % WL for Frit 418 and sludge cases SB7a-63” and SB7a-63”-ARP resulted in no partitioning
of SO,” to a salt layer visible to the surface of the glass. When varying levels of SO,* were
targeted for the Frit 418 and SB7a-63” and SB7a-63"-ARP sludge systems at waste loadings of
34 % to 40 %, a strong correlation to sulfur partitioning and waste loading was not observed. The
level of SO,* at which a visible sulfur layer was observed changed with slight composition
differences (i.e., different waste loadings and the inclusion of the ARP stream).

The glasses with the lowest sulfate solubility limit, based on waste loading-sludge with Frit 418
were found at 36 and 38 wt % WL for the sludge only case (SB7a-63”). While a targeted 0.6
wt % SO,* concentration in glass resulted in no observed sulfur layer, at the slightly higher
concentration of 0.65 wt % SO,% both of these glasses exhibited sulfate on the surface and
retained 0.62 and 0.63 wt % SO, in glass respectively. Due to the lower retention at the waste
loadings of 36 and 38 wt % WL with Frit 418 and the sludge only case (SB7a-63”), a 0.60 wt %
S0,Z limit would be the limit for processing SB7a. A 0.60 wt % S0,% limit would still be
conservative as a feed limit for SB7a processing, since the current projected concentrations of
S0, for those particularly low solubility glasses would be 0.51 and 0.54 wt % SO,* for SB7a-
63” and 0.54 and 0.57 wt % SO, for coupled operations (SB7a-63"-ARP) at the aforementioned
waste loadings. Even more of a buffer is present since these projected concentrations of SO, are
on a non-radioactive basis that is, with U3;Og and ThO, removed from the total sum of oxides, the
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total SO,> and the rest of the glass components are increased due to renormalization. It is also
expected that the inclusion of the radioactive elements will not decrease the S0,% limit observed.

When Frit 702 was examined for sulfur solubility with the SB7a sludge projections, an increase in
the SO, limit from the Frit 418 system was observed. For either sludge case, spiking levels as
high as 0.80 wt % SO, in glass resulted in no evidence of sulfur partitioning to the glass surface
across the same waste loadings. These glasses, in some cases, achieved measured retention of
S04 as high as 0.79 wt % in glass, but saw no evidence that relative retention for any given
combination of WL and spiking concentration was any different than when Frit 418 was used. If
there is the potential that SO,% concentrations in SB7a are higher than projected and ultimately
limit waste loadings given the 0.6 wt % limit determined with Frit 418, then Frit 702 is a viable
option in order to increase the S0O,% limit. Since the limit for SB7a and Frit 702 is above what
was tested, a small number of additional glasses would have to be fabricated to confirm the
highest SO, limit achievable if Frit 702 becomes an option.

It is important to recognize that SRNL only examined two sludges and one frit scenario in great
detail in order to determine how high of a SO,* limit could be obtained (specifically with Frit
418). This limit for both SB7a sludge cases with Frit 418 was 0.60 wt % SO,. Any
compositional variation or uncertainty in higher concentrations of SO,* expected during
processing could mean a change in the behavior of sulfur partitioning and a slightly different limit.
From experimental results, a higher limit is expected with SB7a projections and Frit 702.

More uncertainty is involved when up-scaling to the DWPF melter and DWPF sludge processing.
Vapor space conditions differ greatly in the large scale DWPF melter from those of a crucible in
an electrically heated furnace. Varying REDOX state could also change the behavior of sulfur
partitioning and result in a slightly different limit. In a previous study,® fabricating glasses using
feed material, frit and sealed crucible tests at the targeted 0.2 Fe**/TFe REDOX value did not
change the outcome of sulfate salt partitioning as compared to glasses fabricated using batched
chemicals in covered crucibles. Ultimately, the actual amount of sulfate retained in the glass, and
the amount that will volatilize or partition onto the surface will depend greatly upon the
aforementioned conditions as well as various others. The experimental methods used to
determine the SO,* concentration limit in glass for this study are conservative because they do
not account for SO, volatility known to occur in liquid feeding. Because not all of the melter
conditions can be simulated on a laboratory scale accurately,”*** the results from this study
should be assessed as a stepping stone to evaluate SO,* retention in DWPF glass more in line
with DWPF processing, in order to reduce some of the unknowns for future studies.

5.0 Recommendations and Future Work

It is recommended that, with Frit 418 expected to be used for SB7a processing and the received
projections at 63” heel case in Tank 40, DWPF process SB7a with a limit of 0.6 wt % SO, in
glass. If the final composition is very similar to the projected sludge composition from SRR on
12-08-10, ¢ a limit of 0.60 wt % SO,* would be sufficient. Any increase in the projected
concentration of SO,* would result in the possibility of exceeding the SO, limit set with Frit 418.
One recommendation from SRNL is to change to Frit 702 for SB7a processing because of the
higher sulfur tolerance observed in this study. If greater composition variation is seen prior to
processing (heel level, higher expected waste loadings, change in washing endpoint, etc), or if a
higher sulfate limit appears necessary, SRNL can evaluate the new projected region for the

¢ Sludge projections were received via personal communication from Daniel Mcilmoyle to David Peeler and Hasmukh
Shah 12-08-2010.
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applicability of the 0.60 wt % SO,* limit in glass or determine the upper SO,* limit in order to
provide an additional recommendation.

It is also recommended that DWPF consider supporting further investigation of the dependence of
S0,” retention related to glass composition. If enough of a correlation between SO,* retention
and composition can be resolved, models could be developed and confirmed resulting in a less
intense experimental need for SO, limit determination for each sludge batch. To date, over 350
glass compositions have been generated and evaluated for elevated (>0.60 wt % SO, in glass)
S0,* concentrations, however, most of these glasses targeted only two different sludge batches
which makes them limited in their composition variation. A more “global” approach (similar to
what SRNL has already started"®) could lead to a more general limit which could apply to all
future sludge batches. Also, since out-year processing targets higher waste loadings and the
possible addition of sulfur laden waste streams, investigation of a frit additive in order to increase
SO,% retention should warrant further investigation. Some success has been seen to date with
additives such as CaO and V,0s.®*®  Another approach would be further examining and
modeling the DWPF melter conditions in order to calculate how much volatilization of SO,% is
occurring during current and future processing conditions (effect of off-gas system, melter vapor
space, implementation of bubblers, etc.). This approach could allow DWPF to assume some
technical risk in implementing a higher limit with consideration that volatility will, in fact, occur.
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