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DEMONSTRATION RESULTS REPORT
Thorium De-nitration Pilot Project

1.0 EXECUTIVE SUMMARY

This report provides a detailed description of a project to develop and demonstrate a safe,
environmentally benign, and effective means of converting thorium nitrate penta-hydrate solids
stored in depots of the U.S. Army Defense Logistics Agency (DLA) to a less-voluminous, and
chemically stable form for continued stockpile storage. After a bench-scale process development
program was completed, approximately 2,000 pounds of thorium nitrate from the Curtis Bay,
Maryland depot were shipped to the Perma-Fix of Florida pilot-scale test facility in Gainesville,
Florida. These materials were split into five nominally equivalent batches for de-nitration batch
testing. An experimental test plan was developed to use the five batch tests to thoroughly evaluate
the de-nitration process and its reasonable permintations, and to characterize products and
byproducts.

The basic de-nitration process is a simple neutralization and precipitation reaction in which thorium
nitrate is dissolved in de-mineralized water and then reacted with sodium hydroxide. The result is
precipitation of thorium hydroxide as a settleable and filterable solid in a sodium nitrate solution.
The thorium hydroxide is settled and filtered to produce a filter cake, which is then thermally dried at
low temperature (<300 °F) to produce a dry powder product which according to X-ray diffraction
analysis is at least partially converted to thorium oxide. The residual thorium in the sodium nitrate
byproduct is present at very low concentrations and appears to be mostly in insoluble form at the pH
of the reaction end point, 11.0 or higher.

- The basic de-nitration process was successfully demonstrated in Batch Tests 1 and 2. Batch Test 4
confirmed the successful results of Batch Tests 1 and 2 and demonstrated the effectiveness of
demineralized water rinsing to improve product quality. Batch Test 5 evaluated the relative merits of
recycling the sodium nitrate byproduct back into the de-nitration process. Batch Test 3
demonstrated that the precipitation step is sensitive to upsets, and requires close control of the rate
of sodium hydroxide additions.

The test results presented and evaluated in the balance of this report lead to the following
conclusions:

o All of the batch tests showed that the basic chemistry of de-nitrating thorium nitrate with
sodium hydroxide is sound and reliable.

e  Careful control of the reaction rate during the precipitation step is key in achieving a clean
and easy separation of the thorium hydroxide solids from the sodium nitrate solution.

o  If a primary goal is to minimize residual sodium nitrate in the thorium hydroxide solids,
then serial demineralized water rinsing of the solids is necessary.
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¢ The enhanced de-nitration process as demonstrated in Batch Test 4 achieved a 69.9 percent
thorium yield in the filter cake solids. The serial demineralized water rinses were effective
in improving cake solids quality at the expense of washing out fine thorium hydroxide
particles in the rinseate. These solids were easily recovered from the rinseate by gravity
settling, resulting in complete capture of thorium from the process heels.

¢  When the proper rate of the precipitation reaction is exceeded, the resulting thorium
hydroxide solids exhibit poor settling and filtration characteristics, resulting in excessive
losses of thorium into the process heels. Drying such batches and then re-suspending the
dry solids appears to be an effective means of recovery. Also, back titrating with nitric acid
appears to be an effective means of re-dissolving poorly settling solids to allow the
precipitation process to be re-started.

*  The benefits of recycling sodium nitrate solution back to the de-nitration reaction do not
outweigh the problems associated with that option.

e The final packaged volume of dried thorium hydroxide was 44% of the original packaged
volume.

- The engineering assessment presented in Sections 7.0 and 8.0 describes the process flow and
equipment envisioned for full-scale operations, and evaluates the comparative costs of siting the
conversion facility on the Curtis Bay, Maryland Site or an alternate “brown-field” site in a leased
building on the former K-25 Site at Oak Ridge, Tennessee. The two cases were very close in overall
cost with total project costs of between $3.16 and $3.34 per pound of thorium nitrate feed material,
with the Oak Ridge option being the lower cost option. Since the leased facility will be operated
under the tenant’s state issued radioactive materials license, the cost structure will be consistent with
commercial treatment facilities. However, performing the full-scale treatment on an access-
controlled site, within a government reservation provides the maximum protection for the public.

