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Summary

This report summarizes the work performed with sludge from Hanford Site single-shell Tank
241-S-107 during FY 98. The tests described in this report support the development of the baseline
Hanford tank sludge pretreatment flowsheet that includes the enhanced sludge washing (ESW) and
settle/decant processes.

ESW removes caustic and water-soluble components from the sludge in an effort to minimize the
volume of high-level waste feed that would ultimately be vitrified. During each step of ESW, solid/liquid
separations are required. Gravity settle/decant is an approach currently being considered and is the one
reported on here.

This report provides scale-up data for the pretreatment of the Tank S-107 sludge. Enhanced
sludge washing and settle/decant were performed on Tank S-107 sludge using the liter-scale settle/decant
equipment. The experimental processing steps simulated those of the proposed full-scale process,
including retrieval, caustic leaching, and inhibited water washing. The tests were performed remotely in
324 Building C-Cell using a stainless steel chemical leaching tank (10 liters) and a transparent plastic
settling column (10 cm diameter by 1 m tall). Approximately 1000 grams of sludge were tested using this
equipment. During the test, hindered-settling-rate (initial rate of decrease of the sediment height) and
sludge-compaction (solid fraction in final sediment) data were obtained during each step of the ESW
process. Solid and supernatant samples were taken to evaluate the removal efficiencies of radioactive and
nonradioactive components from the sludge during the leaching and washing processes. In some cases,
the removal of aluminum and chromium during the ESW process may be controlled by the dissolution
kinetics rather than solubility limits. To better understand the time required to dissolve these analytes, an
extended caustic leach test was performed at the conclusion of the ESW process.

These tests were supported by Pacific Northwest National Laboratory’s (PNNL’s) Radiocolloids
Laboratory, which provided analyses of the decanted supernatants and sludges. Density, solids
concentration, compressive yield stress, and particle size were measured to close mass balances and
provide scale-up information. An empirical model was developed to scale-up the settling process to a
full-scale million-gallon double-shell tank using the liter-scale settling curves and radiocolloids data.

ESW results were compared to those of Lumetta et al. (1996), who performed a similar
experiment with Tank S-107 sludge on a laboratory scale (8.4 grams of sludge). In the work of Lumetta,
et al. there was no initial retrieval step; only the two caustic leaches and three water washes were
performed. Thus, the results can be compared only qualitatively. A summary of the results is shown in
Table S.1. Note that less aluminum and phosphorus and more chromium were removed in the current
experiment than in that of Lumetta et al. (1996). The differences in the results may be attributed to the
solids and caustic concentration or the temperature and method of solid/liquid separation, which were
different between the two tests. The bench-scale experiments were performed with higher solids
concentrations than in the case of the laboratory-scale experiments. The bench-scale experiments were
settled at elevated temperatures while the laboratory-scale experiment was centrifuged to separate the
solids and liquids at room temperature.

In the extended caustic-leach experiment, the sludge was agitated with 3 M NaOH and at 80°C
for 1 week. During that time, samples of either slurry or supernatant were taken periodically. At the
conclusion of the week-long experiment, the sludge was allowed to settle, and a final sample was taken.
Results of this experiment, as shown in Table S.2, indicate that 84% of the aluminum and 100% of the
chromium could be removed with further leaching over and above that done during the ESW.
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Table S.1. Comparison of Bench- and Laboratory-Scale Data Conditions and
Component Distribution % (Brooks/Lumetta)

Retrieval Water
Wash Caustic Leach 1 Caustic L.each 2 Washes Residue
Free [OH] 0.01 1.98/2.1 2.9/2.8 0.01/0.01 -
Initial Wt % 7.7 10.9/2.3 7.2/1.1 4.3/~4.0 --
Solids
Al 3 22/56 18/17 6/0 52/27
Cr 41 16/35 13/18 6/1 23/47
P 48 18/92 7/6 7/0 19/2
Bcs 52 11/79 0/21 3/0 34/0
Table S.2. Distribution of Aluminum and Chromium
Between ESW and Extended Caustic Leach®
Al (wt? r (wt©

Amount Removed in Enhanced Sludge Wash 48 77

Amount Removed in Extended Caustic Leach 36 23

Amount Remaining in Sludge Residue 16 0

(a) Based on analyte concentrations in the initial sludge.

For each step in the ESW process, the sludge settling was complete, and compaction began in the
1-meter column within 4 hours of the start of the test. During the settling, a distinct interface formed
between the settling solids and supernatant. Hindered settling rates were linear, as predicted, and ranged
from 3.2 criv/h (at 14.6 wt% solids, 80°C, caustic leach) to 16.7 cm/h (at 7.7 wt% solids, 80°C, retrieval
step). Settling rates improved with decreased solids concentration (over the range of 4.3 to 14.9 wt%)).
Higher insoluble solids concentrations were achieved for the caustic-leach steps than for water-wash
steps. The settle/decant process obtained high decontamination factors for both transuranics (TRU) and
*°Sr (as measured by the ratio of TRU and *°Sr in the solids to that in the solution).

A semi-empirical model of sludge settling was developed based on the results of the bench-scale
sludge-settling tests and centrifugation of smaller samples. This model is capable of predicting the
hindered settling as a function of concentration (for Tank S-107 sludge with caustic and water wash
solutions) and the sludge compaction for greater depths of sludge. This allows extrapolation of the
experimental data to a full-scale double-shell tank (DST) or similar settling system. The results of this
extrapolation are shown in Table S.3 below. Note that the caustic leaches required longer time, but are
compacted to higher solids concentrations than the water washes. Higher solids concentrations required
more time to settle, for both the hindered settling regime and the compaction regime. In all cases, the
solids concentration in the compacted sludge is greater than 20 wt% within 10 days, which is
considerably better than the 30 days assumed in the TWRS O&UP (Kirkbride 1997).
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Table S.3. Weight Percent Solids in the Compacted Sludge Attainable in a
10-meter-Tall DST at Various Settling Times

Condition Initial Solids 3 days 10 days 30 days Infinite

Retrieval 5 wit% 29.4 323 33 33.2

Step 10 wt% 26.7 32.0 34.0 342

Causti 5 wi% 9.86 31.1 33.1 333
austic

Leach 10 wt% 14.0 29.7 33.3 35.8

5 wit% 20.0 25.3 26.3 26.5

Water Wash 10 wt% 16.6 25.4 26.6 274
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1.0 Introduction

The U.S. Department of Energy’s (DOE’s) Hanford Site has 177 underground storage tanks that
contain wastes from past nuclear fuel reprocessing and waste-management operations. These tanks
require remediation. The contents of these tanks will be disposed of either as high-level waste (HLW) in
a deep geologic repository or as low activity waste (LAW) onsite in near-surface disposal sites. Because
the cost to dispose of the high-level waste fraction is expected to be high, the waste may be pretreated
before being immobilized to minimize the quantity of HLW generated.

Hanford's tanks contain a mixture of supernate, water-soluble saltcake, and water-insoluble
sludge. The saltcake and supernate will be processed to remove cesium, and possibly technetium, and
then immobilized as LAW. The tank sludges, on the other hand, contain the bulk of the radionuclides and
will be disposed of as HLW. To minimize their impact on the final waste volume, these sludges will be
retrieved from the tank and pretreated using ESW.

The ESW process first leaches the sludge with hot caustic (2 to 3 M NaOH). This step solublizes
sludge components such as aluminum, phosphorus, and chromium. The sludge is then washed with
inhibited water (0.01 M NaOH/0.01 M NaNO,) to remove the added sodium as well as other water-
soluble ions. The Tank Waste Remediation System Operation and Utilization Plan (TWRS O&UP)
(Kirkbride 1997) uses mass-weighted average wash/leach factors of 0.91, 0.86, and 0.95 for aluminum,
phosphorus, and chromium, respectively of the single-shell tank (SST) wastes. These three components
are removed to decrease the volume of HLW generated and improve the quality of the final waste form
produced. The transuranic elements (primary alpha emitters) and *°Sr are not solubilized during ESW and
should remain with the leached solids and be incorporated into the HLW.

During each step in the ESW process, solid/liquid separation techniques will be required. A
candidate being considered for these separations is gravity settling. To be considered a viable separation
technique, gravity settling must provide a high degree of supemate clarification and sludge compaction in
an acceptable period of time. The TWRS O&UP assumes that sludges from SSTs settle in a double shell
tank 1 month (rates between 1 to 2 cm/h), and that the final compacted material contains 20 wt%
insoluble solids.

Recently, the U.S. Department of Energy elected to privatize several aspects of the TWRS efforts.
This privatization has been divided into two phases. Phase 1 will be a proof-of-concept/commercial
demonstration phase and will involve the pretreatment and LAW vitrification of approximately 6 to 13
percent of the tota] waste volume. Phase 1 will also allow for immobilization of a fraction of the HLW
sludges. Phase 2 will be the full-scale production phase. Facilities will be sized so all of the remaining
waste from the 177 tanks can be processed and immobilized by 2028.

