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This report was prepared by Battelle Memorial Institute (Battelle) as an account of
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The test results and this report have been reviewed and verified.

Approved:
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Summary

Objectives

This document describes work performed under Battelle — Pacific Northwest Division (PNWD) Test
Plan TP-RPP-WTP-104 Rev 0 “AP-101 Melter Feed Rheology Testing”. The objective of this report isto
present physical and rheological properties of AP-101 waste that isin a state Similar to two streams
anticipated in the Waste Treatment Plant (WTP). The first stream considered was the pretreated
Low-Activity Waste (LAW) stream that consists of the effluent from the Cesium and Technetium ion
exchange columns. The second stream is the LAW melter feed material. This material consists of the
pretreated LAW waste stream mixed with a formulation of glass former chemicals.

Conduct of Testing

The measurement of physical properties described in this document were performed in accordance
with Guidelines for Performing Chemical, Physical, and Rheological Properties Measurements
(24590-WTP-GPG-RTD-001 Rev 0). Pretreated AP-101 materia at a Na concentration of 4.9 M was the
source material for al measurements in this document. Initially, the 49 M Na pretreated material was
evaporated to several other Na concentrations (6 M, 8 M, and 10 M). It was observed that the materid at
4.9 M Nadid not contain visible solids. However, solids did precipitate during the evaporation to 6 M,

8 M, and 10 M Na concentrations. These solids were identified to be primarily sodium nitrate and
possibly potassum carbonate. The quantity of these phases precipitating increased with increasing
sodium concentration. A minor phase, nitrate-cancrinite (nitrate form of
(Na,CaK)-AlsSisO,4(COs), 622.1H,0), increased in concentration with increasing sodium concentration.
The solidsat 6 M, 8 M, and 10 M Na appeared similar in chemistry with increasing wt% solids at higher
Na concentrations. The6M, 8 M, and 10 M Na samples were mixed to suspend the solids and aiquots
from each of these samples were drawn. The settling behavior of the solids at 6 M and 8 M Na
concentrations were characterized at 25°C and 40°C®. Next, physical properties were determined for the
6M, 8M, and 10 M Nasamples at 25°C. Then an additional set of physical properties measurements at
40°C were performed on the 6 M and 8 M Na samples. Lastly, a Haake RS300 rheometer was used to
measure the rheological properties of the4.9M, 6 M, 8 M, and 10 M Na samples at 25°C and 40°C.

The 6 M and 8 M Na pretreated waste samples were then mixed with project approved glass former
chemicalsin aformulation consistent with “LAWA-126". This material should be considered
representative of the LAW melter feed stream in the WTP. The melter feeds were agitated to suspend the
solids and aliquots were drawn from both homogenized samples at room temperature. The settling
behavior of these 6 M and 8 M Namelter feed aliquots was measured at 25°C and 40°C. Physical
property measurements were then performed on these aliquots at 25°C and 40°C. Next, the samples were
alowed to remain undisturbed for a 48-hour period at atemperature of 40°C. A shear vane was used with
a Haake RS300 rheometer to determine the 6 M and 8 M Na LAW mélter feed settled solids shear
strength at 40°C. The rheologica properties of the 6 M and 8 M Na LAW melter feeds were measured
with a Haake RS300 rheometer at 25°C and 40°C. A series of rheological measurements onthe 8 M Na
melter feed sample based on mixing/aging times of 1 hour, 1 day, and 1 week were performed. Particle
size measurements on the 6 M Namelter feed sample were a so performed.

a 40°C was used throughout thistesting asit is close to the expected operating temperature of the WTP
b LAWA-126 isaglassformulation developed by Vitreous State Laboratory (VSL) at the Catholic
University of America.



Resultsand Perfor mance Against Objectives

The results from the testing of the AP-101 pretreated waste at 4.9 M, 6 M, 8 M, and 10 M Na
concentrations are summarized in Table S.1. Based on rheologica characterization, the material appeared
to be Newtonian in nature with average viscosities ranging from approximately 2 cPto 12 cP. As
expected, the measured viscosity increases with Na concentration and decreases with increased
temperature. These viscosity measurements fall within the pretreated LAW bounding conditions of
0.4-15 cP (Poloski et d., 2002). Consistent with visual observations, the amount of undissolved solids
appears to increase as the sample is evaporated indicating that the sample is saturated with respect to
sodium nitrate and possibly a potassium carbonate. A minor phase, nitrate-cancrinite, increased in
concentration with increasing sodium concentration. With this in consideration, the physical properties of

these samples appear to be self-congstent.

Table S.1. Summary of AP-101 Pretreated LAW M easurements?

Description Units 49M Na 6M Na 8M Na 10M Na
Newtonian Viscosity cP 25°C: 35 25°C: 5.2 25°C: 8.0 25°C: 11.8
40°C: 2.5 40°C: 3.6 40°C: 5.4 40°C: 7.2
Bulk Dengity g/mL 1.259 25°C: 1.325 25°C: 1.399 1.461
40°C: 1.293 40°C: 1.360
Density of Settled Solids g/mL c b b d
Density of Centrifuged Solids g/mL c b b d
Supernatant Density g/mL 1.259 1.33 1.40 1.45
Average Particle Density g/mL c b b d
72 hr Vol% Settled Solids % 25°C: 3.8 25°C: 9.9 d
40°C: 2.3 40°C: 8.4
V0l% Centrifuged Solids % 19 6.8 d
V0% undissolved solids c b b d
V0l% undissolved solidsin % c b b d
settled solids
V0l% undissolved solids in % c b b d
centrifuged solids
Wit% settled solids % c b b d
W1% centrifuged solids % c b b d
W1t% Tota dried Solids % d 35.8 25°C: 43.0 49,0
40°C: 43.0
W% Dissolved Solids % d 35.8 25°C: 42.3 453
40°C: 42.5
W1t% Undissolved Solids % c b 25°C: 1.2 6.7
40°C: 0.81
Wt% Undissolved Solids in % c b b d
Settled Solids
Wit% Undissolved Solids in % c b b d
Centrifuged Solids

a Unless otherwise stated measurements were taken at 25°C
b Too little solids to quantify

¢ No solidsvisiblein 4.9 MNa feed

d Not measured as part of scope




The results from the tests performed on the melter feed material are summarized in Table S.2. The
AP-101 melter feed material appeared to be Newtonian in nature with average viscosities ranging from
approximately 10 cP to 40 cP depending on Na molarity and measurement temperature. Note that shear
strength measurements were performed on the settled solids severa times on both samples, and the order
of magnitude higher shear strength of the 6 M Na sample over the 8 M Na sample appears vaid (see
Section 5.0). One possible explanation for this behavior could be the higher degree of precipitated solids
inthe 8 M Nasystem. These precipitated solids could disrupt the settled solids “network” resulting in the
observed lower shear strength in the 8 M Nasample. Note that the melter feed formulation required a
larger quantity of glass former chemicals to be added to the 8 M sample on a per volume basis (see
Section 2.0). With thisin consideration, the physical properties of these samples appear to be self-
consistent. The packing efficiency of the settled solids samples appears to decrease as temperature
increases. Thisis demonstrated by the observed increase in settled solids volume percent at elevated
temperatures while the weight percent undissolved solids remains relatively constant.



Table S.2. Summary of AP-101 LAW Mélter Feed M easurements

Description Units 6 M Na 8 M Na
Viscosity cP 25°C: 13.2 25°C: 39.9
40°C: 9.7 40°C: 27.0
Settled Solids Shear Strength at 40°C Pa 790 79
pH (at ambient) - 12.3 125
Bulk Density 25°C: 1.645 25°C: 1.742
g/mL 40°C: 1.587 40°C: 1.734
Dengity of Settled Solids 25°C: 1.95 25°C: 1.97
g/mL 40°C: 1.78 40°C: 1.81
Dengty of Centrifuged Solids 25°C: 2.11 25°C: 2.11
g/mL 40°C: 1.99 40°C: 2.04
Supernatant Density 25°C: 1.34 25°C: 1.39
o/mL 40°C: 1.30 40°C: 1.38
Average Particle Density g/mL 25°C: 3.10 25°C: 3.01
40°C: 3.13 40°C: 3.17
72 hr Vol% Settled Solids 25°C: 49.9 25°C: 60.3
% 40°C: 60.1 40°C: 81.7
Vol% Centrifuged Solids 25°C: 39.9 25°C: 49.3
% 40°C: 41.4 40°C: 54.3
Vol% Undissolved Solids 25°C: 17.5 25°C: 21.8
% 40°C: 15.9 40°C: 19.7
Vol% Undissolved Solids in Settled Solids 25°C: 34.8 25°C: 36.0
% 40°C: 26.8 40°C: 24.2
V0l% Undissolved Solids in Centrifuged 25°C: 43.8 25°C: 44.2
Solids % 40°C: 38.9 40°C: 36.4
Wi% Settled Solids 25°C: 59.5 25°C: 68.6
% 40°C: 67.1 40°C: 85.4
W1t% Centrifuged Solids 25°C: 51.2 25°C: 59.6
% 40°C: 52.1 40°C: 63.7
Wi. % Tota Dried Solids 25°C: 58.0 25°C: 65.3
% 40°C: 58.1 40°C: 65.2
Wi. % Dissolved Solids 25°C: 37.3 25°C: 44.1
% 40°C: 35.3 40°C: 44.8
Wit. % Undissolved Solids 25°C: 329 25°C: 37.7
% 40°C: 31.4 40°C: 36.0
W1% Undissolved Solids in Settled Solids 25°C: 55.3 25°C: 54.9
% 40°C: 46.6 40°C: 47.4
W1% Undissolved Solids in Centrifuged 25°C: 64.3 25°C: 63.2
Solids % 40°C: 60.6 40°C: 56.7

Glass former chemicals were continuoudly mixed with an AP-101 8 M Na pretreated waste sample.
At intervals of one hour, one day, and one week, the rheology and pH of the sample was measured. After
the one-week interval, the rheological properties of the settled solids portion of the sample were
measured. Lastly, the shear strength of the one-week mixed material was measured. Results from these
tests are shown in Table S.3.

As expected, at higher temperatures the viscosity of the melter feeds drops. At 25°C the
mixing/aging viscosity measurements increase after one day of mixing. At 40°C the mixing/aging
viscosity values increase after one week of mixing. While increasing over the one-week mixed/aged
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period, the viscosity of the 8 M Na LAW melter feed was less than or comparable to that observed for the
8 M NaLAW melter feed a 25°C and 40°C reported in Table S.2. The materia used in the
measurements reported in Table S.1 has a mixing/aging history of being mixed for one hour and aged for
one month. Since the materia in the WTP is not anticipated to be mixed and aged for this extended
period, the viscosity of the actua durry should be bounded by testing described in this report. These
measurements fall within the LAW melter feed bounding conditions (Poloski et a., 2002) of Bingham
plastic consistency index between 0.4-90 cP and Bingham plastic yield index not to exceed 15 Pa.

The pH of the melter feed sample was aso measured during the mixing/aging portion of the study.
Results of these measurements are shown in Table S.3. The pH of the sample remains the same as the
reported value of 12.5 (see Table S.2) throughout the mixing/aging process.

Rheology of the settled solids portion of the one-week mixed sample indicates Bingham Plastic
behavior. Both the consistency and yield indices decrease with increasing temperature. These
measurements fall outside the LAW melter feed bounding conditions (Poloski et a., 2002) of Bingham
plastic consistency index between 0.4-90 cP and Bingham plastic yield index not to exceed 15 Pa. Shear
strength on the settled solids fraction was aso measured. The shear strength of the sample exhibits a high
degree of sengitivity to temperature with avalue of approximately 2600 Pa at ambient temperature and
610 Paat 40°C. Poloski et a. (2002) demonstrated that design challenges may be faced with materias
possessing a shear strength above approximately 625 Pa.

Table S.3. Summary of 8M Na AP-101 LAW Méter Feed Mixing/Aging M easur ements

Description Units Ambient 25°C 40°C
(~23°C)

Viscosity (1-hr cP NM 24.7 19.8
mixing time)
Viscosity (1-day cP NM 30.6 21.6
mixing time)
Viscosity (1-wk cP NM 31.0 28.7
mixing time)
pH (1-hr mixing -- 125 NM NM
time at ambient)
pH (1-day mixing - 125 NM NM
time at ambient)
pH (1-wk mixing -- 125 NM NM
time at ambient)
Bingham Plastic -- NM Consistency (cP): 177.8 Consistency (cP): 128.2
Indices of Settled Yield (Pa): 21.8 Yield (Pa): 6.1
Solids (1-wk mixing
time)
Shear Strength of Pa 2600 NM 610
Settled Solids (1-wk
mixing time)

NM — Not measured as part of scope.
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The particle size distribution of a6 M Namelter feed sample was measured. Initialy, a calibration
check on the particle size instrument was performed. The number basis mean results were within
approximately 15% of the NIST traceable values. Due to deterioration of the particle size instrument, the
typical 10% difference between the number basis mean results and NIST traceable values of the Duke
Scientific particle size standards could not be reached. The particle size distribution from the 6 M Na
melter feed sample is shown in Figure S.1. The particle size distribution exhibits two maor peaks, onein
approximately the 2 to 7 mm range and the other in approximately the 10 to 20 nm range. The resulting
mean particle size on avolume, basisis 9.2 nm. Approximately 10 vol% of the particles are below 2.6
mm, 50 vol% (i.e., median value) below 7.6 mm, 90 vol% below 18.2 mm, and 95 vol% below 20.2 mm.

The particle size distribution of a LAWA-126 glass former mix in deionized water sample was a so
measured. The resulting particle size distribution is shown in Figure S.1. The particle size distribution
exhibits two major peaks, one in approximately the 0.5 to 1.5 mm range and the other in approximately
the 5to 40 mm range. The resulting mean particle size on avolume basisis 19.9 nm. Approximately
10 vol% of the particles are below 1.1 mm, 50 vol% (i.e., median vaue) below 17.2 mm, 90 vol% below
43.8 mm, and 95 vol% below 50.8 mm.
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Quality Requirements

PNWD implemented the River Protection Project (RPP)-WTP quality requirements by performing
work in accordance with the quality assurance project plan (QAPjP) approved by the RPP-WTP Quality
Assurance (QA) organization. Thiswork was conducted to the quality requirements of NQA-1-1989 and
NQA-2a-1990, Part 2.7 asinstituted through PNWD’ s Waste Treatment Plant Support Project Quality
Assurance Requirements and Description (WTPSP) Manud.

PNWD addressed verification activities by conducting an Independent Technical Review of the fina
data report in accordance with procedure QA-RPP-WTP-604. Thisreview verified that the reported
results were traceable, that inferences and conclusions were soundly based, and the reported work
satisfied the Test Plan objectives.

I ssues

The results from this test rai se the following issues in regard to processing these materias through the
WTP:

- Theviscosities of the4.9M to 10 M Na pretreated LAW at 40°C are within the pretreated LAW
bounding recommendations of 0.4 to 15 cP (Poloski et a., 2002) indicating that the material is
relatively easy to transport. Concentration of the pretreated LAW above 10 M Namay lead to
transport issues. However, 10 M Na pretreated LAW may not be suitable for processing asthis
material contains 6.7 wt% undissolved solids. This exceeds the current bounding criteria of
2 wt% set forth on the WTP contract and may be too high of an undissolved solids concentration
for plant operation.
The6M and8M Namelter feed suspensions at 40°C exhibited Newtonian behavior with
viscosities which are easily within the LAW melter feed bounding conditions (Poloski et al.,
2002) of a Bingham plastic consistency index between 0.4-90 cP and a Bingham plastic yield
index not to exceed 15 Pa. Thisindicates that the material is relatively easy to transport.
Rheological measurements on the settled solids portion of the melter feed produce values outside
this acceptable range. 1f the melter feed is not kept suspended, transport difficulties may arise.
The timeframe by which transport difficulties may arise due to loss of process agitation has not
been determined.
The AP-101 LAW melter feed shear strength data indicates that difficulties could arisein
operations that involve moving the material from a settled configuration. Thisislikely to happen
during plant upset conditions. Examples of such operationsinclude: 1) resuspending this
material from a settled solids configuration in amixing vessel; and 2) initiating pipeline flow with
material that has settled in the pipe. Poloski et al. (2002) established a maximum bounding
condition for shear strength at 625 Pa. When shear strength exceeds this value, process
difficulties may be encountered. The timeframe by which transport difficulties may arise due to
loss of process agitation has not been determined.