A market survey demonstrated that the thorium product in whatever form has limited market
potential at the present time. Most of the classic industrial or consumer applications of thorium have
been replaced with alternate materials, indicating that treated product will likely have to be returned
to stockpile storage within the custody of DLA. The sodium nitrate byproduct can be made clean
enough to be recycled for agricultural use as a fertilizer diluent, or dried for use as an ingredient in
pyrotechnic materials.
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2.0 INTRODUCTION

Beginning in May 1997, a team composed of Perma-Fix Environmental Services, Inc., Performance
Development Corporation, and Teledyne Brown Engineering planned and performed a pilot-scale
demonstration of a chemical de-nitration process for possible future use in converting thorium nitrate
into a more stable, reduced volume form. The work was performed for Lockheed Martin Energy
Systems, Inc. under Subcontract Number 30K-HDT33V. This report describes how the pilot-scale
demonstration was planned, performed and documented, and evaluates the results obtained.

2.1 Background

The U. S. Army Defense Logistics Agency (DLA), Defense National Stockpile Center (DNSC)
currently maintains approximately 21,000 drums of thorium nitrate hydrate (TNH), totaling
approximately 7 million pounds of thorium nitrate crystals in two depot locations in the continental
United States. A site at Curtis Bay, Maryland stores most of the inventory, while another site in
Hammond, Indiana stores the remainder. In response to environmental, health and safety concerns
of stakeholders and regulatory authorities, the DLA is investigating their options for converting the
thorium nitrate crystals into a chemical and physical form which reduces environmental and health
risks while reducing storage volume required to maintain the thorium in the DNSC. DLA also has
the goal of consolidating all of the thorium stockpile at one of the sites. For purposes of this study, it
is assumed that the final storage site will be at Curtis Bay, Maryland. However, the choice of final
storage location is completely within the discretion of the DLLA. Earlier pilot-scale demonstrations
investigated how thermal conversion technologies might be applied to meet the DLA’s goals. This
project demonstrated one of the non-thermal conversion technologies which may have application.

2.2 Project Objectives
The over-riding objective of the pilot demonstration project was to fully develop a safe and effective
low temperature de-nitration process and demonstrate that process at a pilot scale. Other objectives
for the pilot-scale demonstration included the following:
¢ Develop a safe and effective means of removing thorium nitrate from its original containers
¢ Evaluate and refine methods for control of the process
e Characterize raw materials, products, and byproducts

*  Evaluate radiological control characteristics of the process

e  Evaluate the market potential for produéts and byproducts
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From the pilot-scale results described in this report, it will be possible to scale the process up to a
full-scale commercial operation to address the entire 7,000,000 pound inventory in a reasonable
period of time.

2.3 Project Pian Planning and Execution

The project plan for this pilot-scale demonstration involved two phases; (1) preliminary bench- scale
tests, and (2) pilot-scale batch tests. In the preliminary bench tests, the basic chemical and physical
attributes of the process and its various feeds, intermediates and final products were evaluated.
Competing control schemes of the precipitation reaction were tested, evaluated and refined. Settling
and Filtration tests provided feedback for evaluating the liquid/solid separation attributes of
precipitated thorium hydroxide solids. Commercial polymeric additives for liquid/solid separation
and dry product binding were also evaluated during the preliminary bench-scale tests.

The lessons learned in the preliminary bench scale tests were used to develop the basic process
scheme for the early pilot-scale batch tests, and to conceptualize potential process enhancements for
testing in the later batch tests. The pilot-scale test facility was designed utilizing data from the bench
testing, and was installed inside a quonset hut, inside a building at the Perma-Fix of Florida facility, in
Gainesville, Florida.

Detailed Operating Procedures for all equipment and systems of the Pilot-scale Test Facility were
developed, reviewed, and approved prior to first use. In addition, Batch Test Instruction packages
were developed for each batch test. These instruction packages provided step-by-step guidance for
performance of each batch test, and provided data sheets for recording of measurements performed
during the test. Also, a narrative log of test activities was kept for all batch tests.