This report describes the pretreatment of sludge from Hanford tank 241-S-107 at Pacific
Northwest National Laboratory.® This tank will be part of the Privatization Phase 2 tanks to be
remediated. It is one of the REDOX tank wastes that contain high aluminum concentrations (Lumetta et
al. 1996). These REDOX tanks make up a large fraction of the total sludge inventory and have a large
fraction of AIOOH (boehmite), which is dissolves less readily and is in colloidal sized particles in
contrast to the more common Al(OH); (gibbsite) found in tank wastes (Lumetta et al. 1996). These

(a) Pacific Northwest National Laboratory is operated for the U.S. Department of Energy by Battelle under Contract
DE-AC06-76RLO 1830.
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characteristics may make the aluminum more difficult to remove and settling less efficient. For this
reason, S-107 was selected as the tank of study.

This report describes the settling and compaction properties of ~1000 grams of S-107 sludge
during the various steps of simulated retrieval and ESW. The analysis of the settling and compaction data
is coupled with results from the analysis of slurry samples by PNNL’s Radioactive Colloids laboratory.
Both of these analyses feed into a semi-empirical model used for scaling up the settling data from liter- to
full-scale. The TRU and *°Sr concentrations in the supernate were also measured to determine the
partitioning of these species between the solid and liquid phases.

The efficiency of the ESW was evaluated. The quantities of both non-radioactive elements and
radioactive isotopes removed during the various stages of the ESW are presented. As an extension to the
ESW, a 1-week extended caustic leach was also performed following the enhanced sludge wash to better
understand the kinetics of removal of Al and Cr.
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2.0 Experimental Methods

The settle/decant, ESW and extended caustic leaching for the S-107 material were performed
from April to July 1998 using the liter-scale settle/decant equipment. A brief description of the
equipment and the testing are described in the sections below.

2.1 Equipment Description

The settle/decant equipment consists of two processing tanks and three chemical holding tanks
connected by stainless steel tubing with valves and pumps to facilitate transfer of test materials. This
equipment was in the 324 Building C-Cell with supporting equipment in the C-Cell operating gallery.
The test equipment process flow diagram is shown in Figure 2.1.

2.1.1 Tanks

The first processing tank is the sludge receipt tank, C-202, which was used for retrieval and
sludge washing and leaching functions. This 8-liter tank was equipped with an agitator, a heater,
thermocouples for temperature monitoring, and inlet and outlet lines. A port on the top of the tank is used

. to transfer the sludge into the equipment. A funnel was used to assist the transfer of the tank waste sludge
sample into the sludge receipt tank. The temperature of the tank contents can be controlled to between 25
and 110°C during chemical processing of the sludge. To reduce the effects of evaporation, vapors from
this tank and the sludge settler are passed through a condenser and demister. The collected liquid is then
allowed to drain back into the tanks.

The second processing tank is the sludge settler, C-201, which is approximately 10 cm in
diameter and 1 m tall. The sludge settler is constructed of polysulfone, a transparent polymer that is
resistant to boiling caustic and radiation. A ruler, visible from the cell window, was attached to the
column so that 0 inches was near the top of the column and 36 inches (91 cm) was near the bottom. The
ruler was used to observe the slurry/liquid interface level and to determine the total volume in the sludge
settler. The slurry/liquid interface level is measured visually by back-lighting the column and observing
the light/dark interface. The tank’s temperature is controlled between 25 and 85°C by circulating water
from a hot water bath through a cylindrical annulus surrounding the sludge settler. Penetrations through
the top flange allow the insertion of the sample tube and the transfer of materials. The sample tube is
mounted on a linear motion apparatus that enables the end of the tube to be placed at accurate depths
within the sludge settler. Supernatant was then removed at these locations. This same sample tube is also
used to pump supernatant out of the top of the column and into the bottom of the column enabling the
sludge to be refluidized following a settling test. Once the sludge is refluidized, it can then be transferred
back into the sludge receipt tank for continued chemical processing.

The dimensions of the settling column were based on an understanding of the effects of geometry
on the sludge-settling characteristics. Small settling systems can provide an accurate measure of free and
hindered settling that can be applied directly to larger systems if the sides of the settling column do not
influence the settling rate. The column diameter must be large enough to prevent these wall effects. The
column height also must be tall enough to allow accurate measurement of the sludge settling rates. Since
large quantities of sludge are not readily available, the height and diameter must be balanced. Standard
sludge settling methods for scale-up have used a 10-cm-diameter, 1-m-tall column (Greenberg 1992). To
ensure that wall affects were indeed negligible for the sized column, a physical simulant (kaolin clay) and
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a chemical simulant (C-106 simulant) were studied at Washington State University with 10- and 30-cm-
diameter columns, both 1-m tall. Results showed no statistical difference between these two sizes of
columns (Brooks et al. 1997).

The cold chemical tank, C-101, was used to store caustic (10 M NaOH) or inhibited water
(0.01 M NaOH and 0.01 M NaNO,), which was used for the retrieval, solids resuspension, wash, and
leach steps. This tank is in the operating gallery and is used with a metering pump for accurate
measurement of the caustic and water added to the in-cell tanks.

The batch collection tank, C-301, and the supernate holding tank, C-302, were both used to store
liquid separated from the solids by gravity settling

2.1.2 Pumps

The pumps used to move slurry and liquid between processing stations were peristaltic pumps of
various sizes. These pumps had a head that rotated against a flexible tube, thereby generating the
pumping action. The pumps could be operated at any speed setting (within its range), in either forward or
reverse direction, and in one of several modes. They can be set to pump at a given speed or flow rate, or
to pump a set volume and shut off. The sludge was generally pumped at greater than 3.8 liter/min to
prevent its settling during transfers. The supernatant, in contrast, was decanted from the settled sludge at
200 mL/min to avoid disturbing the settled sludge.

A small centrifugal pump is installed in the sludge receipt tank recirculation line. This pump
attempts to simulate the shear experienced by the sludge particles during the retrieval step. These shears
may break up agglomerates and reduce the particles’ size, resulting in slower overall settling. This small
centrifugal pump has a 3.34-cm-diameter impeller, which operates at 8000 rpm, creating a tip speed of
14 m/s, which is similar to tip speeds in the full-size mixer pumps. Although the shear profile inside a
mixer pump is still very different than that in a small centrifugal pump, by matching the tip speed
between the two pumps, the maximum shear should be similar.

2.1.3 Valves and Tubing

The tanks and pumps described above are connected to each other through a network of stainless
steel tubing mounted on a steel framework attached to a table. The table sits in a secondary containment
pan on the floor in the 324 Building C-Cell. Outlets from each tank come from a dip tube at the bottom
of the tank. The inlets are in the top of the tank. Valves in the tubing allow each tank and pump to be
connected/disconnected from each other so the contents of the tanks can be transferred to other tanks,
sampled, additions made, etc. All of the tubing fittings are stainless steel Swagelok fittings. All in-cell
equipment has been designed or modified for operation with master-slave manipulators.
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2.1.4 Instrumentation and Data Acquisition System

Liquid level and density were measured on the in-cell tanks using dip legs connected to
differential pressure transducers. Temperature was measured using calibrated thermocouples. This
instrumentation was connected to a data acquisition system in the C-Cell operating gallery. Results were
monitored and saved throughout the test. Unfortunately, the dip legs in the sludge receipt tank became
plugged during testing, and the density and liquid level could not be measured.

2.1.5 Photographic Data Recording

A video camera was mounted on a master slave manipulator in C-Cell during all of the settling
tests. The camera was turned on before the start and turned off just after the end of the settling test. All
of the settling data were thus recorded on videotape using time-lapse photography at one-sixtieth regular
speed. This system also provided a means of checking what was seen through the cell window by looking
at a monitor. This was helpful for distinguishing color and parallax error.

2.2 Gravity Settling and Sludge Washing Test

This section of the report summarizes the actual step-by-step activities conducted during the ESW
and gravity settling test with the S-107 sample. The homogenization, simulated retrieval, two caustic
leaches, three inhibited water washes, and an extended caustic leach were performed with material from
core samples 105, 110, and 111 of S-107 sludge taken September 1995. The workplace copy of the
operating procedures, including noted observations, and the laboratory record book (BNW 55983) contain
the detailed description of the actual test activities.