0 The settled solids shear strength of the 6 M Na melter feed materia is higher than
expected (790 Paat 40°C).

0 The settled solids shear strength of the 8 M Na melter feed sample was an order of
magnitude lower than the 6 M Na melter feed sample. This could be aresult of
mixing the glass formers with the solids that precipitated as the solution was
evaporated to 8 M Na. The measured shear strength of the 8 M Namelter feed was
79 Paat 40°C. However, after aone-week mixing period, the settled solids shear
strength of the 8 M Na melter feed dramatically increased to approximately 610 Pa
a 40°C. The shear strength increased further at ambient temperature (approximately
23°C) to 2600 Pa.
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Definitions
Apparent Viscosity— The measured shear stress divided by the measured sheer rate.
Density — The mass per unit volume.
Interstitial Solution— The solution contained between the suspended solid particles of a dudge sample.
Newtonian Fluid — A fluid whose apparent viscosity is independent of sheer rate.
Non-Newtonian Fluid — A fluid whose apparent viscosity varies with shear rate.
Rheogram/Flow Curve — A plot of shear stress versus shear rate.

Shear Strength — The minimum stress required to initiate fluid movement as determined by the vane
method. This definition is different from “yield stress” which is defined below.

Sludge — Wet solids having little or no standing liquid, (i.e., mud-like).
Slurry — A mixture of solids and solution.
Solution— A liquid phase possibly containing dissolved material.

Supernatant Liquid — A liquid phase overlying material deposited by settling, precipitation, or
centrifugation.

Solids Settling Rate — The rate at which solids in a homogenized sample settle. Thisistypically the
change in the settled solids interface height as a function of time.

Vol% Settled Solids — The percentage of the volume of the durry sample that the settled solids occupy
after settling for 72 hours under one gravity. These settled solids will contain interstitial solution.

Vol% Centrifuged Solids — The volume of the solids layer that separates from the bulk durry after
1 hour of centrifugation at 1000 gravities divided by the total sample volume on a percentage basis.
These centrifuged solids will contain interstitial solution.

W1t% Total Oxides— The percentage of the mass of the bulk sample that remains after converting all
non-volatile elements to oxides. Some volatile elements such as cesium might be lost in this process.

W1t% Dissolved Solids — The mass of dissolved species in the supernatant liquid divided by the total
mass of the supernatant liquid on a percentage basis. This definition is the same as “Wt% Dissolved
Solids’ from Table 4-2 (a) from the R& T plan, document number 24590-WTP-PL-RT-01-002, latest
revision, for waste sample dlurries. Thisis aso the same at “Wt% Oven Dried Solids’ from Table 4-2 (b)
from the R& T plan, document number 24590-WTP-PL-RT-01-002, latest revision, for the liquid fraction
andysis. Thisisalso the same at the “Wt% Soluble Solids’ from Table 4-2 (c) from the R& T plan,
document number 24590-WTP-PL-RT-01-002, latest revision, for the HLW solids analyses.
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W1t% Total Dried Solids — The percentage of the mass of the sample that remains after removing
volatiles including free water by drying at 105 + 5°C for 24 h. This definition is the same as “W1t% Tota
Dried Solids’ from Table 4-2 (a) from the R& T plan, document number 24590-WTP-PL-RT-01-002,
latest revision, for waste sample durries.

W1t% Undissolved Solids — A calculated value reflecting to the mass (on a percent basis) of solids
remaining if al the supernatant liquid and intergtitial solution could be removed from the bulk durry.

Yield Stress— The minimum stress required to initiate fluid movement as determined by a flow curve
using arheological model. This definition is different form “shear strength” which is defined above.
[Note: thisisthe samevaue as”Yield Strength” adelineated in Table 4.2a of the WTP R& T Plan,
document number 24590-WTP-PL-RT-01-002, |latest revision.]
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1.0 Introduction

The objectives of this work were to obtain accurate measurement of solids concentration, densities,
and rheological properties (TP-RPP-WTP-104 Rev 0) on actual AP-101 pretreated low activity waste
samples and corresponding melter feed samples. The physical and rheological properties of these process
streams are important considerations in the selection of flowsheet and processing equipment such as
mixers, pumps, piping and tanks. Measurements on actual waste are also required to verify and validate
results obtained with smulants.

Actual samples from tank AP-101 were used in thistesting. Multiple AP-101 samples were received
from Hanford’s 222-S laboratory. These samples were composited and diluted to approximately 5 M Na.
The diluted AP-101 sample was characterized by Goheen et d. (2002). Next, the diluted AP-101 materia
was processed through cesium and technetium ion exchange columns as described by Fiskum et d. (2002)
and Burgeson et a. (2002), respectively. This pretreated AP-101 Low-Activity Waste (LAW) isthe focus
of this document.

The4.9M NaAP-101 pretreated LAW was evaporated to various Na concentrations (6 M , 8M
and 10 M) for physical and rheological property measurements. The physical and rheologica properties
were measured in accordance with the Waste Treatment Plan (WTP) project approved guidelines
developed by Smith and Prindiville (2002). Rheological testing was conducted at 25°C and 40°C. Settling
and physica properties testing was conducted at ambient (nominaly 23°C to 25°C) and 40°C. For this
work, ambient is reported as 25°C. Solids were observed to precipitate during evaporation of the
pretreated LAW to 6 M, 8 M, and 10 M Na concentrations. An effort to characterize these precipitated
solidsis discussed in this document.

Project approved glass former chemicals (CFG; Schumacher and Hansen, 2002) were added to the
6 M and 8 M Na samples to produce LAW melter feed material. Physical and rheologica properties of
these melter feed samples were measured. Mixing and aging studies were also conducted onthe 8 M Na
melter feed sample. An 8 M Na sample was placed in amixing vessel a a power to volume ratio
consistent with that expected in the WTP. Glass formers were added and the mixing continued for
1 week. During thisweek, shear stress versus shear rate analyses were conducted after 1 hour, 1 day, and
1 week. Shear strength (by vane method) and shear stress versus shear rate analyses were conducted on
the settled solids layer taken from the 1 week mixed sample.

This report describes the experimental approach and results of the testing. Specifications for this

work were provided in Test Specification Number 24590-L AW-TSP-RT-01-001. This report aso
provides the means of communicating results of testing conducted under test plan (TP-RPP-WTP-104).
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2.0 Sample Preparation Details

This section details preparation of the actual AP-101 samples used for testing. The first section
(Section 2.1) describes the history of the material and evaporation steps used to adjust the Na
concentration to replicate the feed that will be supplied to the vitrification plant from the final evaporator
in the pretreatment unit. After evaporation to adjust the Na concentration, this material is referred to as
pretreated feed. Section 2.2 describes the addition of glass former chemicals to the pretreated feed to
form the melter feed; this material is hereafter referred to as melter feed. Unless otherwise stated, all
temperatures in this work are reported to +2°C.

2.1 Pretreated Feed

The actual AP-101 waste samples used in this testing were prepared under conditions similar to those
planed in the River Protection Project Waste Treatment Plant (RPP-WTP) Flow sheet. Liquid samples
from Hanford tank 241-AP-101 were received by PNWD for process testing. The liquid samples were
composited in April of 2000. The composite was then Csion exchanged (Fiskum et a., 2002) then Tc
ion exchanged (Burgeson et ., 2002). The resulting pretreated waste (with Cs and Tc removed) was
used for testing described in this report.

Following Tc ion exchange, the pretreated waste sample had a Na concentration of 49 M. The
density of the waste was measured at ambient (~23°C). This measurement was conducted in duplicate by
placing subsamplesin 25-mL volumetric flasks of known mass. The density was then calculated by
dividing the mass by the volume. The measured densities of the two subsamples were 1.261 and
1.257 g/mL with an average value of 1.259 g/mL.

The sample was divided into four fractions and concentrated by evaporation to target Na
concentrations of 6, 8, and 10 M. Evaporations were conducted in a vacuum oven at ~50°C under
approximately 23 inches of Hg vacuum. One of the fractions was concentrated to a calculated Na
concentration of 6 M. Two of these fractions were concentrated to a calculated Na concentration of 8 M,
and the fourth sample was concentrated to a calculated Na concentration of 10 M.

During the evaporation step, precipitation was observed in the 6 M, 8 M, and 10 M Na samples.
These samples are shown in a photograph (Figure 2.1) along with a sample of the original pretreated
waste (i.e., 49 M Na). Asdescribed in Section 3.0, the 6 M Nasample contained visible solids (<1 wt%),
the 8M and 10 M Na samples contained 1.2 and 6.7 wt% undissolved solids respectively at 25°C.
Characterization at 10 M Nawas limited because the 6.7 wt% undissolved solids present after evaporation
exceeds the 2 wt% undissolved solidsis the current limit for pretreated feed to the LAW vitrification
plant.
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AP-101 Feed CoOS
Wi Cs ond T¢

Figure2.1. Evaporated Pretreated Wastes

A 5mL diquot of homogenized 10 M Na evaporated AP-101 pretreated LAW was drawn to
qualitatively investigate the solubility of the precipitated solids. A small quantity (approximately 1 mL)
of delonized water was added incrementally to the aliquot. The aiquot was then shaken and allowed to
equilibrate at ambient temperature (approximately 23°C) for approximately one hour prior to observation.
After the first addition of deionized water, the samples were centrifuged to minimize the amount of
suspended solids. The results from these observations are shown in Figure 2.2. 1t was concluded that a
fraction of these solids do not readily redissolve with the addition of deionized water after 1 hr. Thisis
probably due to dow dissolution rates. An effort to identify the species that compose these solidsis
discussed in Section 7.
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Figure2.2. 10M Na AP-101 Pretreated LAW Precipitated Solids Dissolution
2.2 Melter Feed

After physical and rheological characterization of the pretreated feed, glass former chemicals were
added to the 6 M Na sample and one of the 8 M Na samples. A second 8 M Na sample was prepared as a
melter feed for a mixing/aging study that is discussed in Section 4.4. Glass former quantities were based
on the formulation provided by the Vitreous State Laboratory (VSL) (LAWA-126). TheVSL
formulation was based on a4.85M Nafeed on a mass per liter basis. The quantities of glass formers were
first adjusted on a per liter basis to the target Na concentrations (6 M and 8 M). The masses to be added
to the 6 M Na samples were calculated using an adjustment factor of 1.24 (6 M Na/4.85M Na=1.237).
The adjustment factor for the 8 M Na sample was 1.649 (8 M Na/4.85M Na=1.649). These adjusted
masses on aliter basis were then multiplied by the volume of sample to calculate how much glass formers
to add to each sample. Table 2.1 lists the quantity and type of glass formers added to each of the two
AP-101 pretreated feed samples.

Prior to addition, the individual dry glass former congtituents were weighed into a vessel and mixed
together at the formulation ratio. The appropriate mass for addition to each of the samples was then
weighed into a unique container. The glass former mixtures were then dowly added to the samples while
the samples were stirred using an overhead mixer. Following the glass former addition, the samples were
stirred for an additional hour. Table 2.2 provides mixing information formatted to meet guidelines
developed by Smith and Prindiville (2002).

For al samplesin thiswork, a1 inch (2.54 cm) diameter impeller was used. A cylindrical bottle with
a 2.2 inch (5.5 cm) diameter was used during initial glass former addition. For the mixing/aging testing a
spherical container was used to minimize evaporation. The spherical bottle had a diameter of 3.4 in
(8.6 cm). The agitator rotational rate was chosen based on a relationship (see Equation 2.1) designed to
keep the level of power input to the mixture per unit volume constant between WTP mixer designs and
the lab-scale mixer. The following equation was used:
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Where,

po <) 3 50
N3 =C1 96" 109 PM_XEM” 2V

N = impeller speed (rpm)
V = Sample volume (ml)

+"~5
m 5D

D; = impeller diameter (cm)
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After stirring for one hour, samples were removed for physical and rheological testing. The resulting

melter feed material is shown in Figure 2.3. Physical properties and rheology measurements are
described in Sections 3 and 4 respectively.

Table2.1. GlassFormers Added to the AP-101 Samples

VSL LAWA-126 M ass Added (g)
GlassFof mullaion Starting | Starting | Starting
Recipe Vol Vol Vol
gL 576mL | 57.9mL | 100.8mL
Additive Comment 49M 6M 8M 6 M 8M 8M
Mixing/
Aging
Kyanite (Al,SOs) | Raw Kyanite, 325
Mesh 5766 | 71.733 | 95.11 4104 5.033 9.611
Orthoboric Acid Technical Grade
(HsBGy) 141.69 | 175.29 | 233.72 10.085 12.367 23.617
Wollanstonite Powder untreated,
(Casi0,) NYAN 325 Mesh 3421 | 4232 | 5643 2435 2.986 5.702
Hemetite —Red Iron | Red Iron Oxide, 325
Oxide (Fe,0s) Mesh (5001) 4397 | 5440 | 7253 3.130 3.838 7.329
Olivine (M@, SO, 325 Mesh (#180)
with some Fe,SO,) 2505 | 3099 | 4132 1.783 2.186 4.175
Ground SilicaSand | Sl-co-Sil 75, 200
(S0,) Mesh 296.87 | 367.26 | 489.68 | 21.130 25.912 49483
Rutile (TiO,) Premium Grade,
Airfloated 1699 | 21.02 | 28.02 1.209 1.483 2.832
Zincite —Zinc Oxide | KADOX-920
(ZnO) 2424 | 2999 | 39.98 1725 2.116 4.040
Zircon Sand Flour 325 Mesh
(ZrS0,) 36.66 | 45.35 | 60.47 2.609 3.200 6.111
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Table 2.2. Guiddine Reporting Format Mixing Details

Mixing Oper ation Data Needed to Compare Mixing of the M elter Feed

Melter Feed ID: LAWA-126

Processing Scale (lab/bench, pilat, or full): lab

Activity/Property Data or Explanation
Order of Chemical Additions | Dry glass formers combined then added to waste in mixing vessel
Mixing Time lhr
Impeller Speed ~400 RPM for initid GFC addition
~490 RPM for mixing/aging
Impeller Diameter 1linch (2.54 cm)
Tank Diameter ~2.2 inch (5.5 cm) for initiad GFC addition
~3.4 inch (8.6 cm) for mixing/aging
Number of Baffles 0
Size of Baffles NA
Depth of Impeller Approximately midpoint of sample
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Figure2.3. AP-101 Mdter Feed Samples Following Glass Former Chemical Additions
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3.0 Physical Properties Testing

Samples of the AP-101 pretreated feed and melter feed described in Section 2 were characterized for
selected physical properties according to the methodology defined in Section 4 of 24590-WTP-GPG-
RTD-001, Guidedlines for Performing Chemical, Physical, and Rheological Properties Measurements
Section 3.1 of this report provides the genera protocol, nomenclature, equations, and definitions from the
guidelines document. The following physical properties were al measured at 25°C with selected
properties measured at 40°C as noted and required by the Test Plan (TP-RPP-WTP-104 Rev 0):

Density of the bulk durries, settled solids, centrifuged solids, and centrifuged supernatant.
The weight percent (wt%) and volume percent (vol%) settled solids, wt% and vol% centrifuged
solids, wt% total solids, wt% tota dried solids, and wt% undissolved solids.

Under the guideline methodol ogy, settled solids are defined as the solids layer that separates from the
bulk durry after 3 days of gravity settling. Centrifuged solids are defined as the solids layer that separates
from the bulk durry after 1 hour of centrifugation at 1000 gravities. Weight percent oven dried solidsis
defined as the percent of solids remaining after oven drying the centrifuged solids fraction at 105°C.
Weight percent total dried solids is defined as the percent of solids remaining after drying the bulk sample
(solid and liquid fractions) at 105°C.

3.1 Physical Properties Measurement M ethodology

For this testing, a known mass of each durry was placed in triplicate in volume graduated centrifuge
cones. The samples were then allowed to settle for 3 days. The total mass (Mg) and volume (Vg) of the
settled solids were recorded, and the density of the bulk durry calculated (%:=Mg/Vg). These results can
be biased low due to entrained gas as well as an inability to clearly measure the total sample volume due
to material smeared on the sides of the centrifuge tubes. Therefore, the bulk durry densities were
recalculated later in the work using volumes recorded following centrifugation. Following settling, the
volume of the settled solids (V ss) and volume of the bulk sample (V) were recorded. The vol% settled
solids was then calculated (Pyss= Vss/Ve = 100%).

The settled durries were then centrifuged at approximately 1,000 times the force of gravity for
1 hour. Note that for the 40°C set of measurements, the aliquots were removed from a temperature
controlled oven at 40°C prior to the centrifugation process which occurred at ambient temperature
(~23°C). After centrifugation, the aliquots were returned to the oven where the 40°C testing temperature
was restored. All of the centrifuged supernatant was then transferred to a graduated cylinder, its mass
(Ms) and volume (V) recorded, and the density calculated (7. =Mc¢ /V ). The mass (Mcs) and volume
(Vcs) of the centrifuged solids were also recorded. In addition, the vol% centrifuged solids
(PVCS= VCS/VB, 100%) was calcul ated.