Although the DLA thorium nitrate inventory contains source material from the United States,

France, and India, all of the material used in the preliminary bench tests and the pilot-scale batch tests
originated in the United States. Nine (9) drums of thorium nitrate from the Curtis Bay Depot, and
one (1) drum that had been in the custody of Loockheed Martin Energy Systems in Oak Ridge, were
shipped to Gainesville for use in the test program. Small samples from the Oak Ridge drum were
provided early by Lockheed Martin for use in the preliminary bench scale tests.

The pilot-scale test program was organized into five (5) batch tests, with each batch being composed
of the contents of two drums of thorium nitrate. Table 2-1 provides a summary of each batch test
performed, and the experimental objective tested during each test.

This experimental scheme evaluated the basic precipitation, settling, filtration, and product rinsing
operations incorporated into the process, and provided repetitive testing of the basic process.

Data collection around the process, and sampling of process streams were performed, during each
batch test, to ensure that sufficient data was collected to allow calculation of material balances.

Also, bench-scale tests to evaluate precipitation, settling, filtration, and serial rinsing were performed
in parallel with each pilot-scale batch test using samples collected from the batch.
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Table 2-1
Summary of Pilot-scale Batch Tests

Batch Test Batch Size Experimental
Number (Lbs of Thorium Nitrate) Objective

1 | 389.81 Evaluate Basic Precipitation Process

2 410.34 | Evaluate Basic Precipitation Process

3 385.27 Add Serial Rinsing to the Process

4 385.52 Add Serial Rinsing to the Process

5 387.73 Add Liquid Byproduct Recycle to the Process

Total 1,958.67 —

The pilot-scale tests took thorium to a low-temperature dried product. The incremental benefits of
calcining the dried product were evaluated at bench-scale using samples of dry product from the
pilot-scale dryer. Section 3.0 provides more information regarding the process configuration used
during the pilot-scale tests. ‘
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3.0 PROCESS DESCRIPTION

The thorium de-nitration process tested during this project is a variant of the sol-gel process which
was used in the 1970's at the DOE Feed Materials Processing Center (FMPC) at Fernald, Ohio.
Thorium nitrate hydrate crystals are dissolved in demineralized water, and the thorium nitrate is
neutralized with sodium hydroxide to produce a thorium hydroxide precipitate and a sodium nitrate
supernate. Liquid-solid separation and rinsing steps are used to improve the separation between the
thorium hydroxide and the sodium nitrate. The thorium hydroxide is concentrated in this process,
and then dried and repackaged. The steps of the process are as follows:

Removal of thorium nitrate crystals from packaging

Weighing and dissolving thorium nitrate in hot demineralized water

Heating and mixing while precipitating thorium using sodium hydroxide

Gravity separation of sodium nitrate mother liquor from the thorium hydroxide sludge
Optional serial rinsing of the thorium hydroxide sludge blanket

De-watering and rinsing of thorium hydroxide product

Drying of thorium hydroxide filter cake

Filtration and ion exchange polishing of secondary process liquid streams

Recovery of process heels

Packaging of dried product

SOV RN N AP

—t

Each of these process steps, with some minor modifications were performed during each of the five
batch tests. Figure 3-1 is a Process Flow Diagram, showing the major process equipment and the
flow of raw materials, reagents and products. Major process streams in Figure 3-1 are numbered.
These stream numbers refer to specific columns of data in the Material Balance Spreadsheets
(Tables, 6-2, 6-3, and 6-4). The steps of the process are further described below.