2.2.1 Waste Sample Preparation

In February 1997, 11 containers of actual S-107 sludge waste were transferred from the 222-S
Laboratory to the PNNL 325 Laboratory. A detailed description of sludge sampling history from Tank
241-S-107 is provided in a Tank Characterization Report (Simpson 1996). The S-107 samples were
contained in wide-mouth glass containers and were stored in 325, a high-level radiochemistry facility
(325A HLRF), for approximately 13 months before the enhanced-sludge-settling experiment. In April
1998, the S-107 sludge samples were removed from these containers and combined to prepare a
homogeneous S-107 sludge sample for the settle decant experiment. :

All 11 sludge samples were either dried or nearly dried out. A spatula was used to scrape and
remove the S-107 sludge samples from the containers. The samples were transferred to a mixing vessel,
and water was added to aid sludge mixing. A total of 205 grams of de-ionized water were added to the
sludge. To homogenize the S-107 waste, an OMNI mixer and chamber assembly were used.® The
mixing vessel was inserted in an iced water bath during the mixing process to minimize heating and water
evaporation from S-107 sludge during sample homogenization. Since a large volume of S-107 sample
was involved, and the homogenization was completed in several steps of homogenizing and blending of

(a) The PNNL technical procedure number PNL-ALO-135 was used to homogenize the S-107 waste.
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each of the composites. The composites were prepared from a primary mixing step to ensure a final
uniformly homogenized S-107 sample for the ESW experiment.

Replicate samples from three locations inside the holding vessel were taken to determine the
weight percent (wt%) of solids used as the starting solid mass fraction of S-107 waste in the enhanced-
sludge settling experiment after completing the homogenization process. Two additional samples were
taken to determine the bulk density of the starting sludge. The wt% of solids was determined from the
difference between the mass of each sample before and after drying in the oven at 105°C. The bulk
density of samples was determined by placing the S-107 sample in a 15-mL graduated centrifuge cone
and measuring the mass and volume of sludge sample after centrifuging the samples. Since the samples
were very viscous, the samples were centrifuged at approximately 1000x g for 30 minutes to remove any
entrapped air bubbles, which would affect the volume of sample. Following centrifugation, the total
volume of sample in the centrifuge cone (centrifuged layer and supernatant layer) and the total mass of
the sample in the centrifuge cone were used to determine the bulk density of samples. The wt % of solids
for each sample replicate and their averaged value are presented in Table 2.1.

Table 2.1. Measured Solids Weight Percent and Bulk Density of S-107 Sludge Feed

Sample # Solids Weight % Sample # Sludge Bulk Density (g/mL)
1 67.5
2 66.6 1 1.82
3 68.3
Average 67.5 2 1.81
Standard Deviation 0.84
95% Confidence 1.8 Average 1.815

The reproducibility of the measured solids weight percent quantities in Table 2.1 suggests that the
S-107samples recovered from the containers were uniformly homogenized. The measured bulk densities
were nearly identical which indicate that the sludge samples were completely packed in the graduated
centrifuge cones upon centrifugation and any entrapped air was removed from the sludge samples.

2.2.2 Retrieval Step

An overview of the processing steps and target conditions is shown in Table 2.2 while the actual
processing steps and operating conditions are shown in Figures 2.2 and 2.3. For the retrieval step, second
caustic (CL2), and third water wash (WW3), two settling tests were performed targeting 5 and 10 wt%
solids concentration. The target final caustic concentration for the first caustic leach (CL1) was 2 M
NaOH, while the target was 3 M NaOH for the second caustic leach.

A total of 1005.4 g of S-107 sludge was transferred from the 325 Building to the 324 Building in
a two-liter plastic container. Because the sludge was very viscous, water was added to the sample before
it was transferred into the settle/decant equipment. After pouring, the sample container was rinsed, and
the remaining inhibited water preventing corrosion (0.01M NaOH and 0.01M NaNO,) was transferred to
create the targeted slurry concentration.

A summary of the enhanced sludge wash experiment, including each chemical addition and
sample removal, is shown in Figure 2.2. Chemical additions used to meet the specified target solids
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concentrations use either inhibited water or NaOH solutions. Deionized water was added to replace water
lost during evaporation and the amount to be added was estimated throughout the run from available
volume measurements when the slurry was pumped into the settling column. These water additions to
replace water lost during evaporation were made after heating in the sludge receipt tank and during the
settling tests. The settling rates shown in Figures 2.2 and 2.3 were measured as the maximum settling rate
attained. The solids concentration, on the other hand, was not measured during the run and could only be
estimated. The solids concentrations from samples taken after the retrieval, second caustic leach, and
third water wash were measured after the testing was complete. These insoluble solids concentrations
were obtained by drying the samples of both the mixed slurry and the filtered supernatant at 105°C to
constant weight. Solids concentrations for each of the settling tests were calculated from these drying
measurements, assuming no change in the mass insoluble solids between the first and second caustic
leach nor between the first, second, and third water-wash steps.

Table 2.2. Summary of Target Processing and Settling Conditions for the S-107 Sample

Extended Caustic
Conditions Retrieval Caustic Leach Water Wash Leach
Total Performed 1 2 3 1
Iérocessmg _Sohds 10% 50, 59, 59,
oncentration
T
Final Caustic Corrosion CLl 2 Corrosion Inhibited
Concentration Inhibited Water NaOH Water il NElO:
CL2 --3M NaOH

e 100°C 100°C 50°C 80°C
Temperature

Processing Time 1 hour 5 hours 30 minutes 250 hours
Number of Settling 2 3 4 1
Tests
' ) . CL1-5%

Settling Solids WW1 & WW2 -5% o
Concentrations 10% and 5% CLZIB;% & WW3 —-5% & 10% 5%
o

Settling 0 R . o

T 80°C 80°C 50°C 80°C
(a) CL1 = First Caustic Leach; CL2 = Second Caustic Leach; WW 1 = First Water Wash; WW2 =
Second Water Wash; WW3 = Third Water Wash

To ensure complete wetting and mixing of the sludge before the retrieval washes, the agitator was
operated overnight. The slurry was then recirculated through a high-speed centrifugal pump for 30
minutes to simulate the shear from the mixer pumps during retrieval. Following this mixing, the slurry
was heated at 100°C for 30 minutes. Four slurry samples were then taken.
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Figure 2.2. Graphical Overview of the ESW Process
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Figure 2.2. Graphical Overview of the ESW Process (Continued)
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During the retrieval step, two settling tests were performed. The first was at 13.6 wt% solids.
Additional inhibited water was then added, the mixture was refluidized, and a second settling test was
performed at 7.7 wt% solids. The settling rate was measured for both settling tests at 80°C. Following

- each settling test, three samples of supernate were taken: from 2.54 cm (1 in.) below the supernate
surface, midway into the clear supernate layer, and 2.54 cm (1 in.) above the settled solids layer.

Following the sampling on the second settling test, the supernate was removed to within 1 cm of
the settled solids layer and transferred into the batch collection tank. Deionized water was added to the
settling column, and the sludge was fluidized by forcing liquid into the bottom of the column. The slurry
was transferred back into the sludge receipt tank, and the first caustic leach procedure was begun.

2.2.3 First Caustic Leach

Ten-molar sodium hydroxide was added to the sludge receipt tank targeting a 2M NaOH solution
at 5 wt% insoluble solids (after leaching was complete). Since aluminum dissolution depletes hydroxide,
the hydroxide concentration needed was determined based on the aluminum concentration in the Tank
Characterization Report (1996) and the leaching studies of Lumetta et al. (1996). The actual free-
hydroxide concentration after this leaching step was measured to be 1.98 M. The solids concentration
was estimated to be 10.9 wt% insoluble solids.

The sludge was heated to 100°C and processed for 5 hours after which it was cooled to 80°C and
transferred to the settling vessel. Deionized water was added to the slurry to replace the water that had
evaporated. The settling was performed at 80°C, and the rate of drop of the solid/liquid interface was
measured. Following the settling test, three supernate samples were taken similar to that described in
Section 2.2.2. The supernate was decanted, and deionized water was added to help fluidize the mixture
and transfer it back to the sludge-receipt tank.

2.2.4 Second Caustic Leach

The second caustic leach was similar to the first caustic leach. A mixture was prepared targeting
a 3 M NaOH final caustic concentration and a 5 wt% insoluble solids mixture. After heating at 100°C for
5.75 hours, samples of the slurry were taken. An analysis of these samples found that the final free-
hydroxide concentration was 2.86 M. As with the retrieval step, two settling tests were performed, each
at 80°C. The first settling test was at 14.9 wt% and then additional 3 M NaOH was added to make a
7.2 wt% insoluble solids concentration mixture. Settling rates were measured for each of these settling
tests, and three samples of supernate were taken for each test. After the settling tests, the supernate was
decanted and removed.