In many cases, centrifugation can result in the release of gasin the form of bubbles or foams.
Therefore, comparison of the bulk density measurements before and after centrifugation is very important
in understanding the rheology of some samples. In addition, it is possible that not all of the gasis
released from the slurry by centrifugation, so the density results following centrifugation may be biased
low.
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The centrifuged solids and supernatant aliquots were dried separately at 105°C for 24 hours. The
mass of the dried centrifuged supernatant (Mpc, ) and dried centrifuged solids (Mpcs) were then measured.
Assuming all mass lost during the drying process is water and not another volatile component, the wt%
total dried solidsin the bulk durry was calculated (Pyrs={[(Mpc.~ Ms)/(My. © Mg)]+[Mpcs/Mg]} ~
100 %), where My, isthe mass of centrifuged liquid prior to drying. Waters of hydration or volatile
organics can lead to low bias in Mpcs/Mcs. The wt% oven dried solids calculated from Pops = Mpcs /
Mcs ™ 100%.

A calculation was then performed to determine the wt% solids in the samples excluding al interstitial
liquid. Thisisreferred to asPyups The following equation was used:

MDCS 9

1_
M. = M
- S 7 _S7100% (31)

1- Moo 7 M,
MVL (4]

PM ubs

('DA'O"O':\ODO?B

This calculation assumes that: 1) the supernatant and the interstitial liquid had the same composition,
and 2) all mass loss during the drying of the centrifuged solids was water loss from interstitial liquid.

The mass percent of undissolved solids (Pyuss) in the settled solids layer can be calculated from
Equation 3.2.

(PMUDS/loo) XM B

Puuss = " 100 % (32
" M B~ (VB - VSS)?CL

The mass percent of undissolved solids (Pyucs) in the centrifuged solids layer can be caculated from
Equation 3.3.

“100 % (33)

The average particle density (7)) of the undissolved solids can be calculated from Equation 3.4.

5 = (PMUDS/]'OO)
P i_ 1- (PMUDS/:LOO)

? ?
"B *CL

The density of the settled solids (?<) can be calculated from Equation 3.5.

(34)

5 = 1
o (PMUSS/100)+ 1- (PMUSS/loo)

? 2
p ol

The density of the centrifuged solids (?.5) can be calculated from Equation 3.6.

(35)
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1
2 = (3.6)
s (PMUCS / 100) + 1- (PMUCS/ 100)
? ?
p CL
The mass percent of settled solids (Puss) in the sample can be calculated from Equation 3.7.
M AV
Pyss = % 100 % (3.7
B
The mass percent of centrifuged solids (Pycs) in the sample can be calculated from Equation 3.8.
Mes Mo
Pycs =——="100% (38
M B
The vol% of undissolved solids (Pyups) in the sample can be calculated from Equation 3.8.
(PMUDS/:I'OO) >(?B -
Puups = 5 100% (3.8
"p
The vol% of undissolved solids (Pyyss) in the settled solids can be calculated from Equation 3.9.
(4 100) x?
Puss = ( M“SS/,) ) s - 100 % (39

P

The vol% of undissolved solids (Pyycs) in the centrifuged solids can be calculated from Equation
3.10.

" 100% (3.10)

I:)VUCS -

— (PMUCS/loO) X?
?

p

3.2 Physical Propertiesof AP-101 Pretreated LAW and LAW Melter Feed

Physical properties results for each sample of the pretreated wastes and melter feed materials along
with average values can be found in Tables 3.1-3.5. Given that undissolved solids content of the 6 M Na
pretreated waste at 25°C was too low for accurate quantification (< 1 wt%), scope of the undissolved
solids testing on the 6 M Na pretreated waste at 40°C was limited to conserve actual waste quantity.
Tests on the 8 M Na pretreated waste, 6 M Na melter feed, and 8 M Na melter feed were conducted at
25°C and 40°C. Sincethe 10 M Nasample was removed from the scope of thiswork, selected testing on
the 10 M Na pretreated waste was only conducted at 25°C.



3.2.1 Densty and Solids Content

The 25°C pretreated waste contained <1, 1.2 and 6.7 wt% undissolved solidsat 6 M, 8M and 10 M
Na, respectively. The 10 M Na sample exceeds the WTP bounding criteria of 2 wt% undissolved solids
in the pretreated LAW stream. Based on the increase in solids from 6 M Nato 10 M Nain the pretreated
feed, this solution appears to be saturated and precipitates as the evaporation operations proceed. These
precipitated solids appear to dissolve at higher temperatures (i.e. 40°C). This was observed in the wt%
undissolved solids for the 8 M Nasample, which decreased from 1.2 wt% at 25°C to 0.81 wt% at 40°C.
Analyses discussed in Section 7.0 were performed to characterize the chemical composition and crystal
structure of the precipitate.

When glass former chemicals were added to the pretreated waste, the resulting melter feed had
approximately 50 vol% settled solids at 6 M Na and 60 vol% settled solids at 8 M Naat 25°C as shownin
Tables 3.4 and 3.5. Thisis consistent with the ratio of glass former chemicals added to each of the
samples. Thiswas associated with a bulk density increase from 1.64 to 1.74 g/mL and an increase in wt%
undissolved solids from 32.9 to 37.7 wt% between the 6 M Naand 8 M Na melter feed samples,
respectively at 25°C. Thisis not unexpected since most of the glass former chemicas areinsoluble. At
40°C, the solids packing appears to change, as evident by the vol% settled solids increasing by
approximately 10% for the 6 M Na melter feed sample and 20% for the 8 M Na melter feed sample while
the undissolved solids content remains relatively constant across both temperatures.
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Table3.1. Physical Propertiesof 6M Na AP-101 Pretreated Waste

Physical Property®

A-1

A-2

A-3

Average

Density — Bulk durry (g/mL)

1325 @ 25°C
1.292 @ 40°C

1.335 @ 25°C
1.289 @ 40°C

1315 @ 25°C
1.298 @ 40°C

1.325 @ 25°C
1.293 @ 40°C

Density — settled solids
(@mL)

b

b

b

b

Density — centrifuged solids
(g/mL)

b

b

b

b

Density - supernatant liquid

(gmL)

134

133

134

133

Density — average particle
(@mL)

b

b

b

b

Vol. % settled solids after 72

hours

38 @25°C
22 @ 40°C

38 @25°C
24 @ 40°C

38 @25°C
24 @ 40°C

38 @25°C
23 @40°C

Vol% centrifuged solids

1.9

2.0

1.9

1.9

V0l% undissolved solids

Vol% undissolved solids in
settled solids

V0l% undissolved solids in
centrifuged solids

W1t% settled solids

W1t% centrifuged solids

W1t% total dried solids

W1t% dissolved solids

W1t% undissolved solids

W1t% undissolved solidsin
ettled solids

W1t% undissolved solids in
centrifuged solids

b
b
b
b
b
35.1
35.2
b
b
b

b
b
b
b
b
36.7
36.7
b
b
b

b
b
b
b
b
35.6
35.6
b
b
b

b
b
b
b
b
35.8
35.8
b
b
b

a Unless otherwise stated measurements were taken a 25°C.

b too little solids to quantify.




Table 3.2. Physical Propertiesof 8M Na AP-101 Pretreated Waste

Physical Property® Temperature B-1 B-2 B-3 Average
- 25°C: 1.407 1.389 1.402 1.399
Density — Bulk dlurry (g/mL) 40°C: 1364 | 1365 | 1352 | 1360
Density — settled solids (g/mL) igg a a a a
Density — centrifuged solids 25°C: a a a a
(g/mL) 40°C:
Density - supernatant liquid 25°C: 141 1.40 141 1.40
(g/mL) 40°C:
Density — average particle 25°C: a a a a
(g/mL) 40°C:;
Vol. % settled solids after 72 25°C: 9.4 10.2 10.0 9.9
hours 40°C: 8.0 8.2 9.0 84
V0l% centrifuged solids 25°C. 6.7 65 71 6.8
40°C:
. . 25°C: a a a a
Vol % | I
0l% undissolved solids 100
Vol% undissolved solids in 25°C: a a a a
settled solids 40°C:
V0l% undissolved solids in 25°C: a a a a
centrifuged solids 40°C:
W% settled solids 25°C. a a a a
40°C:
. . 25°C: a a a a
0,
W1t% centrifuged solids 10°C
. : 25°C: 429 43.0 43.1 43.0
W1t% totd dried solids 200 429 429 131 130
. . 25°C: 42.3 42.3 42.2 423
W% dissolved solids 40°C: 04 | w24 | 427 425
. , 25°C: 1.0 12 15 12
W% undissolved solids 100 0.86 078 0.80 081
W1t% undissolved solids in 25°C: a a a a
settled solids 40°C:
W1t% undissolved solidsin 25°C; a a a a
centrifuged solids 40°C:

a too little solids to quantify.
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Table 3.3. Physical Propertiesof 10 M Na AP-101 Pretreated Waste at 25°C

Physical Property C-1 C-2 C-3 Average
Density — Bulk durry (g/mL) 1441 1473 1.468 1.461
Density — supernatant liquid (g/mL) 144 145 145 145
W1% total dried solids 49.6 51.3 46.2 49.0
W% dissolved solids 46.0 48.1 41.7 45.3
W% undissolved solids 6.6 5.9 7.7 6.7
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Table3.4. Physical Propertiesof 6M Na AP-101 Melter Feed

Physical Property Temperature | Met-A-1 | Melt-A-2 | Melt-A-3 | Average
: 25°C: 1.645 1.646 1.643 1.645
Density — Bulk slurry (g/mL) 40°C: 1590 1586 1586 1587
Density — settled solids 25°C: 195 1.95 1.94 1.95
(9/mL) 40°C: 177 1.78 1.79 1.78
Density — centrifuged solids 25°C: 212 212 2.08 211
(g/mL) 40°C: 197 2.00 201 1.99
Density — supernatant liquid 25°C: 133 134 134 1.34
(o/mL) 40°C: 131 1.30 1.29 1.30
Density — average particle 25°C: 3.22 3.10 2.99 310
(g/mL) 40°C: 2.25° 311 3.15 313
Val. % settled solids after 72 25°C: 50.6 49.7 494 499
hours 40°C: 60.4 60.7 59.1 60.1
. . 25°C: 40.2 39.2 40.4 39.9
Vol. % centrifuged solids 20°C- 423 411 409 414
. . 25°C: 16.8 175 18.2 175
VOI% Undl S)lV&j %llds 40°C 298a 160 159 159
V0l% undissolved solids in 25°C: 33.0 349 36.5 34.8
settled solids 40°C: 49.3° 26.7 26.8 26.8
V0l% undissolved solids in 25°C: 41.8 44.6 45.0 43.8
centrifuged solids 40°C: 70.4° 38.9 38.8 38.9
- 25°C: 60.4 59.3 58.8 59.5
W% settied solids 40°C: 67.4 67.3 66.7 67.1
. . 25°C: 51.8 50.6 51.2 51.2
Wit% centrifuged solids 40°C- 525 519 518 501
- - 25°C: 58.2 57.9 58.0 58.0
Wit total dried solids 40°C: 628 55,7 55,7 58.1
. . 25°C: 374 37.2 37.3 37.3
W% dissolved solids 40°C: 352 35.2 35.4 353
: . 25°C: 329 329 33.0 329
W% undissolved solids 40°C: 42.1° 314 315 314
W1t% undissolved solids in 25°C: 54.4 55.4 56.1 55.3
settled solids 40°C: 62.5° 46.0 47.2 46.6
W1% undissolved solidsin 25°C: 63.5 65.1 64.5 64.3
centrifuged solids 40°C: 80.3% 60.4 60.7 60.6

* not included in average
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Table3.5. Physical Propertiesof 8M Na AP-101 Melter Feed

Physical Property Temperature | Melt-B-1 | Melt-B-2 | Melt-B-3 | Average
: 25°C: 1.730 1.748 1.746 1742
Density — Bulk siurry (g/mL.) 40°C: 1.740 1736 1.728 1.734
Density — settled solids 25°C: 1.96 1.98 1.98 197
(9/mL) 40°C: 1.82 1.82 181 181
Density — centrifuged solids 25°C: 2.08 213 211 211
(g/mL) 40°C: 2.05 205 201 204
Density — supernatant liquid 25°C: 1.38 1.38 1.40 1.39
(g/mL) 40°C: 1.38 137 1.38 1.38
Density — average particle 25°C: 3.01 3.09 295 3.01
(g/mL) 40°C: 315 2.40° 318 317
Vol. % settled solids after 72 25°C: 60.5 60.6 59.7 60.3
hours 40°C: 824 81.7 80.9 81.7
. . 25°C: 50.0 489 49.1 49.3
Vol. % centrifuged solids 20°C- 535 543 55.1 543
- : 25°C: 21.6 214 22.4 21.8
Vol% undissolved solids 20°C 203 3572 19.2 19.7
V0l% undissolved solids in 25°C: 354 35.0 374 36.0
settled solids 40°C: 24.6 43.7% 23.7 24.2
V0l% undissolved solids in 25°C: 43.2 43.8 45.6 44.2
centrifuged solids 40°C: 37.9 65.8° 34.8 36.4
- 25°C: 68.9 69.2 67.7 68.6
W% settied solids 40°C: 86.0 85.6 84.7 85.4
. . 25°C: 60.2 59.5 59.2 59.6
Wit% centrifuged solids 40°C- 63.1 64.0 64.0 637
: . 25°C: 65.3 65.3 65.3 65.3
Wt% tOta| dl’laj SO|IdS 40°C 645 719a 658 652
, . 25°C: 44.0 441 44.2 44.1
W1t% dissolved solids 20°C 43.6 43.9 16.8 448
: . 25°C: 375 37.7 37.8 37.7
W% undissolved solids 40°C: 36.8 49.4° 353 36.0
W1t% undissolved solids in 25°C: 54.5 54.6 55.8 549
settled solids 40°C: 427 57.7 41.7 474
W1t% undissolved solids in 25°C: 62.4 63.4 63.8 63.2
centrifuged solids 40°C: 58.2 77.2 55.1 56.7

% not included in average




3.2.2 pH Measurements

The pH of the AP-101 pretreated waste and melter feeds were measured with apH probe. Previous
anaysis of the AP-101 supernate indicates a hydroxide concentration of approximately 2 M at a
concentration of 5 M Na (Russell et a. 2002). Consequently, the expected sample pH should be
approximately 14.3 for the 4.9 M Nasample. Unfortunately, pH measurement (with a pH probe) for
samples above pH 14 istypically considered unreliable. The pH for the pretreated waste was measured at
above pH 14 at three Na concentrations, 6 M, 8 M, and 10 M. Since the glass former chemicals (see
Table 2.1) contain acidic species such as boric acid, the pH dof the resulting melter feed interstitia liquid
dropped significantly. The pH measurement results for the melter feed material can be found in Table
3.6. Additional solids precipitation is possible due to this pH change (e.g. duminum hydroxide).

Table3.6. pH of the AP-101 Melter Feed

[Na], M pH (at ambient)
6 12.3
8 125

3.2.3 Settling Behavior

Data from the settling portion of the study can be found in Figures 3.1-3.4. This data consists of
settling measurements performed on ~5 mL samples in centrifuge cones as specified by Smith and
Prindiville (2002). One representative data run is shown as the vol% settled solids as a function of time
following initia agitation. Settling measurements were performed on two sets of samples. Thefirst set
of settling measurements involves the solids that precipitated during evaporation of the pretrested
material. These samples consist of pretreated waste at Na concentrations of 6 M and 8 M. Settling
measurements on the 10 M Na sample were not performed. Two temperatures were examined, 25°C and
40°C.

This settling study indicates that the precipitated solids from the pretreated feed settle relatively
quickly in the “particulate” settling regime defined by Perry and Green (1997). In this settling regime, the
solid particles fall freely to the bottom of the vessel, and a solids layer builds from the bottom of the
vessel upwards.

The data indicates that the majority of the particlesin the pretreated waste settle within the first hour
after agitation stopped. However, a significant fraction of fine particles continue to settle over the next
severa hours. Ten minutes after agitation stops, the settled solids vol% was measured at approximately
2% for the 6 M Na 25°C sample. However, 2% of the sample appeared to settle in 30 seconds when
measured at 40°C. The same behavior was observed in the 8 M Na sample, a 25°C approximately 5% of
the sample was settled after 10 minutes. At 40°C after 5 minutes, approximately 6% of the sample had
settled. Faster settling at higher temperatures is expected due to alower fluid viscosity.