3.1 Removal of Thorium Nitrate Crystals from Packaging

The packaging encountered during the pilot-scale batch tests typically consisted of an outer steel
drum, either 55-gallons or 35-gallons in capacity. Inside the steel drum was a black plastic drum
with a loose-fitting lid, completely enclosed by a sealed clear plastic bag. In some cases this bag
contained a small amount ( estimated at less than one gallon) of white powder, assumed to be lime.
Inside the black plastic drum, was one or two concentric waxed kraft paper drums, with an internal
clear plastic bag liner between the thorium nitrate crystals and the paper drums. The thorium nitrate
crystals were typically fused into a solid monolith inside the container. In some cases, the inner kraft
paper packages were found to be damp and deteriorated. In some cases, the internal packaging was
under a slight internal pressure, which was released when the lid of the outer steel drum was
unsealed.
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The drums were opened manually by two crew members dressed in anti-contamination clothing and
air-line respirators. Drum opening took place inside a special enclosure with a negative pressure
ventilation system. The ventilation air stream from this enclosure was filtered through pre-filters,
HEPA filters, and Granular Activated Carbon filters, before being exhausted to the ambient air. A
variety of manual methods were evaluated during the test program, but the most effective method
was as follows:
1. Remove the lid of the outer steel container -
2. Invert the entire package and lift off the steel container
3. Remove the outer steel container and its lid from the enclosure to prevent their
contamination. Survey and decontaminate them as necessary to allow reuse of the steel
container.
4. Return the package to its original upright position.
5. Cut away the first plastic bag
6. Remove the lid of the black plastic drum

7. Cut away the tops of the remaining plastic bags and remove the lids from the internal kraft
paper drum(s) '

8. Invert the black plastic drum and all its internal packagés in one movement
9. Remove the outer plastic bag, the black plastic drum and any outer kraft drum encountered
10. Cut the bottom out of the inner kraft drum with a reciprocating saw
11. Lay the inner kraft drum on its side and split the side with a reciprocating saw
12. Peel away the kraft drum to expose the thorium nitrate monolith
13. Using an electric demolition hammer, break up the monolith into chunks

14. Collect and consolidate all of the thorium contaminated packaging materials and repackage
for crushing as radioactively contaminated debris

15. Move the thorium nitrate chunks to the dissolving vessel.

The main advantage of this method is that all operations are done dry, thus maintaining positive
control over the downstream water balance of the precipitation process. Also, secondary wastes
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generated from the unpacking process remain dry, preventing the generation of acidic leachates in
the waste matrix that could cause a failure of the RCRA paint filter test, and corrosive attack on
secondary waste packaging.

The main disadvantage of this method is that the package must be overturned at least twice during
the unpacking operation. Although two workers can manage to overturn the thorium nitrate drums,
a mechanical overturning device should be incorporated into the full-scale plant design. Also, the use
of a reciprocating saw to cut the kraft paper drums has the potential to create airborne thorium
contamination when the thorium nitrate crystals are found to be dry. This potential problem was not
observed during the pilot-scale tests because all of the thorium nitrate was fused into monoliths and
was damp. Still, a better cutting tool is needed; perhaps shears. With an overturning device, and
better cutting tools, the drum opening could be done in a close-fitting enclosure through glove ports,
thus eliminating the need for air-line respirators and anti-contamination clothing. A further
enhancement of the dry removal method described above is the elimination of the monolith
demolition step and the downstream handling of the chunks (Steps 13 and 15). The dissolver vessel
described in Section 7.0 will have powered choppers capable of chopping up the entire monolith. In
Phase 11, the monolith of thorium nitrate will be mechanically conveyed into the dissolver where the
choppers will break it up.

3.2  Weighing and Dissolving Thorium Nitrate in Hot Demineralized Water

It is important to weigh the thorium nitrate hydrate in each batch so that the appropriate amount of
dilution water can be added to produce a starting solution strength of approximately 270 gm/L
thorium. A scale accurate to at least 1.0 pounds is necessary. During the pilot-scale batch tests, a
calibrated platform scale reading to 0.01 pounds accuracy was used to weigh all of the thorium feed
material. The chunks of thorium nitrate hydrate were placed in tare-weighed buckets and weighed
on the platform scale. After the weights had been recorded in the operating log, the buckets were
emptied into the pre-heated dilution water in the reactor and then the buckets were rinsed with a
small amount of demineralized water. This method was very effective in providing the necessary
mass balance information from which the reaction stoichiometry could be estimated. In the full-scale
system, weigh cells on the reactor or an upstream dissolving vessel will be used to obtain weights of
all materials fed into the process.