2.2.5 First and Second Water Wash

Both the first and second water washes were performed as follows. Inhibited water
(0.01 M NaOH/0.01 M NaNO,) was added to the compacted sludge in the column. The slurry was
fluidized and transferred into the sludge receipt tank. The mixture was heated and agitated at 50°C and
then transferred into the settling vessel, which was also controlled to 50°C. The insoluble solids
concentrations for both these samples were estimated to be 4.3 wt%, based on the measured solids
concentration from the second caustic leach and third water wash. The settling rate was measured based
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on the interface height. Once settling was complete, three samples of supernate were taken, and the
supernate was decanted.

2.2.6 Third Water Wash

The third water wash was identical to the first and second water wash with two exceptions. First,
four sludge samples were taken after this washing step. These provided a basis for the solids
concentration for all three water washes. Second, rather than performing a single settling test at near
5 wt% insoluble solids, two settling tests were performed. The first was estimated to be 4.3 wt% and the
second was measured at 8.7 wt%. To obtain the higher solids loading on the second settling test,
supernatant was decanted to the required level and the slurry was refluidized and allowed to settle. After
the settling tests, supernate samples were taken, and the supernate was decanted for continued processing.

2.2.7 Extended Caustic Leach

The purpose of the extended caustic leach is to measure the kinetics of aluminum and chromium
dissolution in an agitated 3 M NaOH solution at 80°C for an extended period of time. Samples were
taken over the course of the experiment as shown in Figure 2.3. At the start and end of the experiment,
slurry samples were taken to measure the start and end point of the metals concentration in the sludge.
The experiment was performed primarily in the sludge receipt tank, allowing constant heating and
agitation. Deionized water was added to replace liquid lost to evaporation. To determine the quantity of
water to replace, each day the sludge was pumped into the settling column and the total slurry volume
was measured. After allowing the mixture to settle for 3-5 hours, a supernate sample was taken for
analysis.

It should be noted here that at the start of the experiment, tubing in one of the peristaltic pumps
broke, and more than 4 kg of slurry mixture was lost. In spite of the loss, the experiment was continued
with a smaller quantity of material. Since the mixture was homogenized before the spill, the smaller
quantity of slurry would still be representative of the original mixture, and the experiment was continued.
Therefore, the extended caustic leach described above used smaller quantities of sludge than in the ESW.

~ Supernate samples were taken from the settling column on the first, second, third, fourth, fifth,
and tenth day. During the first 3 days of the extended caustic leach, samples were also taken every
8 hours. These samples were pulled directly from the sludge receipt tank to allow the sludge to continue
to agitate during sampling. After 7 days of agitation in the sludge receipt tank, the slurry was transferred
into the settling column to measure the settling rate. On the tenth day, the settling test was terminated,
and the final supernate and slurry samples were taken to complete the experiment.

2.3 Chemical and Radiochemical Analyses

As discussed in Section 2.2, slurry samples were taken after heating the slurry following the
retrieval step, the second caustic leach step, and the third water wash step. Slurry samples were also
taken before and after the extended caustic leach. For each of these steps, one 20-mL sample was taken
for chemical and radiochemical analysis. Sample analysis was performed on a dried solids basis. The
analyses performed on these samples are shown in Table 2.3 and include ICP-AES, TOC, AEA, GEA,
and *°Sr analysis
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Supematant samples were also taken during each stage of the ESW process. These samples were
taken from the sludge settling column after the sludge was allowed to settle. While three samples were
generally taken, due to funding limitations only one sample from each step was taken for chemical and
radiochemical analysis. The samples analyzed were taken within 2.54 cm (1 in.) of the middle of the
supernatant. Analyses performed on these samples are also provided in Table 2.3 and include inductively
coupled plasma/atomic emission spectroscopy (ICP-AES), ion chromatography (IC), alpha energy
analysis (AEA), gamma energy analysis (GEA), free hydroxide titration, and S analysis.

As described in Section 2.2, samples of both slurries and supematants were taken as a function of
time during the extended caustic leach test. An imitial and final slurry sample was taken and analyzed to
determine the composition of the sludge. The slurry samples taken during the extended caustic leach
were centrifuged, and the liquid was decanted for analysis. The solids in these samples were discarded.
Both the supernatant samples and the decanted slurry samples taken during the extended caustic leach
were analyzed for ICP-AES. The initial and final supernate samples were also titrated for free hydroxide.

The major metallic elements were determined by ICP-AES. This method provides sufficient
information to quantify the effects for each step of the ESW process on such elements as aluminum,
phosphorus, chromium, iron, silicon, and sodium. The slurry samples were fused using KOH while the
supernatant samples were acid digested using nitric acid.

Major soluble anions in the supematants were determined by IC, including chloride, fluoride,
nitrate, nitrite, sulfate, phosphate, and oxalate. Free-hydroxide concentration was measured on the
supernatant samples using titration. This provided a means of comparing the quantities of caustic added
during the leaching process and removed during the washing steps. Total inorganic carbon and total
organic carbon (TIC/TOC) were also provided for the initial and final sludge samples.

Radionuclide analysis included AEA for measuring concentrations of alpha-emitting TRU
elements and chemical separations followed by beta emissions counting for °°Sr. GEA was performed to
measure the gamma-emitting isotopes, including *’Cs, Co, **'Am, **Eu, and '**Eu. Established PNNL
Analytical Chemistry Laboratory procedures were used for all analyses performed, with the exception of
oxalate IC analysis.
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Table 2.3. Analyses Performed on Sludges and Supernatants for the Enhanced Sludge Wash

Enhanced Sludge Wash
Samples Taken After ... Sample Type Analyses Performed
Retrieval Settling ICP-AES
First Caustic Leach Settling IC
Second Caustic Leach Settling S - AEA
First Water Wash Settling upema g}OEA
Second Water Wash Settling Sr
Third Water Wash Settling OH Titration
Retrieval Wash Step ,Il%rgﬁg
Slurry AEA
ESW Process GEA
9OS T
Extended Caustic Leach
Samples Taken After. .. Sample Type Analyses Performed
Decant supernatant, discard
6.5 hours Slurry solids and perform ICP-AES
and OH’ Titration on liquid
14 hours
30 hours Decant supernatant, discard
38 hours Slurry solids and perform ICP-AES
54 hours on liquid
62 hours
22 hours
46 hours
70 hours Supernatant ICP-AES
94 hours
118 hours
237 hours Supernatant OII-I(':I”)[-i:'ftiSon
Initial Caustic Addition Slurry ICP-AES
Completion of Extended Shurry ICP-AES

Caustic Leach

The physical characteristics of the S-107 waste were measured on slurry samples taken from the
retrieval step, the second caustic leach step, the third water-wash step, the initial extended caustic leach,
and the final sludge step of the extended caustic leach. The location of slurry samples from various steps
of the enhanced sludge settling testing flowsheet was indicated in Figures 2.2 and 2.3. Physical
characterization of the S-107 samples included the wt% of insoluble and soluble solids, slurry-bulk
density and supernatant-density measurements, laboratory-scale settling rates, compressive strength, and
sludge compaction.

2.4 Radioactive Colloids Analysis
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To conduct these measurements, 20-mL scintillation vials containing slurry samples were
transferred to 325 Shielded Analytical Laboratory. A list of these samples and their sludge settling
process step is provided in Table 2.4.

Table 2.4. S-107 Slurry Sample Identity and their Sludge Settling Process Step

Settle Decant Process Step Total Mass and Number of Scintillation Vials
Retrieval Step 63.55 g; 3 Scintillation Vials
Second Caustic Leach Step 156.87 g; 7 Scintillation Vials
Third Water Wash Step 49.58 g; 3 Scintillation Vials
Imtial Extended Caustic Leach Step 32.29 g; 2 Scintillation Vials
Final Sludge Step 69.04 g; 3 Scintillation Vials

Total Weight % of Solids in Slurry: To determine the total wt % of solids (soluble and
insoluble solids) in the slurry, all the scintillation vials associated with each settle decant step (see
Table 2.3) were sub-sampled. Each scintillation vial was thoroughly homogenized, and approximately
5 grams of sub-samples were transferred to each of the three replicate drying containers. For the initial
extended caustic leach material, only two replicate samples were prepared since not enough sample was
available to perform all the analyses. The drying containers were dried at 105°C, and the total wt% of
solids in slury was determined from the difference between the mass of each sample before and after
drying. The dried samples were saved for dried powder density.

Solid Density: The Micromeritics AccuPyc 1330 pycnometer was used to measure the volume of
dried samples by measuring the amount of displaced gas. The pressures observed upon filling the sample
chamber with ultra-high-purity helium and then discharging it into a second empty chamber allow
computation of the dried-sample volume. Since a limited amount of dried sample was available, a sample
chamber of 1 cc was used to maximize the experimental accuracy. The dried-solid density was measured
in duplicate on dried samples from each settle-decant process step.