Asshown in Figure 3.1 and 3.2, the 6 M Na pretreated LAW samples reached a 72-hour settled solids
value of approximately 3.8% at both 25°C and 40°C. The 8 M Na samples had 72-hour settled sdlids
values of 9.9 % at both 25°C and 40°C. Note that a differenceis seen inthe 6 M and 8 M Na pretreated
waste samples settled solids percent at 40°C as reported in Tables 3.1 and 3.2 and shown in Figures 3.1
and 3.2. Thisisdueto the fact that the settling study results shown in Figures 3.1 and 3.2 were performed
at both 25°C and 40°C on subsamples that were used for the 25°C settled solids values shown in Tables
3.1 and 3.2. Separate subsamples were obtained for the 40°C settled solids values shownin Tables 3.1
and 3.2. These 40°C physical properties subsamples shown in Tables 3.1 and 3.2 indicate 2.3 and 8.4
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vol% settled solids at 6 M and 8 M Na respectively. For conservatism, the settled solids valuesin
Tables 3.1 and 3.2 should be used for process design issues, while the settling behavior can be derived
from Figures 3.1 and 3.2.

g 40% A—— ——— —&—"
Q o
»n 3.5% —
B 3.0% =
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£ 2.0%
3
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S 1.0%
£ 0.5%
S 0.0%
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Time (min)

|—0—6M AP-101 Pretreated Waste at 25C ==#==6M AP-101 Pretreated Waste at 40C

Figure 3.1. Settling Datafor 6 M Na Pretreated AP-101 Waste at 25°C and 40°C
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Figure3.2. Settling Datafor 8M Na Pretreated AP-101 at 25°C and 40°C

As shown in Figures 3.3 and 3.4, the melter feed materials settled in the “zone” or “hindered” settling
regime. This regime occurs due to the particles interacting and settling asamass. This behavior is
characterized by the settled solids layer height decreasing from the fully suspended volume to a fina
settled solids volume.

As one can seeg, this zone settling behavior was relatively dow and several hundred minutes passed

before the majority of the sample had settled. The 6 M Na sample appears to have settled faster than the
8 M Nasample. Thisislikely due to the higher viscosity of the interstitia liquid and undissolved solids

311



concentration in the 8 M Nasample. The 72-hour settled solid vol% value for the 6 M Na sample was
approximately 50% while the 8 M Na 72-hour value was approximately 60% at 25°C. Thisincreasein
settled solids volume is expected since the glass formulation is scaled based on Na content. That isto
say, on avolume basis, 33% (8/6=~1.33) more glass former chemicals were added to prepare the 8M Na
melter feed compared to the 6 M melter feed. It should be noted that quantitative prediction of vol%
settle solids based on Na concentration is complicated by several factors including dissolution,
precipitation, and compaction.

At 40°C the settling rate dows and the packing efficiency of both the 6 M Naand 8 M Na melter feed
samples decreases. Thisis demonstrated by the observed increase in vol% settled solids at elevated
temperatures while the wt% undissolved solids remains relatively constant. This results in approximately
a 10% volume increase in settled solids vol% between 25°C and 40°C for the 6 M Na melter feed sample
and a 20% volume increase in settled solids vol% between 25°C and 40°C for the 8 M Na mdlter feed
sample. Over alarger time span, the 40°C vol% settled solids may approach the 25°C values.
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Figure 3.3. Settling Data for 6 M Na Médter Feed at 25°C and 40°C
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Figure 3.4. Settling Datafor 8M Na Medter Feed at 25°C and 40°C
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4.0 Rheology

Viscodity is the internal resistance to flow of afluid against external forces. Mathematically,
viscosity is defined as the ratio of shear stress to shear rate. For a Newtonian fluid, this value is constant.
For non-Newtonian fluids, this ratio can change based on flow conditions and shear history. The
rheological datais most often presented as a rheogram. Rheograms provide flow data over arange of
shear rates rather than at one shear rate. A rheometer changes the shear rate to a chosen value while
measuring and recording the resulting shear stress. Thisis the primary difference between a rheometer
and aviscometer. In this study, arheometer was used. From arheogram, viscosity data, yield stress data,
and flow curve information are obtained. Viscosity is usually reported in units of centipoise (cP). One cP
isequa to amillipascal second (mPas). There are several types of flow curves that have been well
studied and have defined mathematical curve fits assigned to them. These curve fits are usualy used to
describe and predict flow behaviors of fluids. Some materials have ayield point, a minimal externa force
that must be applied before any flow is obtained. The four curve fits that best describe most durries and
consequently tank waste are as follows:

1. Newtonian
t =hg
(4.1)
Where, t isthe shear stress.
h is the Newtonian viscosity.
g isthe shear rate.
2. Ostwald (or Power Law)
t =nmg" 4.2

Where, misthe power law consistency index.
n is the power law index.
g isthe shear rate.

If n<1, then the materia is referred to as pseudoplastic (shear thinning). If n>1, that
material isreferred to as dilatant (shear thickening). Since dilatant flow behavior israre,
dilatant behavior is an indication of possible Taylor Vortices or other measurement errors.

3. Bingham Plagtic
t =tg +kyg (4.3)
Where, t Zisthe Bingham yield index.

Kg is the Bingham consistency index.
g isthe shear rate.
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4. Herschel-Bulkley
t=ts +kg” (4.4)

Where, t ('; is the Herschel-Bulkley yield index.

k is the Herschel-Bulkley consistency index.
b is the Hershel-Bulkley power law index.
g isthe shear rate.

Examples of Newtonian fluids include water and honey. For these fluids, the viscosity is constant
over al shear conditions. A Bingham plastic is afluid that contains ayield point, but once enough force
has been applied to exceed the yield point, the material behaves in a Newtonian fashion over the rest of
the shear rate range. A pseudoplastic, or power law fluid, has a viscosity that varies with stress in a non-
linear fashion. It is modeled by the Ostwald equation. A yield pseudoplastic is a power law fluid with a
yield index and is modeled with the Herschel-Bulkley equation.

4.1 Equipment Details

A Haake RS300 rheometer was used for the work described in this section. The RS300 system has
been configured with a temperature controlled concentric cylinder rotational system. The sensor system
consists of an inner cylinder that is placed inside an outer cylinder with a known annulus. When the inner
cylinder rotates, the resulting fluid resistance to the flow is measured eectronically. When thissigna is
combined with the rotational rate, it can be mathematically transformed into shear stress and shear rate
data. For the samples analyzed in this report, Haske DGA41 (pretreated waste) and Z41 (melter feed)
sensor systems were utilized. The DG41 sensor has alarge available surface area to increase the
instrument sensitivity for relatively low viscosity samples. The Z41 sensor possesses arelatively large
annular region to allow measurement of fairly concentrated slurries with larger particles.

The testing was conducted as follows. The samples were loaded into the sample container, and the
shear rate was increased from 0-1000 s* in 5 minutes. The sample was held at a shear rate of 1000 s™ for
1 minute. Lastly, the shear rate was decreased from 1000-0 s* in 5 minutes. The test was then
immediately repeated with the same sample. If the subsequent data was in close agreement with the
previous run, the testing for that sample was considered complete. If there was noticeable variation in the
data, the sample was ramped through this cycle again until two consecutive similar data sets were
obtained. The purpose of this repetition was to qualitatively determine if rheological changes occur while
under the influence of shear. Shear history is often an important part of determining expected rheological
behaviors. Once the previous sample was tested to the point of obtaining consistent data, it was removed,
and a new sample was loaded for the next run.

The purpose of this set of testing parameters was to identify the rheologica behavior and shear
sengitivity of the materials. The first ramp cycle shows newly loaded or fresh sample behavior including
breakdown of sample structure through hysteresis, if present. Hysteresis is when the ramp down curveis
different from the ramp up curve. Animmediate repeat allows little or no time for the sample to recover.
The complete cycle repeat with the used sample shows the effects of a shear history with a short time of
recovery for the sample.

A 98 cP (at 25°C) viscosity standard oil was used to validate the calibration of the machine. A value
of 98.8 cP was measured at 25°C. This plot is shown in Figure 4.1.
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Figure4.1. Haake RS300 98 cP Viscosity Standard Calibration Check at 23°C



4.2 Pretreated Waste

Rheograms from pretreated waste at various Na concentrations are shown in Figures 4.2-4.9. Each
figure provides aleast squares rheological model fit (see Section 4.0) for each increasing shear rate
analysis. Data points are also provided for the decreasing shear rate analysis. These wastes did not
contain glass former chemicals. However, these wastes did contain various amounts of solid precipitates
that formed during evaporation. The solids caused spurious data points (i.e. noisy data) when they
interacted with the surfaces of the sensors (see Figures 4.4-4.9) with a500 nm annular region distance.
As expected, datafrom the 10 M Na pretreated waste showed the greatest number of spurious points (see
Figures 4.8-4.9). Due to these spurious points, the correlation coefficients are extremely small (see
Appendix A) and are not presented in Figures 4.8 and 4.9. However, Newtonian behavior can ill be
recognized by filtering the spurious data and considering the values obtained over multiple runs. Results
are summarized in Table 4.1. As expected, the viscosity of the waste increases with increasing Na
concentration and decreasing temperature. The higher concentration wastes appear to behave as a power-
law fluid. However, these wastes can be adequately modeled as a Newtonian fluid. Newtonian model
least squares fits are presented in the rheograms.

Table4.1. Newtonian Viscosity of the AP-101 Pretreated Waste

[Na], M Viscosity, cP (mPa-s)
25°C 40°C
49 35 25
6 5.2 3.6
8 8.0 5.4
10 11.8 7.2
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43 Meéeter Feed

Rheograms for each of the AP-101 melter feed samples show strong Newtonian behavior at both
temperatures and concentrations (see Figures 4.10-4.13). Results are summarized in Table 4.2. As
expected, the viscosity of the 6 M Na suspension is significantly less than the viscosity of the 8 M Na
suspension. Thisis due to the higher concentration of glass former chemicals added to the 8M Na
sample and the higher viscosity of the 8 M Na pretreated waste. In addition, both suspensions showed
strong temperature dependence. As seen in Figures 4.10-4.13, there is a minor increase in the sample
viscosity between the first and last analysis of each sample. This apparent hysteresisis most likely dueto
acombination of evaporation of the interstitial fluid and settling of the solids particles during the run.
Settling during the rheology measurements typically result in rheograms that can be modeled most
accurately as yield power-law fluids with an exponent greater than unity. Fortunately, the settling rate
during the analysis was sufficiently dow and these melter feeds can be adequately modeled asa
Newtonian fluid. Newtonian model least squares fits are presented in the rheograms. The first segment
of each run (i.e., ramp-up) was used to determine flow characteristics. However, a combination of sample
evaporation and solids settling is suspected as the reason for the observed shear thickening hysteresis seen
in the ramp-up and ramp-down portions of some rheograms.

Table4.2. Newtonian Viscosity of the AP-101 M elter Feed

[Na], M Viscosity, cP (mPax)
25°C 40°C

6 13.2 9.7

8 39.9 27.0
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44 Mixing/Aging

This section describes rheologica measurements performed on 8 M AP-101 melter feed materia that
was mixed for aweek with selected measurements performed after one hour, one day, and one week of
mixing. Glassformer chemicals (GFC), as formulation LAWA-126, were added to an 8 M NaAP-101
pretreated LAW sample with target quantities consistent with Table 2.1. The sample was then mixed with
the impeller system discussed in Section 2.2 for a period of one hour at ambient temperature (~23°C).
Rheological measurements on this sample at 25°C and 40°C were then performed. The sample was
returned to the mixing vessel and mixed for aperiod of one day. A second set of rheological
measurements at 25°C and 40°C was then performed. Finally, the sample was returned to the mixing
vessel and mixed for aperiod of six more days (total of one week). A third set of rheological
measurements was then performed. Figures 4.14-4.19 present the mixing/aging rheograms at 25°C and
40°C over one hour, one day, and one week intervals. Deionized water was added to these samples to
keep a constant volume while mixing thus minimizing error due to evaporation.

A summary of the rheological measurements from the mixing/aging phase of the AP-101 melter feed
characterization can be found in Table 4.3 As expected, at higher temperatures the viscosity of the
melter feed drops. At 25°C, the mixing/aging viscosity measurements significantly increase after one day
of mixing but do not reach the viscosity measured in Table 4.2 (39.9 cP). At 40°C, the mixing/aging
viscosity measurements significantly increase after one week of mixing and are comparable to the
viscosity measured in Table 4.2 (27.0 cP). The materia used in the measurements discussed in Table 4.2
has a mixing/aging history of the being mixed for one hour and aged for approximately one month.

Based on these measurements, the viscosity range of the AP-101 LAW melter feed processed through the
WTP is expected to be within approximately 25 cP to 40 cP at 25°C and 20 cP to 30 cP at 40°C
depending on mixing/aging history.

Table4.3. Newtonian Viscosity of Mixed/Aged 8 M Na AP-101 M elter Feed

Temperature Viscosity, cP (mPa)
1-hour after 1-day after 1-week after
GFC addition | GFC addition | GFC addition
25°C 24.7 30.6 31.0
40°C 19.8 21.6 28.7

The pH of the melter feed was aso measured during the mixing/aging portion of the study. Results of
these measurements are shown in Table 4.4. The pH of the sample remains identical to the reported vaue
of 12.5 (see Section 3.2.2) throughout the mixing/aging process. Therefore, the observed changesin the
rheological behavior of the durry were not associated with changing pH.

Table4.4. pH of Mixed/Aged 8 M Na AP-101 Melter Feed

pH at ambient

1-hour after 1-day after 1-week after
GFC addition | GFC addition | GFC addition
125 125 12.5
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45 Settled Solids Rheology

Following the mixing tests described in Section 4.4, the 8 M Na Melter Feed sample was | eft
undisturbed for one week. After thistime, the supernatant liquid was decanted and the shear strength of
the settled solids layer was measured as described later in Section 5.0 of thisreport. After the shear
strength measurement, the rheology of the settled solids fraction of the melter feed was then measured in
the Haake RS-300 with the Z-41 sensor. Wall dip® was observed during the shear rate ramp-up portion of
these runs from 0 to 1000 s*. For this reason, the ramp-up phase of the rheogram was discarded and only
the ramp down phase of the rheogram was used for amode fit. Figures 4.20 and 4.21 present the
resulting rheograms at 25°C and 40°C, respectively.

The settled solids exhibit Bingham Plastic behavior at both 25°C and 40°C. Both the Bingham
consistency and yield indices (see Equation 4.3) appear to decrease with increasing temperature.
Significant scatter was observed between the data runs at each temperature. This scatter is most likely
due to sub-sampling differences between each run. At high solids concentrations, the Bingham plastic
parameters can be modeled as an asymptotic function of solids concentration (Dabak and Yucd 1987).
This can result in small sub-sampling differences trandating to large rheological differences. The highest
measured Bingham Plastic parameters for these runs at each temperature are shown in Table 4.5. The
highest value was selected because this is a conservative basis for process design engineering purposes.

Table4.5. Bingham Plastic Parametersof AP-101 LAW 8 M Na Méelter Feed Settled Solids
One Week after Glass Former Chemical Addition

Temperature Consistency Index (cP) Yield Index (Pa)
25°C 207.3 26.4
40°C 167.7 7.6

¢ Wall slip occurs when athin layer of fluid forms between the suspension and the rheometer measuring
surface. The measurement surface can then rotate with alesser amount of torque resulting in measurement errors.
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5.0 Shear Strength

According to Guiddlines for Performing Chemical, Physical, and Rheological Properties
Measurements (24590-WTP-GPG-RTD-001 Rev 0), the shear strength is defined as the minimum stress
required to initiate fluid movement as determined by the vane method. Materials that possess a shear
strength exhibit solid-like behavior at low stresses and fluid-like behavior at high stresses. During the
solid-like behavior, the material behaves elastically, where a material will strain to a point at a given
stress. When the stressis removed in the elastic regime, the materia will return to itsinitial state. The
shear strength is regarded as the transition between the elastic behavior and viscous flow.

Materias that exhibit shear strength are typically solid/liquid multiphase systems. In these systems,
the solid particles are usualy attracted to each other through electrostatic forces. This creates a network
of attracted particles (e.g., aflocculated structure) that can impede viscous flow at low stresses. Viscous
flow is achieved when the applied stress is high enough to break apart the structure. Examples of
materials that exhibit shear strength include cements, soils, paints, pastes, and various food products
(Liddell and Boger 1996).

Many techniques have been devised to measure shear strength. The most common technique involves
extrapolating data from a conventional rheogram (i.e., shear stress/shear rate) to zero shear rate. The
extrapolation can be made through the use of rheological models such as the Bingham, Herschel-Bulkley,
or the Casson model. This technique requires accurate experimental data at low shear rates. Dueto dip
flow, inertia effects, etc, thisis often difficult with conventional viscometers. Consequently, direct
measurement of shear strength using a shear vane has been developed.

51 Measurement Equipment and Theory

Direct measurement of shear strength can be made by dowly rotating a vane immersed in the sample
material and measuring the resulting torque as afunction of time. The torque can be converted to a shear
stress by making several assumptions (Liddell and Boger 1996). Firstly, the materia is assumed to be
sheared only along the cylinder defined by the dimensions of the vane. This assumption has been shown
to be only adight oversmplification. The actual diameter of the sheared surface may be up to 5% larger
than the vane dimensions (Bowles 1977, Keentok 1982, Keentok et al. 1985). Secondly, it is assumed
that the stress is distributed uniformly over the cylindrical sheared surface. Although the stress actually
peaks sharply at the vane tips (Barnes and Carnali 1985, Keentok et al. 1985), it has been shown that the
error due to this assumption is minimal (Alderman et a. 1991, Avramidis and Turain. 1991, James et al.
1987, Nguyen and Boger 1985a, Nguyen and Boger 1985b, Nguyen and Boger 1983). Therefore, a good
approximation of the measured stress can be calculated from equation (5.1). WhereK isthe vane
constant defined in equation (5.2).

t =T/K (5.1)

_pDaH 16 52

K== ¢ "3,

Where, t isthe calculated shear strength (Pa).
T is the measured torque (Nm).
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K is the shear vane constant (n’).
D isthe shear vane diameter (m).
H is the shear vane height (m).