3.3  Heating and Mixing While Precipitating Thorium Using Sodium Hydroxide

After the thorium nitrate hydrate was dissolved, sodium hydroxide was added in two stages to
precipitate the thorjum and to neutralize the free nitric acid, which was imported into the process as
an impurity in the thorium nitrate feed material. In the first stage, approximately 2/3 of the
stoichiometric requirement was fed in the form of a 25% sodium hydroxide solution, with the first
haif of that increment being added quickly (essentially slug fed) and the second half being slowly
metered until exhausted. In the second stage, approximately 1/3 of the stoichiometric requirement
was slowly metered into the reactor in the form of a 10% sodium hydroxide solution until a final pH
of 11.0 was achieved. '
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Before any sodium hydroxide was added, the reactor was brought up to a reaction temperature of
180 °F by non-contact heating provided by hot water circulated through the reactor jacket. A
reaction temperature of between 180 and 190 °F was maintained throughout the precipitation step.

The reactor vessel was a modified plowshare dryer with a variable speed drive. The horizontal mixer
shaft was used to gently agitate the reaction liquor throughout the dissolving and precipitation
processes. Various mixer speeds were tried, but a speed of 10 rpm was found to be best for gentle
agitation.

The five batch tests performed showed that the most critical phase of the precipitation process takes
place in the pH range from 1.5 to 2.0. In Batch Test 3 and to a lesser extent in Batch Test 5, we
passed through this stage too quickly, with the result being the formation of sticky, gelatinous,
thorium hydroxide precipitates which had poor settling and filtering characteristics. In each of these
tests, the starting pH was in the range of 0.71 to 0.92 and at the end of the slug addition of 25%
caustic soda, the pH was between 2.06 and 2.08. In Batch Tests 2 and 4, starting pH was in the
range of 0.41 to 0.54 and at the end of the slug addition, the pH was between 1.79 and 1.86. Batch
Tests 2 and 4 produced thorium hydroxide solids (filter cake) which were much more granular in
nature and much less gelatinous than the corresponding solid product from Batch Tests 1, 3 and 5.
Batch Test 4 filter cake had no perceivable gelatinous characteristic. The filter cake from that test
was non-sticky, and resembled table sugar which had been dampened and pressed into a block.
Most of our difficulties during Batch Tests 3 and 5 were the result of over shooting the critical pH
range with the slug addition of caustic soda, and that was partly due to the variability in the purity of
the raw thorium nitrate received from the DILA. The variations in starting pH can be attributed only
to the differences in acid content of the thorium nitrate raw material.

The titration performed in Batch Test 1 followed the optimum pH curve, but gelatinous solids were
produced. This was due to an operational error in which the reactor mixer was left at high speed
after the dissolving step and was not slowed down until well past the critical pH range. The
problems with Batch Test 1 were the result of high mechanical shear imparted to the reactor slurry
during critical phases of the titration. Because of this mistake, Batch Test 2 was a repeat of the
Batch Test 1 experiment, without the mistakes.

From the titration curves of Batch Tests 2 and 4 we discovered that the rate of caustic soda addition
can be increased substantially after a pH of 4.0 has been achieved. If non-gelatinous, good-settling,
thorium hydroxide solids have been produced by the pH 4.0 point, the precipitation process is very
resistant to production of gelatinous solids during the remainder of the titration. Our design for
Phase II described in Section 7.0 of this report will eliminate the slug addition, and will use
multiplexed pH sensors and a programmable logic controller to follow a prescribed titration curve,
eliminating the potential for over shooting the critical precipitation pH range.