The dried samples from the total wt% solids measurements were used for the solid density
experiment. After completing the total-wt%-solids measurements, dried sample from the replicates of
each settle-decant process step were removed from the scintillation vials, and a composite sample for each
settle-decant process step was prepared. A weighed portion of each composite dried sample was placed
in the pycnometer, and the volume was measured. The dried-solid densities were then calculated by
dividing the mass of dried solids by the measured volume. The volume for each sample was measured in
duplicate.

The pycnometer was calibrated before measuring the samples, and a calibration check was made
at the end. The calibration check indicated that the calibration moved <0.0008 mL during the sample
measurements. A calibration check was also completed on the balance at the beginning and end of the
experiment.

Gravity Settling and Centrifugation Studies: The remaining shury samples for each process
step were combined to prepare five composite slurry samples. Using these composites, two or three
replicate slurry samples were prepared by transferring 10 mL of thoroughly homogenized slurry into
15 mL graduated centrifuged cones. All the centrifuged cones were filled to 10 mL of slurry to compare
the results between process steps. The centrifuged cones were capped, and the slurries were allowed to
settle for about 24 hours under gravity. The settling experiment was monitored by recording the time and
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the volume of settled solids. After completing the settling experiment, all the centrifuged cones were
loaded into the centrifuge at the same time and centrifuged several times by incremented steps in the
rotational velocity followed by sludge-height measurements. For each rotational velocity increment, the
samples were centrifuged for 30-minute intervals. The centrifugation experiment was completed by
performing a total of five rotational speeds of approximately 500, 650, 900, 1100, and 1500 rpm.

Particle Size Distribution: A Leeds and Northrup Microtrac X100 Particle Size Analyzer was
used for these analyses. This device can measure particle and agglomerate diameters between 0.12 to 704
microns. The analyzer works by analyzing light scattered by the particles in a dilute suspension. The
amount and direction of the light scattered by the particles is measured by an array of optical detectors
and then analyzed to determine the size distribution of the particles.”” To measure PSD, a sample is
added manually to a sample reservoir. It mixes with the re-circulating fluid so that a stream of well
dispersed particles passes through the sample cell for analysis.

The recirculating fluid was prepared for each process step by reproducing the solution of similar
electrolyte molarities in sodium hydroxide as the actual supematant. A 0.1 M sodium nitrate
concentration was used in the recirculating fluid makeup as a qualitative estimate of the soluble species
concentration. In Table 2.1, the recirculating fluid used for the PSD analyses are compared with the
actual supernatant concentrations.

Table 2.5. Concentration of Electrolyte and Soluble Species for PSD Analysis Recirculating Fluid and
S-107 Supernatant

Settle Decant Process Step

Recirculating Fluid for PSD

Measured S-107 Supernatant
Concentration

Retrieval Step

0.53 M NaOH; 0.1 M NaNO;

0.53 M NaOH; 3 g/L NOy

Second Caustic Leach Step

1.75 M NaOH; 0.1 M NaNQO;

1.75 M NaOH; 0.3 g/L NO;'

Third Water Wash Step

0.046 M NaOH; 0.1 M NaNO;

0.046 M NaOH; 0.4 g/L NO;

Initial Extended Caustic
Leach Step

1.96 M NaOH; 0.1 M NaNO;

1.96 M NaOH

Final Sludge Step

1.96 M NaOH; 0.1 M NaNO;

N/A

Samples for the particle-size analysis were extracted after the slurry samples for each process step
were combined, and a well homogenized slurry feed stock explicit to each settle decant process step was
prepared. A small amount (approximately SmL) of slurry was transferred into the reservoir of the
particle-size analyzer to produce a suspension with sufficient particles to make an accurate determination
of the PSD. The PSD analyses were performed in duplicate for each settle decant process step. Each
sample was analyzed after applying a variety of circulation time, circulation flow rate, and sonication
treatments. The treatments in successive order included 1) circulation at 40 mL/s and PSD analyses after
1, 5, and 10 minutes of total circulation time, 2) circulation at 60 mL/s and PSD analyses after 15 and 20

(b) The instrument combines low-angle laser light scattering (LALLS) with 90 degree scattering at three
different wavelengths and orthagonal polarities. This combination will extend the size range to a lower
size than is usually used for forward light scattering alone. The forward light scattering and Fraunhofer
theory are used to analyze particles coarser than 2 microns. The Mie theory and 90-degree scatter are used
for smaller-sized particles.
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minutes of total circulation time, 3) circulation at 60 mL/s with 40 W sonication for 90 seconds, and 4)
circulation at 40 mL/s with 40 W sonication for 90 seconds.

The instrument performance was checked with two NIST traceable standards from Duke
Scientific Corporation.

Supernatant Density: After the final centrifugation increment, the supernatant layer was
decanted and filtered to remove any residual solid particles from the supernatant. The density of
supernatant was determined by extracting a 1.0-mL volume of supernatant using a pipette and measuring
its mass.

Weight% Soluble Solids in Supernatant: Two or three replicates of approximately 8 mL of
filtered supernatant samples for each settling step were dried at 105°C. The wt% of soluble solids in the
supernatant was determined from the difference between the mass of each sample before and after drying
in the oven.

Calculated Weight % of Insoluble Solids in Slurry: The wt % of insoluble solids in the slurry
was calculated from the wt% of total solids (soluble and insoluble solids) in slurry, the wt% of soluble
solids in supernatant, and the ratio of soluble solids to water in the supernatant.

2.5 Theoretical Analysis

The sedimentation rates of a liter-scale process are useful only if they can be extrapolated to large
production-scale systems. A transient sedimentation model has been developed that incorporates the
primary features necessary to accurately predict the sedimentation behavior of a tank-waste settling
column. Both the sedimentation test results and the analytical data are used to determine the appropriate
coefficients for each stage in the ESW procedure.

Hanford tank waste contains particles of widely varying size and composition. The smallest
particles are less than a micron («m) in diameter and may exhibit colloidal behavior, while the largest
particles may be hundreds of microns in diameter. Depending on the chemistry of the solution, the small
colloidal particles may aggregate to form large porous flocs. The rate of sedimentation of each individual
particle or floc depends on its size and relative density. When sedimentation begins, the large, dense
particles and flocs quickly settle to the bottom. Therefore, the small particles and low-density flocs
control the rate of sedimentation.

Samples such as those used in this work, which have a relatively high solids loading, exhibit a
sharp, well-defined interface that appears almost immediately between the clear supernatant liquid and an
opaque region that contains the suspended solids. For such suspensions, the sedimentation velocity is
monitored by noting the position of the interface as a function of time. As the sediment settles, the
sediment layer becomes thinner, and the average solids loading in the sediment layer increases until the
sediment compresses to its equilibrium solids-loading profile.

A settling curve is the height of the slurry-liquid interface as a function of time. In cases with
relatively high loading, it can be divided into two regions, the hindered settling region and the compaction
region. The hindered settling region is more or less a straight line followed by an asymptotic slowing of
the settling during compaction. The compaction continues until an equilibrium is reached. The point
where the hindered settling slows to compaction is known as the gel point (¢g). It occurs when the
volume fraction of the solids (¢) is sufficiently high that the agglomerates form a network. The
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suspension then can take on the form of a solid structure. Compressive stresses on the system can be
transmitted via the network, and the structure can then, at least partially, support itself. In this case, the
compression rate of the sediment is controlled by a combination of the hydrodynamic drag of the
interstitial fluid being squeezed out of the network and particle bonds breaking and re-forming as the
agglomerates are being crushed by the weight of the sediment above.

The computational sedimentation model predicts the solids density profile as a function of time,
based on information obtained from both settling experiments and laboratory tests of the suspensions of
interest. From this information, we can derive the height of the sediment as a function of time. To be
accurate, this model must reflect the two major aspects of the sedimentation process as follows:

e Hindered Settling — The settling rate of a suspension for a given particle distribution and solution
chemistry depends only on the local solids loading. The rate is independent of the overall
dimensions of the system. For example, if a 5-wt% particle suspension settles at 5 cm/h in a liter-
scale column (assuming no wall effects), it will settle at 5 cr/h in a full-scale tank until it reaches
the sediment layer. An expression must be developed that relates local solids loading to the
hindered settling rate.

e Sediment Compression — As the total solids loading per unit area increases, the final height of the
sediment increases. However, as the additional weight of solids is added, the sediment is
compressed, resulting in a higher average solids density in the sediment. An expression must be
developed that relates the local solids density to the compressive force on the sediment.