In addition, the shear vane must be immersed in the test materia such that wall and end effects are
negligible. Figure 5.1 shows an accepted material testing geometry to minimized wall and end effects
(Dzuy and Boger 1985). These geometry requirements were confirmed prior to material testing.

N (rpm)

T

z

— * H/D <35
* DT/D >2.0
" Z4/D>10
* Z5/D>05

i B

[N

Figure5.1. Geometrical Requirements of a Shear Vane

A typical stress-time profile is shown in Figure 5.2. The profile shows an initid linear region,
followed by anon-linear region, a stress maximum, and a stress decay region. The shape of the stress
time profile can be explained from a consideration of the network bonds within the material. Theinitia
linear region represents the elastic deformation of the network bonds. The non-linear region represents
visco-elastic flow (also called creep flow), where the network bonds are stretched beyond their elastic
limit and some of the bonds begin to break. The linear and non-linear regions are separated by point t .
At the maximum stress, t ¢, the mgjority of the bonds are broken and the material beginsto flow as afully
viscous fluid. The network typically collapses and stress decay is observed.
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Figure5.2. Typical Response of a Shear Vane

From this response, two shear strengths can be defined. One corresponding to the transition between
elastics and visco-elastic flow, t, and the other corresponding to the transition between visco-elastic and
fully viscousflow, ts. Most researchers regard the transition between visco-elastic and fully viscous flow
as the definitive shear strength of the materia. In this report, shear strength will be defined by the
transition between visco-elastic and fully viscous flow, t ..

52 System Validation and Calibration

Initialy, aviscosity standard was measured with the cup/cylinder geometry on the Haake RS300
rheometer. While this does not implicitly test the vane geometry, it ensures that the torque detection
system used by the viscometer is functioning and calibrated properly. The results of thistest are shown in
Figure 5.3. As expected, Newtonian behavior of the standard was observed with a measured viscosity of
97.1 cP at 25°C. This viscosity was measured over a shear rate range of 0s™ to 1000 s*. This measured
viscosity results in approximately 1% error from the documented viscosity of 98 cP at 25°C. Thiserror is
within the allowable 10% value specified in PNWD Test Instruction TI-RPP-WTP-168, “AP-101 Melter
Feed Rheology Testing” and istypical of this particular viscometer model.
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Figure5.3. Viscometer Calibration Check With 98.0 cP Viscosity Standard at 25°C

5.3 Resultsfrom Shear Strength M easurements

With the calibration of the Haake RS300 rheometer established, shear strength measurements were
taken on the settled solids from the 6 M Naand 8 M Na melter feed samples. The shear vanes were
immersed in the settled solids according to the geometrica requirements outlined in Figure 5.1. Two
shear vanes were used for this report, one with dimensions of D=1.6 cm H=1.6 cm; and the other having
dimensions of D=1.6 cm H=0.8 cm. The rotational speed of the viscometer was set at a constant 0.3 RPM
(0.0314 rad/s). The resulting shear stress'time curves are shown in Figure 5.4.

For the 6 M and 8 M Na melter feed samples, three data runs were obtained (see Table 5.1). Thefirst
set of data (Run 1) indicated that the shear strength of the 6 M Na sample was an order of magnitude
greater than the 8 M Na sample. However, these samples were disturbed during the transfer into the
glovebox with the RS300 rheometer, and the first set of measurements was discarded. In order to obtain
data on undisturbed samples, a second set of data (Run 2 in Table 5.1) was acquired with care being taken
not to disturb the samples when transferring the material. The results from this set of dataindicate a
significantly higher shear strength indicating that the samples remained undisturbed prior to testing.
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Again, the 6 M Na sample possessed a shear strength an order of magnitude greater than the 8 M Na
sample. Lastly, the samples were immediately mixed and measured for shear strength a third time (Run 3
in Table5.1). The purpose of this set of tests was to validate the large increase in shear strength in the
second set of data. Results from these tests show a shear strength comparable to the first set of data
indicating that runs 1 and 3 represent recently settled (i.e. disturbed) solids, and run 2 data represents
material valid for aged samples (undisturbed for 48 hours).

One possible explanation for the order of magnitude difference between the recently settled and aged
samples could be ionic strength differencesin the 6 M and 8 M Na samples resulting in particle surface
charge differences. Changesin particle surface charge can then dter the attractive and repulsive
dynamics of the durry particles thus changing the overall network strength of the settled solids layer.
Another more likely explanation is the effect of a higher precipitated solids concentration inthe 8 M Na
sample compared to the 6 M Na sample. These precipitated solids could disrupt the settled solids
“network” resulting in alower shear strength in the 8 M Na sample. A last possible explanation of this
behavior involves the vane being immersed in varying levels of the “compression” zone of the settled
solids layer. This zone consists of the large/dense fraction of material that settles quickly to the bottom of
the vessel. Since the 6 M Na material contains a lesser percentage of undissolved solids compared to the
8 M Nasample, the “compression” zone of the 6 M Na sample should be less then the 8 M Na sample.
This would lead to lower shear strength measurements on the 6 M Na sample. Since the opposite
behavior is observed this last explanation has been discounted.

The 8 M Na melter feed sample was mixed for one week as part of the mixing/aging study prior to
being analyzed for shear strength (see Figure 5.5 and Table 5.1). After one week of continuous mixing,
the agitator was shutdown and the sample was allowed to settle in the mixing vessel for one week at
ambient temperature. The supernatant was then removed and the remaining settled solids were transferred
from the mixing vessel to a shear strength measurement vessel and placed in an oven at 40°C. The
sample was | eft in the oven undisturbed for approximately 48 hours. After this time, the shear vane
measurement was performed. The results of this test indicate a shear strength of 610 Pa.

Next, this same sample was remixed and left undisturbed at ambient temperature for five days. After
this time, another shear vane measurement was performed. The results of this test indicate a shear strength
of approximately 2600 Pa.

The large difference between the two shear strength measurements (at ambient temperature and at
40°C) indicates that the shear strength of the sample is significantly sensitive to temperature. To verify
the results of the 25°C analysis, the technician remixed the solids and immediately inserted the shear vane
into the sample and repeated the shear strength measurement at ambient temperature. This sample was not
allowed to remain undisturbed prior to the measurement. The results of this test indicated arelatively high
shear strength of approximately 1100 Pa confirming the high temperature sensitivity.

All three of these shear strength values for the mixed/aged 8 M Na sample are significantly higher
than the 79 Pa value on the sample that was not part of the mixing/aging study. The lower shear strength
sample was only mixed for one hour. Thisindicates that the shear strength of the 8M Na melter feed
material significantly increases due to mixing and/or aging. One possible explanation for this increase in
shear strength due to mixing and aging is particle attrition during long term mixing. Particle attrition will
shift the particle size to smaller particles with a higher surface area. The increased surface areaincreases
the network bond strength resulting in higher shear strength values. Another possible explanation is
chemica changes during aging. Asthe durry ages, species may be absorbed on the surface of the
particles changing the network bond strength and resulting shear strength over time. Aswadll, it is
possible for aging to result in changes to the crystalline structure of the waste solids and/or glass former
chemicals also impacting shear strength.
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Figure5.4. Shear Strength Responseof 6 M and 8 M Na AP-101
Méeter Feed Settled Solids

Table5.1. Summary of Shear Strength Data

Shear Strength (Pa)

Sample | Temp. | Runl [Run2| Run3

6M Na | 40°C 110 790 130

8M Na | 40°C 15 79 16

8M Na | 40°C 610 na na
(mixed 1 [ Ambient

week) | (~23°C) | 2600 | 1100 na
Shaded Data Rejected Due to Disturbed Sample
n/a— not gpplicable

5.€
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Figure5.5. Shear Strength Response of 1-Week Aged 8M Na AP-101
Meélter Feed Settled Solids
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6.0 Particle Size Distribution

The particle size distributions of 6 M Na melter feed sample that was mixed for 30 minutes after glass
former chemicals addition and aged for 5 days is described in this section. A Microtrac X-100 particle
size anayzer and a Microtrac ultrafine particle size anayzer (UPA) were both used to measure the
particle size distribution of this sample.

6.1 Instrument Description

The Microtrac X-100 Particle Analyzer measures particle diameter by scattered light from a laser
beam projected through a stream of the sample particles diluted in a suspending medium. The amount
and direction of light scattered by the particlesis measured by an optical detector array and then analyzed
to determine the size distribution of the particles. This measurement is limited to particles with diameters
between 0.12 and 704 mm. The other instrument used, the Microtrac UPA, measures particle diameter by
Doppler shifted scattered light. This method is limited to particles with diameters between 0.003 nm and
6.5 mm.

6.2 Particle Size Distribution Data Reporting Details

The particle size results are saved in the form of a histogram with varying bin sizes. The upper range
of each bin is determined by a geometric sequence (see Equation 6.1):

~ ai
di, = 2 (6.1)
Where,
d, = 704.0mmfor the X100
" i =1...50for the X100
d, = 6.54Inmfor the UPA
"1 =1...44for the UPA
The lower range for each bin is determined as follows (see Equation 6.2):
d =d., (62)
Where,
- . d
d., =—= =0.122 nmfor the X100
50 "{/E
d G _ 0.0032 nm for the UPA
a4 ‘«‘/E - Y
The bin centered values for this bin set is determined by Equation 6.3:
_ 4 +d
d =—- ! 6.3
i > (63
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The particle size distribution stored by the Microtrac instruments represents the volume percent of
particles attributed to a particular bin. Thisisusually caled the “differential” volume distribution. For
example, avaue of 5in the first bin of a volume distribution for the X100 indicates that 5% of the

volume of the particles measured by the instrument are between &1 = 704.0mmand d, = 592.0mm.
The bin centered value, d. , = 648.0mm, would be used to display this data point on agraph. The

volume distribution data will be denoted as, V,. These data can be represented as a * cumulative”

distribution through Equation 6.4 shown below. If the differentia distribution is properly normaized to
100%, the range of the cumulative distribution will be between 0% and 100%. When displayed on a
graph, the cumulative distribution uses the upper range of the bins such that a data point is represented

by (&i V, C). The resulting graph should be interpreted as V. percent of volume of the sample has
particles smaller than ai .
VS, =100%- g V,
j=1 (6.4)
V¢ =100%

If one assumes that the particles are spherical with an equivalent diameter of CTI , the differentia

distribution can be transformed from a volume basis to a number basis. The number basis represents the
percent number or percent of the population of particlesin a certain sizerange. For example, avaue of 5
in the first bin of a number distribution for the X100 indicates that 5% of the population of the particles

measured by instrument are between al = 704.0mmand d, = 592.0mm. The bin centered value,
al = 648.0 mm, would be used to display this data point on agraph. The percent number distribution,
N, , can be calculated through Equation 6.5:

26/ O
n; :g =3 &
pdi (1] 65)
N, =100%" o
an

These data can be represented as a“cumulative” distribution through Equation 6.6 shown below. 1f
the differentia distribution is properly normaized to 100%, the range of the cumulative distribution will
be between 0% and 100%. When displayed on agraph the cumulative distribution uses the upper range

of the bins such that a data point is represented by (a »NS© ) The resulting graph should be interpreted as

N.© percent of the population of particlesin the sample is smaller than ai.

NS =100%- Q N,
j=1 (6.6)

NS =100%
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When comparing the volume and number distributions, note that the volume distribution is weighted
cubically towards larger particles. For example, 1- 10 nm particle has the same volume as 1,000- 1 mnm
particles.

Lastly, the data can be displayed on a surface area basis. If one assumes that the particles are
spherical, the surface area of the resulting sphere and the number distribution can be used to calculate the
areadistribution. As an example, avalue of 5 in the first bin of an area distribution for the X100 indicates

that 5% of the surface area of the particlesin the slurry are between d, = 704.0nmand d, = 592.0mm.
The bin centered value, d. , = 648.0mm, would be used to display this data point on agraph. The
percent areadistribution, A, can be calculated through Equation 6.7:

A =100%" - 67

When comparing the area and number distributions, note that the area distribution is weighted to the
second power towards larger particles. For example, 1- 10 mm particle has the same surface area as
100- 1 mm particles.

These area data can be represented as a“cumulative’ distribution through Equation 6.8 shown below.
If the differentia distribution is properly normalized to 100%, the range of the cumulative distribution
will be between 0% and 100%. When displayed on a graph, the cumulative distribution uses the upper

range of the bins such that a data point is represented by (ai , AC ) The resulting graph should be
interpreted as A° percent of the surface area of particlesin the sample is smaller than ai .
AS, =100%- § A
= (6.8)
A =100%

The mean value for the differential form of these distributions can be calculated by Equations 6.9
shown below. This value represents the centroid of the distribution.

avd

d, = Ié\Vi
And

du =gy (69)
a Ad,

d, = I"%‘A



The median value of the cumulative form of these distributions is shown by Equation 6.10. This
value represents the diameter where 50% of the particles have a smaller volume, population, or surface
area; and 50% of the particles have alarger volume, population, or surface area. Since this diameter
rarely falls directly on the 50% value, the lever rule is used to calculate this point.

D, :Vic|50’/o
Dy = N s (6.10)
D, = AC|50%

6.3 Calibration Checks

Both instruments performances were checked against arange of NIST traceable standards from Duke
Scientific Corporation. These standards are polystyrene microspheres dispersed in a1l mM KCI solution.
These standards were run prior to analysis of the sample. Results from these standard tests are presented
in Table 6.1. The mean diameter of the number distribution represents the centroid of the distribution.

To check the functionality of the instrument, a close fit of the number basis mean data is typically
required (approximately 10%). Due to deterioration of the particle size instrument, a 10% difference
between the number basis mean results and NIST traceable values of the Duke Scientific particle size
standards could not be reached. However, the number basis mean results were within approximately 15%
of the NIST traceable values.

Table6.1. Particle Size Analyzer Calibration Data

NIST Traceable Particle Size Standard Measured Mean
Diameter on a
Number Basis

(mm)

0.895 mm Duke Scientific Standard (Lot 0.776

g | #15924)

% | 20 mm Duke Scientific Standard (Lot 15992) 1696
50.4 mm Duke Scientific Standard (Lot# 19213) 42.14
0.096 mm Duke Scientific Standard (Lot 0.0976

< | #15976)

5 | 0.895 mm Duke Scientific Standard Lot #15924) 0.9391
2.0 nm Duke Sientific Standard (L ot #15992) 2.218

6.4 Operating Conditions

The particle size distribution (PSD) of the 6 M Na mdlter feed sample was measured in the Microtrac
X-100 at aflow rate of 60 mL/s. The samples were then sonicated with two intervals of 40W ultrasonic
waves for 30 sec while flowing at arate of 60 mL/sec. The PSD after sonication was then measured. The
ultrasonic energy input is used to determine the shear sensitivity of the lurry in order to investigate
whether floccul ation/deagglomeration is occurring. Analyses were performed in triplicate on each sample
under all flow/sonication conditions. The averages of these triplicate measurements are provided in
Section 6.5. No sonication or flow options are available for the UPA. Therefore, the sampleisplaced in
the instrument, and the measurements are performed on the as-received, stationary material.
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6.5 Suspending Medium

The suspending medium for the AP-101 analyses was an AP-101 simulant tank supernatant discussed
in WTP-RPT-057, Rev. A (Russel et a., 2002). The smulant was fabricated at 4.9 M Naand evaporated
to a concentration of 6 M Na. In order to mimic the composition of the melter feed supernate, boric acid
(the only glass former chemical that has a significant solubility) was added to the simulant in a quantity
consistent with Table 2.1. White solids were observed to precipitate after the addition of the boric acid.
The filtered smulant was then used as a suspending medium in the particle size instrument. Some tests
were also performed using deionized water as a suspending medium.

Based on suspending medium and flow rate through the particle size analyzer, a wide range of shear
conditions occur. Since these suspending mediums are Newtonian, the shear rate profile in the particle
size analyzer tubing is linear with a shear rate value of zero at the pipe centerline. The approximate shear
rate at the pipe wall and at the position where average pipe velocity occursis shown in Table 6.2. Dueto
the presence of low shear conditions in the center of the pipe, flocculation and agglomeration of particles
is possible when the sample is not sonicated.