3.4  Gravity Separation of Sodium Nitrate Mother Liquor from the Sludge Blanket
After the end point pH of 11.0 was reached, the mixer was shut down, and the thorium hydroxide

solids were allowed to settle, forming a sludge blanket on the bottom of the reactor. Typically, the
sludge blanket consisted of a relatively dense layer of milky white solids. The supernate, or mother

Thorium De-nitration Pilot Project -10- September 25, 1998



liquor, was crystal clear but had a yellow-green tint. The speed of settling and the relative
thicknesses of the sludge blanket and the supernate layer were good indicators of how well the solids
would filter in downstream separation processes. After settling was complete, the supernate layer
was skimmed off to drums for intermediate storage and sampling.

3.5  Serial Rinsing of the Thorium Hydroxide Sludge Blanket

In Batch Tests 3 through 5, one or more serial rinses were performed in the reactor after the mother
liquor had been decanted. The goal of this activity was to wash residual nitrate and sodium out of
the sludge blanket before the de-watering step. Demineralized water produced on site was used for
each rinse. The desired amount of demineralized water was metered into the reactor, and the
agitator was restarted to mix the rinse water with the sludge. Then, the agitator was shut down and
the sludge blanket was allowed to settle again to its original volume. Then, rinsate was skimmed off -
and stored in drums in the same manner as the mother liquor. This process was repeated for each
rinse step performed in the reactor.

3.6  De-watering and Rinsing of Thorium Hydroxide Product

A standard plate and frame filter press was used to de-water the sludge blanket and provide
additional rinsing. The press was fed by pumping from the reactor to the press using an air-driven
double diaphragm pump. If a demineralized water rinse was performed in the filter press, it was
added to the reactor to rinse down the reactor internals, the transfer hoses, and the pump as the rinse
water was pumped into the press.

Press filtrate was discharged through a bag filter and into drums for settling of entrained thorium
hydroxide solids. The bags used in the bag filter had 5.0, 3.0, and 1.0 micron filter ratings, but we
found that none of these ratings was adequate to capture all of the solids washed out of the filter
press. Filtrates and rinsates from the filter press were stored separately from the mother liquor.

Significant quantities of thorium hydroxide solids settled in the receiving drums. For test purposes,
these settled solids were considered to be process heels. In our calculations of the thorium yield
values quoted later in this report, we considered thorium hydroxide in the heels to be losses, and did
not include this material in the calculated yield. In the full-scale process, the basic process can be
improved to minimize losses of thortum solids into the heels, and the small amount of solids lost to
the heels can be recovered.

At the end of the filter press run, the press was opened and the cake was dropped into a tare-
weighed metal hopper. The hopper was weighed to obtain the net weight of the wet filter cake.
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3.7  Drying of Thorium Hydroxide Filter Cake

In the pilot-scale tests, the same plowshare dryer used earlier as a precipitation reactor was also used
to dry the press filter cake. The cake was manually loaded into the dryer, and the access port was
sealed. The agitator was operated at a speed in the range of 20 to 50 rpm. Low pressure saturated
steam in the temperature range of 250 to 290 °F was circulated through the jacket to provide the
heat for drying. Overhead vapors leaving the dryer passed through a condenser and then through an
accumulator vessel before discharging through the HEPA filters to the atmosphere outside the
building. Non-contact cooling water from an outdoor cooling tower was circulated through the
condenser for cooling. Recovered condensate consisted of water contaminated with low
concentrations of thorium, sodium and nitrate. The drying process was terminated when a visual
inspection showed the thorium hydroxide solids to be an apparently dry powder.

3.8  Filtration and Ion Exchange Polishing of Secondary Process Liquid Streams

Three secondary liquid streams were produced from each pilot scale batch test; (1) mother liquor, (2)
filtrate/rinsate, and contaminated condensate. Mother liquor and filtrate/rinsate were bag filtered at
the time of collection. Each of these streams from a batch test were combined with similar streams
from earlier batch tests in stainless steel tote containers and held until all five batch tests were
completed. Then, each specific liquid stream was treated in an ion exchange run, in an effort to
further reduce total thorium without changing the sodium nitrate concentration.