2.5.1 Hindered Settling

In the hindered settling region, the solids concentration is below the gel point, ¢;, for that
suspension, and the particle agglomerates interact only through hydrodynamic forces. The velocities, u,
of the agglomerates in this region were taken from Buscall and White (1987) as

u=uo(_1;)ﬂ @.1)
r(

where u, is the Stokes settling velocity at infinite dilution, and r(¢) is a dimensionless hydrodynamic
interaction parameter. The term (1 - ¢) results from the fact that the volume displacement of downward-
flowing solids must be compensated by an equal upward volume flow of solution. The term converts the
relative velocity of solids to solution into a reference-frame velocity. The Stokes settling velocity, ug, for
solid spherical particles is given by the expression

— 2a2Apg

2.2
9n, @2

Uo

where a is the particle radius, Ap is the solid-liquid density difference, and 7 is the solution viscosity.
For particle agglomerates containing many primary particles, the radius becomes the effective
agglomerate radius, and the density is given by the relative density of the agglomerate. The
hydrodynamic interaction parameter, r(¢), can take many forms, but one possible expression is
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b,
(¢)=(1-—
r(g)=( ¢ref) 2.3)

where res is a reference volume fraction. For particle agglomerates, the value for ¢, must be greater than
the gel point for that system.

Using experimental hindered settling data over a range of solids volume fractions, (¢), the
parameters Uo, §rs, and n can be determined. The Stokes settling velocity expression generally is applied
to monodispersed particle-size systems. However, since the interface height is controlled by the settling
rate of the smallest particle size, these equations can also be applied to the polydispersed sludges studied
in this work.

2.5.2 Sediment Compression

As discussed above, when the particle volume fraction is sufficiently high, a network of
connected aggregates forms, and the suspension takes on the form of a solid structure. In particular,

- compressive stresses on the system can be transmitted via the network throughout the system, and the
structure then possesses the ability to support itself. As the network pressure, P, is increased, either
mechanically with a piston or through gravitation forces, the network structure will resist further
compression until the forces become strong enough that the structure begins to deform irreversibly. This
network pressure at any vertical location is the relative weight per unit area of the sediment above that
location. The relative weight, in turn, is calculated by multiplying the integral of the volume fraction of
solids above the location of interest by the acceleration of gravity, g, and by the difference between the
solid and liquid densities.

The compressive yield stress, Py(¢), is defined as the value of the network pressure at which the
flocculated suspension at volume fraction, ¢, will no longer resist compression elastically and will start to
yield and irreversibly consolidate. The compressive yield stress is an implicit function of many variables,
including the size, shape, composition, and relative number of particles involved and the interparticle
forces (which, in turn, depend on the solution chemistry). At concentrations less than the gel point, the
aggregates are not connected and act as independent units. At the gel point, these aggregates become
interconnected throughout the container to the extent that they are able to support a load. At
concentrations greater than the gel point, the compressive yield stress is typically modeled using a power
law curve of the following type:

g/

py(¢)=c[[¢i]—1} #>4, o

with m varying between 4 and 10 (Landman et al. 1988).

The parameters ¢ and m for the power-law curve may be determined using equilibrium sediment- -
height data when the network pressure (P) is equal to the compressive yield stress Py(¢). The only data
required are the solid and liquid densities, the overall weight or volume percent of particulate solids in the
sediment, and the final sediment height. The primary disadvantage of relying only on standard sediment-
height data is that the range is limited by the heights of the test columns used, which are typically much
smaller than the full-scale applications that we wish to model.
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The range of sediment compression data can be extended by measuring the sediment heights of
samples that have been centrifuged at different speeds. For these centrifuge tests, the compressive yield
stress is based on the integral of the relative artificial weight of the solids created by the centrifuge at each
location in the sediment. These data, together with the equilibrium gravity sedimentation data, are used to
determine the expression parameters. A computer program has been written to optimize the power-law
parameters (c, ¢, and n or m) by performing a least-squares fit based on the sediment heights using a
simulated annealing approach. The exponents are restricted to the ranges specified above.

2.5.3 Overall Sedimentation Model

The sedimentation model divideé the system into two regions. In the upper region, the solids
concentration is below the gel point, ¢g, for that suspension, and the particle agglomerates interact only
through hydrodynamic forces. The velocities of the solids in this region are expressed in Equation (2.1).

In the lower region, the solids concentration is above the gel point, ¢,, and the particle
agglomerates interact through both hydrodynamic forces, represented by r(¢), and solid network pressure,
P. The velocities of the agglomerates in this region are given by the expression taken from Buscall and
White (1987)

u=uo(1—¢)(1+ ap/azj 2.5)
r(¢) (Apgd)

where P is the network pressure at elevation, z, and the term Apg¢ is the change in gravitational head per
unit elevation. Note that for regions that have no network pressure, the last term is zero. For sediments
that have reached equilibrium, the change in network pressure is equal to the negative of the change in
gravitational head, resulting in a net velocity of zero.

In Equation (2.4), we described the compressive yield stress, P,(¢), of a suspension. If the
network pressure, P, is less than or equal to the compressive yield stress, the network is strong enough to
support the weight of the sediment, and no change occurs. However, when the network pressure exceeds
the compressive yield stress, the network consolidates irreversibly until the volume fraction, ¢, increases
to the point where the yield stress equals the network pressure. This changes at a rate controlled by the
dynamic compressibility, k(¢). The network velocity is controlled by the expression from Buscall and
White (1987)

G3_

= %}”)[P—p,(w] P2p,(4) =0 P<P, (§) 2.6)

When Equation (2.5) is substituted into this expression, we obtain a second-order differential
equation for the network pressure,

a|1-9) aP/azj O
82[ (@) (1+Apg¢ ]' o B0 >0
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where the right-hand term is zero when P < Py(¢).

A computational model has been developed that combines the hindered settling model, the
network pressure model, and the aggregation kinetics model (when appropriate) to predict the
sedimentation behavior of suspensions. Both time and elevation are discretized using a finite-difference
formulation. The following procedure is followed for each time step:

o The total solids volume fraction, ¢, is calculated at each elevation based on a measured value of
the overall mixture and mass balance equations. If the total solids volume fraction exceeds the
gel point (¢ > ¢,), the node is considered part of the sediment layer. The elevation node that
represents the top of the sediment layer is located. This divides the system into two regions.

o In the upper region, the hindered settling velocities are calculated by using expressions of the
form presented in Equation (2.1). The velocities are used to calculate solids transport from one
elevation to another using an upwind-differencing formulation. Because this term is explicit in
time, the time step, At, is restricted by the Courant limit (Anderson et al. 1984),

Ax
At=— (2.8)
u

o In the lower region, the network pressure is calculated using Equation (2.7). The network
pressure at the top of the sediment layer is assumed to be zero. The network values allow the
sediment velocity at each elevation to be calculated using Equation (2.6), which is also
subsequently applied to the calculation of the solids transport for that time step.

The unknown parameters that must be defined to use this model for any particular suspension are
the Stokes settling velocity (uo), the compressive yield stress, P,(9), the hydrodynamic interaction
parameter, 1(¢), and the dynamic compressibility, k(¢). Separate values for these parameters were
determined for the retrieval, caustic leach, and water wash steps. All of the settling test and centrifuge
data from each of these ESW steps were combined to determine these parameters. The transient model

was then iteratively solved, and the parameters were adjusted to minimize the error between these data
and the model results.
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3.0 Results and Discussion

The results of the bench-scale enhanced sludge washing, extended caustic leach, and settling tests
are discussed below in Sections 3.1, 3.2 and 3.3, respectively. The results of the Radioactive Colloids
Laboratory are described in Section 3.4. The results of a model that uses the results from Sections 3.3 and
3.4 to predict the settling of S-107 sludge at full scale are presented in Section 3.5.

3.1 Results of Enhanced Sludge Wash

Results of the caustic leaching and washing experiments performed on S-107 sludge are
presented in the following sections. Tables 3.1, 3.2, 3.3, and 3.6 present the effects of the
partitioning/leach and wash efficiency measured for the enhanced-sludge-wash experiments on the
nonradioactive components of the sludge. Tables 3.4, 3.5, and 3.7 provide the analogous results on the
sludge radionuclides. Table 3.8 provides a comparison between the laboratory-scale ESW test (Lumetta
et al. 1996) and these liter-scale results. Similar to the work by Lumetta et al., the values in Tables 3.1 to
3.7 describe the mass of each component dissolved in that particular step and account for interstitial liquid
remaining from previous steps.

Tables 3.1, 3.2 and 3.4 provide the concentrations of the nonradioactive and radioactive analytes
in each of the process steams. These were determined by laboratory analysis. The mass of analyte
dissolved in each process step is also presented in these tables. As previously mentioned, these masses
have been corrected for interstitial liquid carried over from previous steps. Tables 3.3 and 3.5 display
how the analytes are distributed between the process streams. The percentages shown are the mass of
analyte found in each stream divided by the sum of the masses of the analyte for all streams. Finally,
Tables 3.6 and 3.7 show the mass recoveries that can be represented as follows:

Analyte 6400

*100 3.1
Z Analyte, ., + Analyte,, .. .