Table6.2. Approximate Unsonicated Shear Conditions of Microtrac X100 for Various Suspending

Mediums and Flowr ates

Suspending Pipe Suspending | Suspending Flow Reynolds Shear Average Shear

Medium | Diameter Medium Medium Rate Number Rate at Shear Rate at
(mm) Density Viscosity | (mL/sec) centerline | Rate(s?) | wall (s7)
(g/mL) (cP) (s

Deionized 6.3 1.0 1.0 40 8,100 0 5,200 6,900

Water

Deionized 6.3 1.0 1.0 60 12,000 0 11,000 14,000

Water

6M Na 6.3 1.3* 5.2* 40 2,000 0 1,200 1,600

AP-101

Simulant

6M Na 6.3 1.3 5.2* 60 3,000 0 3,700 4,900

AP-101

Simulant

* Used propertiesfor 6 M AP-101 pretreated LAW (see Tables 3.1 & 4.1)




6.6 Resaults

The particle size distributions on a volume basis are shown in Figures 6.1 and 6.2. The6M Na
melter feed appearsto consist of particlesin the 1 to 30 mm range. As the shear of the sample increases
due to sonication, dight changes to the PSD are observed. Particlesin the 6 to 20 mm range appear to
deagglomerate and the volume of particlesin the 1 to 6 mm range slightly increases.

The summary datain Table 6.3 are provided by the Microtrac software which resolves the particle
size distribution into muttiple Gaussian distribution fits. This agorithm indicates that the 6 M Namelter
feed samplesin AP-101 simulant contain two distributions of particles, one peak at approximately 5mm
and the other at 15 mm. The volume contribution of the 5 mm peak increases after sonication indicating
deagglomeration. The resulting mean particle size on a volume basis for the sonicated 6 M Na melter
feed samplein smulant is 9.2 mm. Approximately 10 vol% of the particles are below 2.6 mm, 50 vol%
(i.e., median value) below 7.6 mm, 90 vol% below 18.2 mm, and 95 vol% below 20.2 nm. The 6 M Na
melter feed samples in deionized water also contain two peaks, one at 5 mm and the other at 20 mm. The
increase in particle size for the second peak from 15 to 20 mm can be attributed to solubility differences
between the two suspending mediums. The glass former chemicalsin deionized water also exhibit
bimodal particle size distributions with one peak at approximately 1 mm particle size and the other at
23 nm with particles as large as 40 nm present. This change in distribution can be explained by
dissolution of the larger glass former chemicals in the AP-101 pretreated waste. Precipitation of solids
may also occur due to the addition of the glass former chemicals. This precipitation would be consistent
with the formation of white solids when boric acid was added to the AP-101 smulant (see Section 6.4).

The X100 instrument indicated a “ high background” flag when using the AP-101 smulant as the
suspending medium. For this reason, deionized water was used as a suspending medium on a second set
of data. This data set did not have a*high background” flag. This set of data produced a distribution
similar to data generated with the AP-101 simulant suspending medium. This appears to corroborate the
first set of data. Changes in the particle size distribution are expected due to solubility and flocculation
differences when using deionized water as a suspending medium. Some limited floccul ation was
observed in the deionized water runs as particles in the 3 to 15 mm range appear to deagglomerate into
particlesin the 0.3 to 3 mm range after sonication.

Lastly, aset of particle size anadysis runs were performed on the dry glass former chemicalsused in
this melter feed formulation (LAWA-126) suspended in deionized water. This sample shows a significant
increase in larger particles compared to the 6 M Na melter feed sample. This can be explained by
dissolution of the glass former chemicals. Alternatively, if the precipitates from the LAW pretreated
waste are smaller than the glass former chemicals, then this could aso explain the observed shift in the
distribution to smaller particles. The particle size distribution of the precipitatesin the LAW pretreated
waste was not measured. Only a small change in particle size distribution was observed after the
sonication of the glass former chemical material. The particle size distribution exhibits two major peaks,
one at approximately 1 mm and the other at approximately 23 mm. The resulting mean particle sSizeon a
volume, basisis 19.9 mm. Approximately 10 vol% of the particles are below 1.1 mm, 50 vol% (i.e.,
median value) below 17.2 mm, 90 vol% below 43.8 mm, and 95 vol% below 50.8 mm.
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Table6.3. Summary of Volume Particle Size Distribution Data (Provided by Microtrac Softwar €)

Peak 1 (mm) Peak 2 (mm)
Low | Peak | High Low | Peak | High
Description (16%) | (50%) | (84%) | Contribution | (16%) | (50%) | (84%) | Contribution
6 M AP-101 Melter
Feed in Simulant 2.8 5.3 7.8 53% 108 | 150 | 19.2 47%
6 M AP-101 Melter
Feed in Simulant after
Sonication 24 4.8 7.3 58% 108 | 150 | 192 42%
6 M AP-101 Melter
Feed in DIW 24 55 8.7 56% 133 | 208 | 284 44%
6 M AP-101 Melter
Feed in DIW after
Sonication 1.0 4.1 7.1 58% 146 | 215 | 284 42%
LAWA-126 Glass
Former Mix in DIW 0.6 1.2 1.8 18% 5.3 22.7 | 40.0 82%
LAWA-126 Glass
Former Mix in DIW
After Sonication 04 1.0 1.6 19% 5.6 225 | 394 81%

Surface area and number basis distributions are shown in Figures 6.3 to 6.6. These distributions are
weighted heavily towards smaller particles and indicate that most of the particles in these samples are
between 0.1 and 10 mm in diameter. UPA data indicates that no particles smaller than 0.1 nm were
measured in the material. Consequently, the X100 data represents the complete particle size distribution
for the 6 M Na melter feed sample.
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7.0 Identification of Solids

7.1 Introduction

This section details the characterization of the solid phase which precipitated during the evaporation
of the AP-101 pretreated feed from 4.9 M Nato 6, 8, and 10 M Na. Phase characterization was
accomplished with Scanning Electron Microscopy (SEM), Polarized Light Microscopy (PLM), Infrared
Spectroscopy (IR), Raman, X-Ray Diffraction (XRD), and Nuclear Magnetic Resonance (NMR) data
from the samples and comparing the known phase reported in the literature as well as to standards
analyzed at the time of thisinvestigation.

The SEM tends to examine much smaller size samples than the XRD due to sample handling issues.
SEM images are created by rastering a focused electron probe across a sample while simultaneously
measuring various secondary- and backscattered-electron signals as a function of beam position. Elastic
and inelastic scattering spread the incident electron beam within the sample yielding an interaction
volume, the dimensions of which depend on the electron beam energy and the sample composition (i.e.,
atomic number), rather than the focused probe size. As the energy of the beam increases, the interaction
volume aso increases. When electrons of adequate energy hit the sample, characteristic x-rays indicative
of elemental composition (i.e., atomic number) are produced at intensities proportional to the mass
concentration of the given element within the interaction volume.

When monochromatic infrared radiation is passed through a transparent substance, most of the
scattered radiation will be of the same incident radiation, called Rayleigh scattering; however, at certain
discrete frequencies above and below the incident energy, light will be scattered. Thisistermed Raman
scattering. The shift in frequency of the scattered light is characteristic of the chemical structure of the
species under examination. The total area analyzed with Raman was comparable to the area of sample
examined with XRD. IR was one of the most representative techniques, as the entire sample bottle was
examined non-destructively. Not enough material was available to use NMR on the solids.

7.2 Experimental

7.2.1 Microstructural Analysis of Sub-Samples

The SEM investigations were performed with a JEOL 840 equipped with a backscattered detector and
ISIS x-ray energy dispersive spectrometer (EDS; Oxford Instruments, X-Ray Technology, Santa Cruz
CA) system in the 326 Building. Raman and infrared analyses were performed with a spectrometer in the
325 Building. The X-ray diffraction scans were run on a Scintag diffractometer. In the first part of the
study, samples were examined in their ‘as-received’ state. The samples were then washed to remove the
more soluble phases and re-examined with the various micro-analytical techniques.

7211 Electron Microscopy

Most SEM images were obtained in backscattered imaging mode with a 20 keV electron beam. This
technique is useful for finding different phases and obtaining EDS data over awide energy range. At
times the energy of the beam was reduced and the secondary e ectrons (SE) were used to form animage
that yielded more information about the particle morphology. A carbon coat had to be applied to al
samples owing to the type of SEM (JEOL 840, JEOL USA Inc., Boston MA) used in this investigation.
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The cdlibration of the SEM magnification scale was checked with two National Institutes for
Standards and Technology (NIST) traceable standards (NI ST-4202A and NIST-4250A). Particlesfrom
NIST-4202A containing 2.013+0.025 pm polymeric spheres and NIST-4250A containing 50.4+1.0 um
polymeric spheres, were placed on an SEM stub, carbon coated and examined in the SEM. In both cases,
the SEM magnification was <10%. Thisis an acceptable tolerance.

7212 X-ray Energy Dispersive Spectr oscopy

The EDS system calibration was checked with a known compound (ZrO,). The agreement between
literature and experimental values was excellent, demonstrating that the system was calibrated correctly
for analyzing characteristic x-rays at both low and high energies. The error in the peak energy
assignments was estimated to be <1%. The carbon conductive coat on the samples also contributed a
background signal in al EDS analyses. The SEM instrument was also subject to fluorescence
interference from brass components in the column on occasions. Small peaks from Cu-K and Zn-K
X-rays were sometimes observed.

7213 Infrared and Raman Spectr oscopy

Infrared spectroscopy was performed on a Nicolet spectrometer (ThermoNicolet, Madison WI). This
instrument is designed with an extended optica cable for remote viewing of samples. For these spectra
0.1 mg of solid was added to 5 mg of KBr. The mixtures were pulverized with an agate motor and pestle.
The thin disks were produced using a pellet press.

7214 X-ray Diffraction

The X-ray diffraction scans were run on a Scintag (ThermoARL, Germany) instrument from 5° to 65°
with a 0.05° step size. The XRD samples were deposited on a silicon crystal wafer that has a much lower
background contribution than glass dides.

7.3 Characterization Results of AP-101 Precipitated Solids

7.3.1 Scanning Electron Microscopy of the Solids

In backscattered imaging mode with a 20 keV eectron beam, two distinct phases were observed in all
three samples. Compositional analysis with EDS revealed that the brighter materia (higher average
atomic number) contained potassium; wheresas, the darker regions (lower average atomic number) were
rich in sodium. Both regions contained oxygen. There was a hint of a small nitrogen peak in the sodium
region; however, the EDS detector used was inefficient at detecting any lines below about 1 keV,
including carbon and nitrogen. Carbon was observed in all analyses but this is due to the carbon coat
used to make the sample conductive. At times the energy of the beam was reduced and the secondary
electrons were used to form an image that yielded more information about the particle morphology.

7311 AP-101-A (6 M Na) and AP-101-B (8 M Na)

Typical micrographs from samples AP-101-A (6 M Na) and AP-101-B (8 M Na) are shown in
Figure 7.1. The materia contained two distinct regions; although these two regions were intermingled.
The white material was rich in potassum and the gray material wasrich in sodium. No heavier elements
were observed at significant levels, however, a silicon-bearing phase was observed in sample AP-101-B
(8 M Na; see Figure 7.4). Although the sodium material was consistent with being sodium nitrate, it was
not possible to prove the occurrence of this phase with just the SEM.
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Figure 7.1. Scanning Electron Micrographs of Sodium- and Potassium-Bearing Phases
in AP-101-A (6 M Na) and AP-101-B (8 M Na)

7312 AP-101-C (10M Na)

There was much more precipitated materia in AP-101-C (10 M Na) than in the other two samples. In
this sample, more euhedral (well formed crystal with regular shape) precipitates of the potassum phase
were observed. In Figure 7.2, ahexagonal rod of the potassium phase can be seen. The EDS scans of the
two different phasesin Figure 7.2 are shown in Figure 7.3. Although carbon can be seen in the EDS, this
is mainly from the carbon coat. There was little or no evidence of nitrogen in any of the phases.
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Sodium Phase

Potassium Phase

BSE Image AP-101-C

Figure 7.2. Sodium and Potassum Phasein AP-101-C (10M Na)

Similar sodium- and potassium- bearing phases were observed in AP-101-A (6 M Na) and AP-101-B
(8 M Na); however, the only conclusion from the SEM-EDS andyses is that one phase contained
potassium and oxygen and the other sodium and oxygen. In one instance, an aumino-silicate particle was
observed (see Figure 7.4). This material appeared to be an agglomerate of smaller particles. After
washing the solid precipitates to remove the more soluble phases, this type of aumino-silicate phase
dominated (see Section 7.3.1.3).
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Figure 7.3. EDS Analysisof Sodium and Potassum Phasein AP-101-C (10M Na)
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Sample AP-101-B Image

Figure 7.4. An Alumino-Silicate Phase was Observed in AP-101-B (8 M Na)

7313 Washed Samples

The precipitated solids were washed with de-ionized water three times to remove the more soluble
solids. The resulting material appeared to have a higher specific radioactivity. Different particle
morphologies were observed during the SEM investigation. Under the PLM, the particles were confirmed
to be non-isotropic; however, their small size prevented any further analysis. At low magnification in the
SEM, the same particle morphology observed in the PLM could be seen (see Figure 7.5a and 7.5b). With
backscattered imaging and spot EDS analysis, it was possible to demonstrate that the composition of the
particles was more or less constant. All particles were a sodium alumino-silicate with a trace amount of
potassium.

At higher magnification the particles appeared to be botryoida (A globular growth of minerals)
aggregates (see Figures 7.6aand 7.6b and 7.7); however, some particles were acicular (crystals with an
elongated or needle-like form) in nature. These elongated particles exhibited the same backscattered
contrast and, according to EDS, had the same Na-Al-Si composition (see Figure 7.8). There was no
evidence of any phosphorus in any of the precipitated phases. Phosphorus was present in the AP-101
tank supernatant but at low levels relative to auminum.
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By lowering the beam voltage and using secondary el ectrons to form the images, the ball-like
precipitates appeared more like “balls of twing’. In Figure 7.6a and 7.7b, the change in microscope
conditions revedl s the actual morphology of the aumino-silicate phase. In Figure 7.7, ahigh
magnification image of an individua “ball of twine” is shown. Again, because these images were taken
with carbon-coated specimens, the true morphology may be dightly different. However, comparison of
these images with those reported in the literature suggests that the “twin-like” morphology is not an
artifact.

A= 10 S

¢
'

Figure7.5a. Polarized Light Microscopy Figure 7.5b. Low magnification SEM
Image of Particles of Washed Solids Image of particles

S01586.4 S01586.10
Figure 7.6a. Backscattered SEM Image of Figure 7.6b. Secondary SEM Image of the
Particlesat 20keV Same Particlesat 10keV
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The spectra similar to that shown in Figure 7.8 were quantified and the estimated compositions of the
phases are shown in Table 7.1. Asthe EDS spectra were obtained from nor-ideal samples, these values
carry alarge error; however, these phases had a composition consistent with either cancrinite
((Na,C&,K)7AIGS|5024(CO3)16‘21H 20) or zeolites.

S01586.9

Figure 7.7. SE Higher M agnification Image of “twine-like’ material shown in Figure7.6b. The
image was obtained at 10keV to enhance the particle mor phology
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Table7.1. EDS Compositional Analysis

Element Eds04 Eds05 Average
(Atomic (Atomic (Atomic

Per cent) Per cent) Per cent)

Na 18.2+1.8 24.4+2.4 21.3+2.1

Al 33.2+3.3 36.9+3.7 35.0+35

S 38.9+39 42.3+4.2 40.6+4.1

K 3.5+0.7 2.7+0.5 3.1+0.6

Almost identical morphologies have been reported for nitrate-cancrinite phases formed in laboratory
experiments with smulated Hanford tank wastes by Bickmore et a. (2001). In these experiments,
simulated waste was reacted with quartz, eventually precipitating the nitrate form of cancrinite
(nitrate-cancrinite). These studies failed to explain the mechanism for the irregular precipitates.

7.3.2 Infrared Spectroscopy of the Solids

Figure 7.9 shows the as received AP101 solids A, B, and C (6 M, 8 M, 10 M Na respectively).
Samplevia A had the least amount of precipitated solids with [Na] =6 M. Solution B had more
precipitated solid with [Na] = 8 M and sample vial C had the most precipitated solid a [Na] = 10 M. The
IR shows qualitatively the relative amounts of nitrate and carbonate in the dried solids increased with

addition of more salt.
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Figure7.9. Infrared Spectra of AP-101 Dried SolidsA, B,and C (6M,8M, 10 M Na, respectively)
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The major solids appeared to be carbonate and nitrate in all three samples (6 M, 8 M, and 10 M Na).
Neither sulfate nor phosphate was present but another species, possibly an aluminate, was detected. The
precipitated solids (100 mg) were washed twice with about 5 mL of deionized water. In Figure 7.10 the
effect of this washing can be seen. There was a significant reduction in the carbonate and nitrate signal
strength after the first and second wash. The spectrum from the second wash used to obtain a reasonable
signal of the low intensity band at 998 cmi*. The two washes removed about 75% by volume of the
soluble solids. Figure 7.10 shows the expanded spectrum in the region 640 to 1780 cmi*.

T T T I T T T T T T T T T T
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O
C
®
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' AP-101-A ]
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
1600 1400 1200 1000 800

Wavenumbers (cm )

Figure 7.10. Infrared Spectra of AP-101 SolidsA (6 M Na), B (8M Na), C (10M Na), and C
(10M Na) Washed Twice

7.3.3 Raman Data of the Washed Solids

The Raman spectra show a similar pattern (see Figure 7.11). LiquidsA (6 M Na), B (8 M Na), and C
(10 M Na) and also the precipitated solids through the bottom of the vial were looked at. Then some of
the solids were dried and put on a microscope dide. The liquids spectra are compared to liquids
standards, which incorporate the effects of hydroxide and ionic strength in the spectra. The solids are
compared to solid standards, NaAlO,4, Al(OH)z, NaNOs;, Na,COs, Na,S04, NagPO,, and some double
sats NaF(NazPO,).19H,0, N&FSO,, and NazCOsS0,.
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Figure 7.11. The Raman Spectra of AP-101 Solids: 1* and 2" Wash of Solids C (10M Na)

Asshown in Table 7.2, the Raman shift will change position with respect to phase, and for most
species, with respect to the hydroxide concentration. Bands that absorb strongly are listed first in
Table 7.2. Comparisons made with the strong bands allow a tentative exclusion sulfate and phosphate
species as candidates for the insoluble precipitate in liquids A (6 M Na), B (8 M Na), and C (10 M Na).

Phosphate and aluminate were not clearly seen in the AP101 liquids by Raman athough they were
detected in the NMR spectra of the native AP101 tank waste (see Section 7.4). The characteristic yellow
colored chromate anion was evident, as well, but similarly it was below the detection limit of the Raman
experiment.
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Table7.2. CompoundsUsed For Interpreting Raman Data

LIQUID RAMAN BANDS (CM %) SOLID RAMAN BANDS (CM %)
STANDARDS STANDARDS
AlO, 619, 912w, 548, 283b NaAlO, 1067vw, 913w, 6215, 543w
NO; 1049s, 1350w, 749w AI(OH), 560w, 540, 319
CO,> 1066s, 1366V, 768w AIOOH 655, 674w, 495, 357
0,7 970s, 1274vw, 680w, 751w, Sea Sand (SIO,) 878w, 811w, 764w, 465s
447w
PO,> 998s, 1284w, 698w, 386w NaNO; 1668s, 1385w, 1366w, 766w,
720w
Cro,> 848s, 1144w, 549w, 345w KNO; 1047s, 1349w, 750w, 714w,
413w,
C,0Z 1455s, 1753, 1642w, 1614, Na,CO; 1078s, 1378vw, 781w
1158w, 883, 571w, 483vw
KHCO; 1028s, 1329vw, 1280w, 972w,
929 w, 728w, 675w, 635w
K,CO; ND*
Na,SO, 992s, 691s, 1294, 1286w,
1151w, 1130w, 1102w, 631b,
4640
NagPO, 9425, 1003w, 1238w, 643w,
544w, 410w
Na,Cro, 1340vw, 1310vw, 1178w,
1155s, 880s, 778vw, 479w
NaF(NagP0,).19H20 |  932s, 995 w, 1230w, 628w,
538w
NagFSO, 994s, 1293w,1131w, 697, 633,
466
NaNO,S0, 1064s, 995s, 1386w, 1368w,

766w, 724w, 696w

b — broad; s— strong; vw — very weak; v —weak, ND* —Not Determined

7.3.4 Multinuclear NMR of Supernatant

There was an insufficient amount of the solid product to perform NMR; however, *’Al and **P NMR
spectra of the native AP-101 tank supernatant were obtained. The Al spectrum is shown in Figure 7.12.
In the aluminum spectrum, an extremely strong singlet appears at 6258 Hz. The chemical shift of the
peak from zero to 6258 Hz indicated that the aluminum in solution has tetrahedral symmetry
(i.e., AlO, («y). The phosphorus spectrum was much wesker; athough, it did suggest that PO,” species
were in solution, but this does explain why phosphate was not observed in the precipitated solids.
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In Figure 7.12, the position of the peak at 6000 Hz indicates that thisis tetrahedrally coordinated
auminum in solution (AI(OH),). The hexa-coordinated agueous species, for example the nitrate,
Al(NO3)3*9H,0, would be near zero.

7.3.5 X-ray Diffraction of the Solids
X-ray diffraction of the solids that had precipitated at 10 M Nais shown in Figure 7.13. The major
sodium phase was confirmed to be nitratine (sodium nitrate; NaNOs); however, the identity of the

potassium phase was not conclusive. A match was made to potassium nitrate, but the match to potassium
carbonate was weak.
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Figure 7.13. Comparison of the X-ray Diffraction Analysis of the Sodium and Potassum Phasesin AP-101-C (10M Na) with
Reference Spectra of NaNO;, Na,COzH,0, KNO;, and K2CO;
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Asonly asmall amount of the washed material from AP-101-C was available. A low background
silicon wafer dide mount was used. The spectrum appeared to be single phase shown in Figure 7.14, in
agreement with the SEM investigation of the washed material. Based on the composition revealed with
the SEM, a search of the XRD database revealed matches with some zeolites (faujasite) and
feldspathoids, including cancrinite.

The major d-spacings (lattice spacings obtained with XRD) from hydroxyl-cancrinite (JCPDS
31-1272; Nay4Al;12Si130s:°6H,0) and synthetic Na-faujasite (Joint Commission for Powder Diffraction
(JCPDS) 28-1036) matched very well with the observed d-spacings from the alumino-silicate phase
observed in washed sample AP-101-C. Table 7.3 shows the match to the nitrate-cancrinite reported by
Buhl et a. (2000). Buhl et a. have performed complete structural characterization of these types of
phases. A nitrate-cancrinite was also reported by Krumhand et a. (1999).

Table7.3. Major Peaksin AP-101-C in the XRD Scan of the Alumino-Silicate

Observed 2-Theta I ntensity, Nitrate- Latticelndices,

d-spacings | (counts) | Cancrinite hkl
ops(NM) d-spacings

dii(nm)?
0.63431 13.95 2199 0.63353 110
0.27121 33 1504 - -
0.36598 24.3 1450 0.36589 300
0.46915 189 642 0.46906 101
0.32465 27.45 566 0.32393 211
0.27486 32.55 491 0.27439 400
0.41392 21.45 426 0.41483 210
0.21158 42.7 3H 0.21166 302
0.45255 19.6 329 - -
0.40643 21.85 278 - -
0.4414 20.1 246 - -
0.25975 345 219 0.25951 002
0.42874 20.7 213 - -
0.51216 17.3 193 - -
0.49513 179 181 - -
a Taken from datareported by J-C Buhl et al., J. Alloys and Compds, 305 (2000) 93-102.
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The XRD of the dumino-silicate precipitate in the washed solids could be matched to a zeolite,
Na-faujasite and the feldspathoid phase, hydroxy-cancrinite (see Figure 7.14). These were the only
phases available in the JCPDS database. Compositionally, there was little difference, both phases had
Al/Si ratios close 1.0, based on quantification with SEM-EDS. The overlap between these two phases
reported in the powder diffraction database was amost perfect. There was a good match to nitrate-
cancrinite phases reported by Buhl et al. (2000); athough, these phases are not reported in the JCPDS to
date. Faujasite and related structures are cubic; whereas, cancrinite is hexagonal and dightly birefrigent.
In addition, cancrinite is denser at 2.4 g/em® than faujasite at 1.86 g/cn®. The XRD aso showed that
there was no crystalline sodium nitrate remaining in the washed solid. Both the IR and Raman data
indicated that the NO;” and CO,” species were still present in the washed sample. The polarized light
microscopy of the washed solids clearly indicated that the alumino-silicate phase was not isotropic,
supporting the identification of cancrinite.
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The observations in this study are similar to those reported by Jantzen and Laurinat (2001) in tank
waste evaporators at the Savannah River Site. They reported the formation of sodium alumino-silicate
(NAS) hydrogd that converts to zeolite-A (ideally Nay,Al1,Si1,045- 27H,0) under hydrothermal
conditions at elevated temperatures, and eventually to sodalite (cubic; Na,Al;Si;04,Cl), and findly,
cancrinite (hexagonal). The final phases were nitrated as appears to be the case with the AP-101
precipitated solids. Krumhand et a. (1999) have also predicted that nitrate-cancrinite not zeolites should
occur in tank wastes.

7.4 Discussion

7.4.1 Nitrate-Cancrinite

The minera cancrinite is a feldspathoid but can sometimes be regarded as a zeolite owing to its
porous alumino-silicate framework structure. The framework structure of cancrinite resultsin the
formation of alarge channd that is able to accommodate OH, CI', SO,*, NO5', and CO,*. Potentially,
other anions could be incorporated into the cancrinite channel structure, such as TcO,. Synthetic
cancrinites have a so been shown to take up cesium ions into norrexchangeable sites (Bickmore et a.
2001). Indeed, we observed a significant increase in the specific radioactivity of the alumino-silicate
relative to a similar volume of the unwashed material that contained mainly sodium nitrate. The “balls of
twine” morphology of the aumino-silicate phase has been observed in laboratory synthesized cancrinite
from a simulated Hanford tank waste by Bickmore et a. (2001). The SEM images, carried out on a more
powerful field—emission microscope at the Environmental Molecular Science Laboratory in Richland,
show the same characteristic bent crystal morphology. The particles observed in the ssimulant study of
Bickmore et a. (2001) were larger than the particles observed in this study. This investigation was
grestly assisted by a number of Environmental Management Science Program (EMSP) studies on
Hanford related issues that have addressed the role of cancrinite.

7.4.2 Nitrates

Evidence for nitrate phases was found with IR and Raman spectroscopy and the presence of sodium
nitrate was confirmed with XRD. With IR, it was demonstrated that nitrite was not present in the
precipitated solids. Because NaNO, consists of an ionic lattice with Na+ ions and NO,” ions arranged in
an infinite and very regular array, the crystal consists of essentially isolated Na“ ions and NO, ions.
Thus, the vibrational modes of the cation and anion can be considered independently of one another.
sodium nitrate is more complex, as there are six normal vibrational modes; however, the IR spectrum,
exhibits only three fundamental bands, at 831, 1405, and 692 cm®. Inthecaseof a planar, triangular ion
such as NG;’, the symmetric stretch, is not IR active, because the motion does not cause a change in the
dipole moment of the ion, and hence cannot give rise to absorption of IR radiation. Among the remaining
five modes, there are two sets of doubly degenerate vibrations, (i.e., two instances in which two vibrations
occur with exactly the same frequency).

7.4.3 Carbonates

The identity of the potassium phase observed in the precipitated solids remains questionable. The
XRD andysis did not provide definitive proof of a potassium carbonate. Undoubtedly, some potassium
was present as the nitrate; however, the IR and Raman, indicated a significant fraction of the precipitated
solids were carbonates.
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75 Conclusion

The major phases falling out of solution with increasing sodium concentration is sodium nitrate and
possibly a potassium carbonate. The quantity of these phases precipitating increased with increasing
sodium concentration. A minor phase, nitrate-cancrinite, increased in concentration with increasing
sodium concentration. There were no differences in the solid phase composition at the different sodium
concentrations based on the phases observed. This investigation points to the continued importance of
understanding the solubility of nitrate-cancrinite and related phases.
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8.0 Conclusions

The AP-101 pretreated LAW sample appeared to be near saturation when it was received at a sodium
concentration of 4.9 M. White solids precipitated inthe 6 M, 8 M, and 10 M Na samples as evaporation
proceeded. The 2 wt% undissolved solids process bound was exceeded with 6.7 wt% undissolved solids
inthe 10 M Nasample. A design basis for this AP-101 pretreated LAW stream should limit the sodium
concentration to a maximum of approximately 8 M which should limit the undissolved solids content to
approximately 1.2 wt%. Solids precipitated from the LAW pretreated waste during evaporation activities
were sodium nitrate and possibly a potassum carbonate. The quantity of these phases precipitating
increased with increasing sodium concentration, but the ratio of these individual solid phases within the
bulk solid specimens appeared relatively constant. A minor phase, nitrate-cancrinite, increased in
concentration with increasing sodium concentration.

When glass former chemicals were added to the AP-101 pretreated LAW, the pH of the solution
dropped from above pH 14 to approximately 12.3-12.5. Thisis most likely due to the relatively large
quantity of boric acid in the LAWA-126 melter feed formulation. Such alarge change in pH can result in
significant solids precipitation. This solids precipitation was observed when preparing an AP-101
smulant suspending medium for particle size measurement purposes. When soluble glass former
chemicals (e.g. boric acid) were added to the AP-101 smulant (Russdll et a., 2002) a large amount of
white solids precipitated. These solids are most likely auminum hydroxide.

The undissolved solids present in the AP-101 LAW pretreated waste samples settle in a particulate
type settling regime (i.e. the settled solids accumulate from the bottom of the sample upward). The
AP-101 melter feed settled in a hindered settling regime (i.e. settled solids compress from the top of the
sample downward). The settling rate and packing efficiency of the melter feed materials significantly
decreased when temperature was increased from 25°C to 40°C.

The AP-101 pretreated LAW samples exhibited Newtonian rheologica behavior. Depending on
solution concentration and temperature, the viscosity of the samples range from 2 cPto 12 cP. Thisis
within the pretreated LAW process bounding recommendations of 0.4-15 cP discussed by Poloski et a.
(2002).

The AP-101 LAW melter feed exhibited Newtonian rheologica behavior. Depending on sodium
concentration and temperature, the viscosity of the samples range from 10 cP to 40 cP. Thisiswell
within the LAW melter feed bounding recommendations of Bingham plastic consistency index between
0.4 cP and 90 cP and yield index below 15 Pa (Poloski et d., 2002). No significant viscosity or pH
changes were observed when an 8 M Na AP-101 LAW melter feed sample was mixed and aged for
periods of 1-hr, 1-day, and 1-week. The 1-week mixed, 8M Na AP-101 LAW melter feed settled solids
exhibited Bingham plastic behavior with Bingham consistency and yield indices that exceed the LAW
melter feed bounding recommendations (Poloski et a., 2002).

The yield strength of the melter feed settled solids were measured at 40°C; 790 Pafor the 6 M Na
sample and 79 Pafor the 8 M Nasample. The significantly higher shear strength for the 6 M Na sample
is not expected. One possible explanation for this observed decrease with increasing sodium
concentration could be the higher degree of precipitated solidsin the 8 M Na system. These solids could
lower the high settled solids network strength observed in the 6 M Na system. However, after aweek
mixing period, the settled solids shear strength of the 8 M Na melter feed sample dramatically increased
to approximately 610 Pa at 40°C. When cooled to room temperature, the shear strength increased further
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to 2600 Pa. Shear strength measurements above approximately 625 Pa may cause difficultiesin WTP
processing operations (Poloski et al., 2002).

The particle size distribution of a6 M Na melter feed sample was measured. The particle size
distribution exhibits two major peaks, one in approximately the 2 to 7 mm range and the other in
approximately the 10 to 20 mm range. The resulting mean particle size on avolume basisis
9.2 mMm. Approximately 10 vol% of the particles are below 2.6 mm, 50 vol% (i.e., median value) below
7.6 mm, 90 vol% below 18.2 mm, and 95 vol% below 20.2 mm. The particle size distribution of a
LAWA-126 glass former mix in deionized water sample was also measured. The particle size distribution
exhibits two mgjor peaks, one in approximately the 0.5 to 1.5 mm range and the other in approximately
the 5to 40 mm range. The resulting mean particle size on avolume basisis 19.9 mnm. Approximately
10 vol% of the particles are below 1.1 mm, 50 vol% (i.e., median value) below 17.2 mm, 90 vol% below
43.8 mm, and 95 vol% below 50.8 mm. With particle sizeswell below 100 mm, no significant process
challenges with respect to particle settling are anticipated.
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Appendix A — Guideline Rheology Reporting

This section consists of rheology data that is consistent with reporting requirementsin the physica
property guidelines developed by Smith and Prindiville. (2002). A singular representative data run has
been selected for this reporting format (see Tables A.1-A.20).