Recovery =

The mass recovery is the mass of analyte present in the initial sludge compared to the mass of analyte
removed in each process step plus that which remains in the sludge residue.

Al, Cr, P, Na, and Si are the five most significant non-radioactive analytes present in the sludge
that are removed by the ESW process. The remaining analytes presented in the tables are provided for
completeness, but will not be discussed. Three primary observations were made: 1) nearly half of the
chromium and phosphorus were removed during the retrieval step using no more than inhibited water,
2) the larger fraction of Al, Cr, and P was removed during the first caustic leaching; there was, however,
still a significant quantity of these analytes removed by the second caustic leach, and 3) the free
hydroxide concentration was approximately 2 M in the first caustic leach and 3 M in the second caustic
leach. The higher caustic concentration used in the second caustic leach may have aided in the further
removal of each of these analytes. During the water washes, a small fraction of these analytes was
removed.

As discussed previously, the TWRS O&UP assumes that 91, 86, and 95% of the Al, P, and Cr
would be leached from the SSTs, respectively. These are compared to the values achieved in the S-107
liter-scale leaching of 48.4, 81.2, and 77.0% for Al, P, and Cr, respectively. None of these values were
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achieved during the ESW of S-107. While the P and Cr are reasonably close to the target values, Al falls
significantly short of this target. This comparison is for reference only and does not necessarily indicate
that future processing campaigns will fail to meet their objectives.

The recoveries for Al, Cr, and P are all reasonably good. Al is less than 100% with 94%
recovered while Cr and P are over 100% at 108 and 104%, respectively. Because of the large addition of
NaOH during the caustic leaching process, the Na recovery is difficult to measure, and the Na recovery
and removal estimates are relatively poor. No total organic and inorganic carbon measurements were
made during the ESW. Only an initial and final sample were measured. Thus, the 38 and 37% recoveries

in this case indicate the fraction of total organic and inorganic carbon, respectively, that were removed
during the ESW.

As would be expected, the primary radionuclide leached during the ESW is '*’Cs. More than half
of it was removed during the initial retrieval step. The first caustic leach removed an additional 11%, but
34% of the Cs was not removed during the ESW process. As would be expected, the TRU isotopes (Pu,
Am, and Cm) as well as the *°Sr were not significantly removed during the ESW process.

A comparison of the results from the laboratory-scale ESW process from Lumetta et al. (1996) to
that done on the liter-scale in this study are shown in Table 3.8. In the work done by Lumetta et al., only
8.4 grams of sludge were used as compared to 1005 grams used in this study. The Lumetta work did not
perform a retrieval step on the sludge before the caustic leaches. Thus, the results of the retrieval wash
were not compared to the results of Lumetta et al. '

3.2 Results of Extended Caustic Leach

As described in Section 2.2.7, following the ESW, the sludge was leached a third time with 3 M
NaOH over an extended time to measure the leaching kinetics of various constituents. The amounts of
the non-radioactive concentrations (in pg/mL) and the mass of these constituents (in pg) in the
supernatant solutions are presented in Tables 3.9 and 3.10, respectively. The initial wt% of the
undissolved solids at the beginning of the extended caustic wash was measured to be 4.0%, The wt% of
undissolved solids at the end of each sampling time, which was needed to calculate the mass of the
supernatant, was then calculated based on the initial measured wt% minus the amount of AI(OH); that
was dissolved into the solution during that sampling period. It was assumed here that only the Al
dissolved in the supernatant makes a significant contribution to the total weight of the undissolved solids.
The percent of the non-radioactive constituents recovered into the supernatant solutions based on the
measurement of the total solids concentration at the beginning of the extended caustic leach stage is listed
in Table 3.11. The data in Table 3.11 for the two major constituents, namely Al and Cr, are schematically
represented in Figures 3.1 and 3.2, respectively.

From the data, it can be seen that the laboratory-scale ESW process was more efficient in the
removal of Al, P, Si, and "*’Cs as compared to this work. This is especially significant in the case of the
Al, where more than 50% of the Al remained in the sludge leached in this study as compared to 27% in
the work of Lumetta, et al. In contrast, the Cr-removal efficiencies were higher in this study than that of
Lumetta et al. Similar results have been seen in the C-106 and C-107 studies (Brooks et al. 1996; Brooks
et al. 1997). In both the laboratory-scale and the liter-scale studies, more Si was removed during the
second caustic leach (at higher NaOH concentration) than during the first caustic leach.
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Table 3.6. Mass Recoveries for Nonradioactive Sludge Components

Analyte Total Mass, ug
Direct Analysis Summation Method Recovery, %

Ag 5.10E+4 6.92E+4 136%
Al 2.00E+8 1.89E+8 95%
B 6.76E+4 2.74E+4 40%
Ba 3.05E+4 3.32E+4 109%
Bi 6.30E+4 5.81E+4 92%
Ca 1.20E+6 1.23E+6 102%
Cd 0 5.66E+3

Cr 1.77E+6 1.91E+6 108%
Cu 2.90E+4 2.56E+4 88%
Fe 4.92E+6 5.18E+6 105%
Li 2.30E+4 2.50E+4 109%
Mg 1.59E+5 1.64E+5 103%
Mn 3.82E+5 421E+S 110%
Mo : 3.82E+4 1.94E+4 51%
Na 6.52E+7 6.25E+8 957%
Nd 0 4.72E+4

P 8.21E+5 8.56E+5 104%
Pb o 3.68E+4

Si 5.82E+6 8.38E+6 144%
Sr 6.82E+5 5.94E+5 87%
Th 0 2.05E+4

Ti 5.63E+4 4.72E+4 84%
U 1.13E+7 9.97E+6 88%
\% 0 1.88E+3

Zn 5.56E+4 4.08E+4 3%
Zr 8.85E+4 1.26E+5 142%
TOC 1.88E+6 7.24E+5 38%
TIC 5.06E+6 1.91E+6 38%

It should be noted that there were several differences between the two experiments. The Lumetta
work was done at a lower solids loading for all steps, allowing more solution to contact the sludge. Thus,
although the final Al concentrations in the first caustic leach solutions are nearly identical for both this
work and that of Lumetta et al, a significantly larger fraction of the total was removed in the laboratory-
scale work. However, based on the Al/Na equilibrium data developed by Barney et al. (1976), these
solutions should not limited by solubility. Another difference is that Lumetta et al. used a centrifuge
operated at ambient temperatures, while this work used gravity settling operated for a week or more at
elevated temperatures for the solid/liquid separation. Finally, the sludge samples were also different in
composition. The S-107 sludge studied by Lumetta et al. contained 1.75 times the phosphorus and twice
the chromium as the liter-scale experiment.
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Table 3.7. Recoveries for Radioactive Sludge Components

Analyte Total Activity, uCi
Direct Analysis Summation Method Recovery, %

Total Alpha 521 540 104%
B2U0py 522 497 95%
1 Am/™¥pu 182 174 96%
HCm 0.570 1.26 220%
%Co 174 20.6 12%
BiCs 7.25E+4 7.65E+4 106%
Eu 62.4 793 127%
Eu 22.8 46.9 206%
“1Am 171 165 96%
*Sr 2.74E+5 2.63E+5 96%

Table 3.8. Distribution of Various Tank S-107 Components Compared to the Data from Lumetta et al.

Cr
Fe

Si

7
13Cs »

90Sr

Total
Alpha

(1996)

Retrieval
Wash

2

41
0.04

48
2

52
0.03

0.03

(% from this study/% from Lumetta)

CausticLeach 1

22/56

16/35
0.1/0

18/92
6/5

11/79
0.00/0

0.04/0

tic Leach 2

18/17

13/18
0.2/3

7/6
24/67

0.1/21
0.01/0

0.01/0

Water
Washes

6/0

. 6/1
0/0

7/0
6/17

3/0
0.02/0

0.2/0

Residue

52/27

23/47
100/96

19/2
63/12

34/0
100/100

100/100

The data in the Tables and Figures illustrate some very interesting results. First, the amount of

major targeted constituents, namely Al and Cr, leached into the supernatant increase with increasing
contact time (cf. Table 3.9 and Figures 3.1 and 3.2). After about 100 h of leaching, all of the Cr was
extracted into the supernatant (the >100% data in Figure 3.2 are attributed to analytical errors and errors
in the computation of the wt% undissolved solids). However, after a contact period of 240 h, the amount
of Al leached was about 70%. Also, the Al leaching profiles in Table 3.9 and Figure 3.1 indicate that
prolonging the contact time does not lead to higher amounts of Al in the supernatant. Interestingly, the
final Al concentration in the supernate of the extended caustic leach is very similar to the concentration in
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the first caustic leach during the enhanced sludge wash. There may in fact be a lower Al solubility than
predicted by Barney et al. (1976). An interesting feature of the extended caustic leaching step was that no
significant leaching of the minor constituents, such as B, Ca, and Si, was observed. For example, the
average amounts of B, Ca, and Si leached into the supernatant (cf. Table 3.11) during the extended caustic
leaching step were in all cases less than 10%. :

100%

0%

80%

70% P

N )/\ﬁ
L

wl

ml

20% J

10%

Amount of Aluminum Removed in Supernatant (%)

0%

0 50 10! 200 250

? Time (Hours) 0
Figure 3.1. Removal of Al from the Supematant During the Extended Caustic Leach
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Figure 3.2. Removal of Chromium from the Supernatant During the Extended Caustic Leach
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3.3 Results of the Liter-Scale Settling Experiments

As discussed in Section 2.0, settling tests were performed for each step of the ESW process. In
the retrieval, second caustic leach, and third water wash, two settling tests were performed for each of
these steps at both high and low solids concentrations. A settling test was also performed after the
extended caustic leach. The settling conditions, velocities, and solids concentrations for these tests are
shown in Table 3.12.

The settling rates seen from these data are higher than the assumptions used in the TWRS O&UP
(Kirkbride 1997). The assumed settling rates are 1-2 cm/h as compared to the experimentally measured
hindered settling values of 3 to 16 c/h achieved for the S-107 sludge. The final compaction values, on
the other hand, are in some cases below the TWRS O&UP assumptions. The final compaction required
was 20 wt% as compared to the experimentally measured values of between 15.7 and 32.7 wt% insoluble
solids for the S-107 sludge. As discussed previously, the settling region can be scaled directly to full
scale since the size of the settling vessel does not impact its rate. The level of compaction, however, is
based on the height of the sludge layer. A taller column of sludge would exert more force and further
compact the sludge below it than a shorter column. Thus, these solids concentration results with ~12 to
16 cm of compacted sludge are not directly scaleable to a full-scale system, but provide a lower bound on
the full-scale sludge compaction. The sludge in the full-scale system should compact to a greater degree
than seen here. The model results described in Section 3.5 provide a means of scaling up the compaction
results.

The solids and the supernate separated with a single, very distinct interface in all of the settling
experiments as seen in Figure 3.3. In all cases, the interface formed within the first 6 minutes of settling.
For most settling experiments, the solution clarified within 10 minutes from the formation of the
interface. Clarity is based on there being no visible particles in solution. Only for the retrieval steps did
the solution remain cloudy during the initial stages of settling. For the retrieval step at low initial solids
concentration, the solution remained cloudy during the first 30 minutes after the formation of the
interface. This cloudiness was the result of fine particles remaining suspended in the supernate even after
the bulk of the sludge material had settled. As these fine particles settled, the solution cleared. In the
cases where the supernate was cloudy, the settling interface used to measure the settling rate was that of
the bulk solids rather than the remaining fine particles.

In the second and third water wash, the slurry foamed when pumped into the column. After the
foam had dissipated, some solids remained on the top of the supernate. These solids remained for several
hours before they disappeared. The foaming and floating particles were not seen on any other settling
tests. This formation of stable foams during the later water washes may result from lower solution ionic
strength of these solutions.
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Table 3.12. Tank S-107 Settling Test Results

Initial Solid Hindered Final Solid
Temperature  Concentration Settling Concentration

Process Step °C) (wt%) Rate (cm/h) (wt%)
Retrieval 1 80 13.6 8.2 327
Retrieval 2 80 77 16.7 31.6
1" Caustic Leach 80 10.9 44 24 8
2* Caustic Leach 1 80 14.6 3.2 27.1
2™ Caustic Leach 2 80 72 7.1 26.2
1 Water Wash 50 43 153 15.7
2" Water Wash 50 43 15.1 16.6
3™ Water Wash 1 50 43 122 16.6
3™ Water Wash 2 50 8.7 6.2 175
Extended Caustic 20 138 56 39
Leach

Figure 3.3. S-107 Sludge Settling in the Liter-Scale Settling Equipment. Note the distinct interface
between supemate and slurry.
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Several trends can also be seen from the settling results (See Table 3.12). The hindered settling
rate appears to be strongly concentration dependent. Increases in solids concentration resulted in a
proportionate decrease in the hindered settling rate. This is seen consistently with the retrieval, caustic
leach, and water wash steps, which were each performed at both high and low solids loading.
Furthermore, the sludge settles fastest during the retrieval step, next fastest during the water washes, and
slowest during the caustic leaches. This is consistent with expectations since 3 M NaOH has a viscosity
twice that of water, and the Stokes settling velocity is inversely proportional to viscosity. The slower
settling rate for the water washes than the retrieval might also be due to the lower temperature and
resultant lower viscosity. In any case, the reduction in settling rate at lower temperatures has also been
shown in past studies (Brooks et al. 1996).

The settling curves for the above data are shown in Figure 3.4. The settling curves are similar to
those typically seen for hindered settling as described in Section 2.5. The hindered settling region is a
more or less a straight line followed by a slowing of the settling during compaction. The maximum
settling rate is taken from a linear regression of the hindered settling region. For the tests shown here,
hindered settling is complete within 1 to 4 h. Compaction required usually 80 to 100 h.

The settling data were normalized according to formulas recommended by Graham MacLean®:
t*=tvmx/2y and z*=1z/z 3.2

where t* and z* are the normalized time and height, t is the dimensional time, vy, is the maximum
settling velocity, and z and z, are the dimensional interface height and initial height, respectively. By
non-dimensionalizing the data, the shapes of the settling curves can be compared with similar
experiments performed in containers with other geometries. The data are shown in Figure 3.5.

In some cases, the solids concentration is of interest instead of the interface height. Figure 3.6
provides the same data in terms of solids concentration versus time. As can be seen from this figure, final
compaction is relatively independent of the initial solids concentration. These results are reasonable
considering that the final compaction is based on sludge height, which was nearly constant throughout all
tests. The rate of compaction seems to decrease as a function of the ESW step. Additionally, the final
solids concentration in the sediment decreases as a function of the ESW step (i.e., retrieval > caustic leach
> water wash). This could be the result of changes in the particle-particle interactions during the course
of the settling process. For example, at the low ionic strength of the water washes, repulsive electrostatic
forces between particles become more significant, making the compaction of the sludge more difficult.

The settling test following the extended caustic leach was done at considerably lower solids
- concentration. An estimated 80% of the original insoluble solids in the sludge had dissolved during the
ESW and extended leaching processes. This final settling test compacted very slowly and only slightly.

The final solids concentration in the sediment was less than 5 wt% after 50 hours. Based on these
results and those to be discussed in Section 3.4, the characteristics of the sludge following the extended
caustic leach are very different than the other samples studied. Because of the small primary particles and
the easily broken, large agglomerates, this material may be difficult to separate efficiently with both
sedimentation and filtration.

As mentioned previously, for a solid/liquid separation technique to be considered viable, the TRU
and *°Sr concentrations in the final LLW product must be minimized. The decontamination factor (DF) is
a measure of the ability of settle/decant to keep these radionuclides in the solids and prevent them from

(a) Westinghouse Hanford Company Internal Memo, From Graham MacLean To Dave Place, June 18, 1996.
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entering the supernate, either as dissolved material or as colloidal particles. High DFs indicate both that a
solid/liquid separation technique is viable and that the ESW does not dissolve these radionuclides. The
DFs are calculated as a ratio of radionuclides in the solids to that in the liquid. They are shown in Table
3.13 for each step as well as for a composite. The DFs for TRU are between 1065 and 5904 while the
DFs for *Sr are between >3786 to 29360. The TWRS Privatization Contract (1996) requires that the
LAW immobilized product be less than 100 nCi/g TRU and less than 20 Ci/m® **Sr. Assuming each
supernate would be individually vitrified in a 20 wt% Na,O glass matrix, the TRU would be less than

6.7 nCi/g and the *°Sr less than 0.52 Ci/m’ in all cases, indicating compliance to the Privatization Contract
for S-107 using settle decant. By blending the individual streams, the radionuclides are further diluted.

’ ® Retrieval Step ~13.6 wi% solids
m Retrieval Step ~7.7 wt% solids
. First Caustic Leach ~10.9 wt% solids
x Second Caustic Leach ~14.6 wt% solids
x Second Caustic Leach ~7.2 wt% solids {
@ First Water Wash ~4.3 wt% solids

Hindered Setthng /‘ + Second Water Wash ~4.3 wt% solids
|

- Third Water Wash ~4.3 wt% solids |
- Third Water Wash ~8.7 wt% solids ‘
o Extended Caustic Leach ~1.9 wt% }

Sludge Interface Height (cm)

100

Time (hours)

Figure 3