TableA.1. AP-1014.9M NaPretreated Waste Rheology Data at 25°C (File Name: 061902a)

M odel/model Parameter Parameter Value
Shear Strength (by Vane Method):

t , - Shear Strength (Pa) a
Newtonian:

h — Newtonian viscosity (cP) 34

R® — correlation coefficient 0.9932
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 6.1

n — the power law exponent 0.9129

R® — correlation coefficient 0.9970
Bingham Plastic:

t 2- the Bingham yield stress (Pa) 0.09669

h,, - the plastic viscosity (cP) 33

R® — linear correlation coefficient 0.9958
Her schel-Bulkley:

t M - the yield stress (Pa) 0

k - the Herschel-Bulkely consistency coefficient (mPas®) 6.1

b - the Hershel-Bulkely power law exponent 0.9129

R® — correlation coefficient 0.9970

n/a— not gpplicable
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TableA.2. AP-1014.9M Na Pretreated Waste Rheology Data at 40°C (File Name: 061902¢)

M odd/mode Parameter Parameter Value
Shear Strength (by Vane M ethod):

t , - Shear Strength (Pa) na
Newtonian:

h — Newtonian viscosity (cP) 25

R? — correlation coefficient 0.9978
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 3.2

n — the power law exponent 0.9621

R® — correlation coefficient 0.9986

Bingham Plastic:

t 5- the Bingham yield stress (Pa) 0.030
h,, - the plastic viscosity (cP) 25
R® — linear correlation coefficient 0.9982

Her schel-Bulkley:

t ' - the yield stress (Pa) 0

k - the Herschel-Bulkely consistency coefficient (mPas®) 3.2

b - the Hershel-Bulkely power law exponent 0.9621
R? — correlation coefficient 0.9986

n/a— not gpplicable
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Table A.3. AP-1016 M NaPretreated Waste Rheology Data at 25°C (File Name: 062002a)

M odel/model Parameter Parameter Value
Shear Strength (by Vane Method):

t , - Shear Strength (Pa) na
Newtonian:

h — Newtonian viscosity (cP) 51

R? — correlation coefficient 0.8442
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 271.7

n — the power law exponent 0.7432

R® — correlation coefficient 0.88%4
Bingham Plastic:

t &- the Bingham yield stress (Pa) 06220

h,, - the plastic viscosity (cP) 4.2

R® — linear correlation coefficient 0.9034
Her schel-Bulkley:

t & - theyield stress (Pa) 0.6430

k - the Herschel-Bulkely consistency coefficient (mPas®) 3.8

b - the Hershel-Bulkely power law exponent 1.015

R? — correlation coefficient 0.9034

n/a— not gpplicable
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TableA.4. AP-1016 M Na Pretreated Waste Rheology Data at 40°C (File Name: 062002¢€)

M odel/model Parameter Parameter Value
Shear Strength (by Vane Method):
t , - Shear Strength (Pa) na
Newtonian:
h — Newtonian viscosity (cP) 35
R? — correlation coefficient 0.9569
Ostwald (or Power Law):
m — the consistency coefficient (mPas™) 11.0
n — the power law exponent 0.8266
R® — correlation coefficient 0.9750

Bingham Plastic:

t 5- the Bingham yield stress (Pa) 0.2235

h,, - the plastic viscosity (cP) 3.2

R® — linear correlation coefficient 0.9712
Her schel-Bulkley:

t - theyield stress (Pa) 0.008968

k - the Herschel-Bulkely consistency coefficient (mPas®) 10.66

b - the Hershel-Bulkely power law exponent 0.8312

R® — correlation coefficient 0.9750

n/a— not gpplicable
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Table A.5. AP-1018 M Na Pretreated Waste Rheology Data at 25°C (File Name: 062002i)

M odel/model Parameter Parameter Value
Shear Strength (by Vane Method):
t , - Shear Strength (Pa) na
Newtonian:
h — Newtonian viscosity (cP) 8.1
R? — correlation coefficient 0.9359
Ostwald (or Power Law):
m — the consistency coefficient (mPas™) 25.0
n — the power law exponent 0.8291
R® — correlation coefficient 0.9530

Bingham Plastic:

t 5- the Bingham yield stress (Pa) 0.6540
h,, - the plastic viscosity (cP) 7.2
R® — linear correlation coefficient 0.9600

Her schel-Bulkley:

t ' - the yield stress (Pa) 0.7452
k - the Herschel-Bulkely consistency coefficient (mPas®) 54

b - the Hershel-Bulkely power law exponent 1.040
R? — correlation coefficient 0.9602

n/a— not gpplicable
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Table A.6. AP-1018 M Na Pretreated Waste Rheology Data at 40°C (File Name: 062002m)

M odel/model Parameter Parameter Value
Shear Strength (by Vane Method):

t .- Shear Strength (Pa) na
Newtonian:

h — Newtonian viscosity (cP) 5.3

R’ — correlation coefficient 0.9837
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 10.4

n — the power law exponent 0.8976

R? — correlation coefficient 0.9892
Bingham Plastic:

t - the Bingham yield stress (Pa) 0.1821

h,, - the plastic viscosity (cP) 5.0

R? — linear correlation coefficient 0.9876

Her schel-Bulkley:

t o - theyield stress (Pa) 0

k - the Herschel-Bulkely consistency coefficient (mPas®) 10.4

b - the Hershel-Bulkely power law exponent 0.8976
R’ — correlation coefficient 0.9892

n/a— not applicable
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TableA.7. AP-101 10 M Na Pretreated Waste Rheology Data at 25°C (File Name: 062002u)

M odel/model Parameter Parameter Value
Shear Strength (by Vane Method):
t , - Shear Strength (Pa) na
Newtonian:
h — Newtonian viscosity (cP) 12.2
R? — correlation coefficient 0.6959
Ostwald (or Power Law):
m — the consistency coefficient (mPas™) 78.6
n — the power law exponent 0.7161
R® — correlation coefficient 0.7436

Bingham Plastic:

t 5- the Bingham yield stress (Pa) 11mr
h,, - the plastic viscosity (cP) 10.44
R® — linear correlation coefficient 0.7235

Her schel-Bulkley:

t ' - the yield stress (Pa) 0

k - the Herschel-Bulkely consistency coefficient (mPas®) 78.6

b - the Hershel-Bulkely power law exponent 0.7161
R? — correlation coefficient 0.7436

n/a— not gpplicable
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TableA.8. AP-101 10 M Na Pretreated Waste Rheology Data at 40°C (File Name: 062002r)

M odel/model Parameter Parameter Value
Shear Strength (by Vane Method):
t , - Shear Strength (Pa) na
Newtonian:
h — Newtonian viscosity (cP) 7.5
R? — correlation coefficient 0.016
Ostwald (or Power Law):
m — the consistency coefficient (mPas™) 568.0
n — the power law exponert 0.3361
R® — correlation coefficient 0.1122

Bingham Plastic:

t 5- the Bingham yield stress (Pa) 2.3%4
h,, - the plastic viscosity (cP) 39
R® — linear correlation coefficient 0.1190

Her schel-Bulkley:

t ! - the yield stress (Pa) 2.583
k - the Herschel-Bulkely consistency coefficient (mPas®) 1.2

b - the Hershel-Bulkely power law exponent 1171
R? — correlation coefficient 0.1191

n/a— not gpplicable
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TableA.9. AP-1016 M NaMéter Feed Rheology Data at 25°C (File Name: 073002c)

M odel/model Parameter Parameter Value
Shear Strength (by Vane Method):

t , - Shear Strength (Pa) na
Newtonian:

h — Newtonian viscosity (cP) 12.4

R? — correlation coefficient 0.9986
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 16.9

n — the power law exponent 0.9530

R® — correlation coefficient 0.9996
Bingham Plastic:

t &- the Bingham yield stress (Pa) 0.2350

h,, - the plastic viscosity (cP) 121

R® — linear corrdation coefficient 0.9996
Her schel-Bulkley:

t & - theyield stress (Pa) 0.1603

k - the Herschel-Bulkely consistency coefficient (mPas®) 13.7

b - the Hershel-Bulkely power law exponent 0.9816

R? — correlation coefficient 0.9998

n/a— not gpplicable
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Table A.10. AP-101 6 M Na Mdter Feed Rheology Data at 40°C (File Name: 073002h)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t o - Shear Strength (Pa; 072302a) 790
Newtonian:

h — Newtonian viscosity (cP) 9.0

R? — correlation coefficient 0.9918
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 3.7

n — the power law exponent 1134

R® — correlation coefficient 0.9980
Bingham Plastic:

t &- the Bingham yield stress (Pa) 0

h,, - the plastic viscosity (cP) 9.0

R® — linear correlation coefficient 0.9918
Her schel-Bulkley:

t ' - the yield stress (Pa) 0.3400

k - the Herschel-Bulkely consistency coefficient (mPas®) 1.7

b - the Hershel-Bulkely power law exponent 1.241

R? — correlation coefficient 0.99%4
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TableA.11. AP-1018M NaMéelter Feed Rheology Data at 25°C (File Name: 073102c)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t , - Shear Strength (Pa) na
Newtonian:

h — Newtonian viscosity (cP) 394

R? — correlation coefficient 0.9954
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 21.0

n — the power law exponent 1.096

R® — correlation coefficient 0.9990
Bingham Plastic:

t &- the Bingham yield stress (Pa) 0

h,, - the plastic viscosity (cP) 394

R® — linear correlation coefficient 0.9954
Her schel-Bulkley:

t ' - the yield stress (Pa) 0.9813

k - the Herschel-Bulkely consistency coefficient (mPas®) 131

b - the Hershel-Bulkely power law exponent 1161

R? — correlation coefficient 0.99%4

n/a— not gpplicable
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TableA.12. AP-1018M NaMeéelter Feed Rheology Data at 40°C (File Name: 073102k)

M ode/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t o - Shear Strength (Pa; 072302b) &
Newtonian:

h — Newtonian viscosity (cP) 25.9

R’ — correlation coefficient 0.9930
Ostwald (or Power Law):

m — the consistency coefficient (mPaxs™) 54.0

n — the power law exponent 0.8883

R? — correlation coefficient 0.9998
Bingham Plastic:

t &- the Bingham yield stress (Pa) 1.003

h,, - the plastic viscosity (cP) 244

R? — linear correlation coefficient 0.9980
Her schel-Bulkley:

t N - theyield stress (Pa) 0

k - the Herschel-Bulkely consistency coefficient (mPas®) 54.0

b - the Hershel-Bulkely power law exponent 0.8883

R’ — correlation coefficient 0.9998
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TableA.13. AP-101 8M NaMédter Feed Rheology Data at 25°C
one hour after Glass Former Chemical Addition (File Name: 082202a)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t o - Shear Strength (Pa) a
Newtonian:

h — Newtonian viscosity (cP) 23.7

R’ — correlation coefficient 0.9982
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 18.0

n — the power law exponent 1.042

R’ — correlation coefficient 0.9990
Bingham Plastic:

t &- the Bingham yield stress (Pa) 0

h,, - the plastic viscosity (cP) 23.7

R? — linear correlation coefficient 0.9982
Her schel-Bulkley:

t ¥ - theyield stress (Pa) 0.4566

k - the Herschel-Bulkely consistency coefficient (mPaxs®) 12.8

b - the Hershel-Bulkely power law exponent 1.09

R’ — correlation coefficient 0.9992

n/a— not gpplicable

A.13




TableA.14. AP-101 8M Na Mélter Feed Rheology Data at 40°C
one hour after Glass Former Chemical Addition (File Name: 082202€)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane M ethod):

t o - Shear Strength (Pa) a
Newtonian:

h — Newtonian viscosity (cP) 19.0

R’ — correlation coefficient 0.9984
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 16.6

n — the power law exponent 1021

R’ — correlation coefficient 0.9986
Bingham Plastic:

t &- the Bingham yield stress (Pa) 0.02001

h,, - the plastic viscosity (cP) 19.0

R? — linear correlation coefficient 0.9984
Her schel-Bulkley:

t ¥ - the yield stress (Pa) 0.5572

k - the Herschel-Bulkely consistency coefficient (mPaxs®) 9.81

b - the Hershel-Bulkely power law exponent 1.094

R’ — correlation coefficient 0.9994

n/a— not gpplicable
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TableA.15. AP-101 8M Na Médter Feed Rheology Data at 25°C
one day after Glass Former Chemical Addition (File Name: 082302a)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t o - Shear Strength (Pa) a
Newtonian:

h — Newtonian viscosity (cP) 30.0

R’ — correlation coefficient 0.9990
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 317

n — the power law exponent 0.9916

R’ — correlation coefficient 0.9990
Bingham Plastic:

t &- the Bingham yield stress (Pa) 0.235

h,, - the plastic viscosity (cP) 29.6

R? — linear correlation coefficient 0.9992
Her schel-Bulkley:

t ¥ - theyield stress (Pa) 0.6848

k - the Herschel-Bulkely consistency coefficient (mPaxs®) 214

b - the Hershel-Bulkely power law exponent 1.046

R’ — correlation coefficient 0.9994

n/a— not gpplicable
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TableA.16. AP-101 8M Na Mélter Feed Rheology Data at 40°C
one day after Glass Former Chemical Addition (File Name: 082302€)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane M ethod):

t o - Shear Strength (Pa) a
Newtonian:

h — Newtonian viscosity (cP) 20.8

R’ — correlation coefficient 0.9934
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 42.6

n — the power law exponent 0.8907

R’ — correlation coefficient 0.9998
Bingham Plastic:

t 8- the Bingham yield stress (Pa) 0.7562

h,, - the plastic viscosity (cP) 19.7

R? — linear correlation coefficient 0.9978
Her schel-Bulkley:

t M - theyield stress (Pa) 0

k - the Herschel-Bulkely consistency coefficient (mPaxs®) 42.6

b - the Hershel-Bulkely power law exponent 0.8907

R’ — correlation coefficient 0.9998

n/a— not gpplicable
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TableA.17. AP-101 8M NaMéelter Feed Rheology Data at 25°C
one week after Glass Former Chemical Addition (File Name: 082902a)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t o - Shear Strength (Pa) a
Newtonian:

h — Newtonian viscosity (cP) 29.2

R? — correlation coefficient 0.9960
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 15.7

n — the power law exponent 1.095

R’ — correlation coefficient 0.9994
Bingham Plastic:

t &- the Bingham yield stress (Pa) 0

h,, - the plastic viscosity (cP) 29.2

R? — linear correlation coefficient 0.9960
Her schel-Bulkley:

t ¥ - theyield stress (Pa) 0.6235

k - the Herschel-Bulkely consistency coefficient (mPaxs®) 105

b - the Hershel-Bulkely power law exponent 115

R’ — correlation coefficient 0.9998

n/a— not gpplicable
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TableA.18. AP-101 8M Na Mélter Feed Rheology Data at 40°C
oneweek after Glass Former Chemical Addition (File Name: 090302c)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t o - Shear Strength (Pa) na
Newtonian:

h — Newtonian viscosity (cP) 28.3

R’ — correlation coefficient 0.9920
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 16.0

n — the power law exponent 1.087

R’ — correlation coefficient 0.9950
Bingham Plastic:

t 8- the Bingham yield stress (Pa) 0

h,, - the plastic viscosity (cP) 28.3

R? — linear correlation coefficient 0.9920
Her schel-Bulkley:

t N - theyield stress (Pa) 0.7993

k - the Herschel-Bulkely consistency coefficient (mPaxs®) 9.4

b - the Hershel-Bulkely power law exponent 116

R’ — correlation coefficient 0.9956

n/a— not gpplicable
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Table A.19. AP-101 8M Na Médter Feed Settled Solids Rheology Data at 25°C
one week after Glass Former Chemical Addition (File Name: 092502f)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t o - Shear Strength (Pa; 092402a._ss) 2624
Newtonian:

h — Newtonian viscosity (cP) 246.6

R’ — correlation coefficient 0.9305
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 1367

n — the power law exponent 0.7391

R’ — correlation coefficient 0.9801
Bingham Plastic:

t &- the Bingham yield stress (Pa) 26.4

h,, - the plastic viscosity (cP) 207.3

R? — linear correlation coefficient 09771
Her schel-Bulkley:

t ¥ - theyield stress (Pa) 1131

k - the Herschel-Bulkely consistency coefficient (mPaxs®) 742.1

b - the Hershel-Bulkely power law exponent 0.8216

R’ — correlation coefficient 0.9813
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Table A.20. AP-101 8M Na Médter Feed Settled Solids Rheology Data at 40°C
one week after Glass Former Chemical Addition (File Name: 0925029)

M odel/model Parameter

Parameter Value

Shear Strength (by Vane Method):

t o - Shear Strength (Pa; 091902f_ss) 609
Newtonian:

h — Newtonian viscosity (cP) 179.0

R’ — correlation coefficient 0.9894
Ostwald (or Power Law):

m — the consistency coefficient (mPas™) 329.2

n — the power law exponent 0.9074

R’ — correlation coefficient 0.9940
Bingham Plastic:

t 8- the Bingham yield stress (Pa) 7569

h,, - the plastic viscosity (cP) 167.7

R? — linear correlation coefficient 0.9954
Her schel-Bulkley:

t M - theyield stress (Pa) 8.104

k - the Herschel-Bulkely consistency coefficient (mPaxs®) 156.7

b - the Hershel-Bulkely power law exponent 101

R’ — correlation coefficient 0.9954
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