The ion exchange resin selected for these test runs was SIR-500™, an aminophosphonic chelating
resin supplied by ResinTech, Inc. This resin has a demonstrated capability to remove multi-valent
cations from sodium rich brines. Manufacturer instructions for use of this resin included operation
with pH over 8.0 and temperature in the range of 158 to 176 °F. All three liquid streams had initial
pH over 8.0, but due to extended storage, the liquids were no longer hot. To heat these streams
prior to the ion exchange run, the contents of the tote container were pumped back into the
plowshare reactor and re-heated. Typically, the heated water from the reactor was slowly pumped
through a cartridge filter and two ion exchange columns in series and then discharged into a tote. In
a full-scale system, the liquid streams that could not be recycled back into the process would be
treated while they were still hot to alleviate the need for re-heating.

3.9 Recovery of Process Heels

Process heels during the pilot scale tests consisted of settled sludge blankets from the bottom of
liquid receiving drums and solids collected in bag filters. The heels in the receiving drums originated
from either the mother liquor, the reactor rinses, or from the press filtrate or rinsate. During the pilot
scale test program, heels were recovered by drying them in the dryer. The product from this method
of recovery is completely converted to thorium hydroxide, but it contains a higher concentration of
residual sodium nitrate than the product resulting from serial rinsing.

Improved control of the precipitation process in the full-scale should result in a reduction in heels
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produced, and they should be recoverable by recycling them back to the reactor at the end of a
precipitation run. By recycling heels in this manner, the solids recovered would benefit from the
rinses performed in the filter press, thus reducing their residual sodium nitrate concentrations.

3.10 Packaging of Dried Product

After each dryer run was terminated, the steam supply was 1solated and cooling water was pumped
through the dryer jacket to cool down the thorium hydroxide solids to a temperature of less than 110
°F. Then, a trap door in the bottom of the dryer was opened and the solids were discharged into a
tare-weighed, plastic-lined, 33-gallon high density polyethylene (HDPE) drum hermetically sealed to
the discharge flange. The lid of the HDPE drum was placed loosely on top of the drum and the
product was allowed to cool to room temperature. The drum was weighed again to determine the
net weight of thorium hydroxide product in the package. When cool, the plastic bag was closed
with a horse-tail closure and the drum lid was sealed. Each 33-gallon HDPE drum of product was
placed in one of the original steel 55-gallon drums for shipment back to DLA’s Curtis Bay, Maryland
site.
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4.0 PRELIMINARY BENCH SCALE TESTING

While design, procurement, and installation of the pilot-scale test facility were being performed, a
bench-scale testing program was conducted to characterize the thorium feed material, and to develop
the basic de-nitration process and the process control parameters to be used later in the pilot-scale
batch tests. These tests were performed with samples from the Oak Ridge drum provided by
Lockheed Martin Energy Systems, Inc. The results of these tests were used to develop the basic de-
nitration process used in Pilot Batch Tests 1 and 2, and to conceptualize process improvements
which were tested in Pilot Batch Tests 3, 4, and 5. Some of the specific bench tests performed were
as follows:

4.1 Thorium Nitrate Dissolving Tests

Aliquots of thorium nitrate were dissolved in demineralized water and in mother liquor produced
from earlier bench tests. These tests confirmed that thorium nitrate hydrate solubility in the
anticipated dissolving liquids would not be a limiting factor in the bench-scale tests.

4.2 De-nitration Stoichiometry and Control Parameters

Aliquots of thorium nitrate were dissolved as in 4.1 above, and subjected to titration at temperatures
or 160 and 200 °F. A titration was performed using 50% sodium hydroxide to a final pH of 11.0.
Viscosity of the titrated solution was measured at pH 5.57 and 11.0. Also, temperature
measurements were made to evaluate how strong the exothermic reaction would be.

A back-titration from pH 11.0 back to a pH of 1.92 was performed using thorium nitrate solution as
the titrant. This was to provide data on how the pH could be brought down in the event of
overshooting the sodium hydroxide reaction end point. In the pilot scale tests, back-titration with
thorium nitrate solution was never attempted. In Batch Test 5 back-titration with concentrated nitric
acid was performed. More details will be provided in Section 5.5 of this report.

In titrating from a starting pH of 1.32 to a final pH of 10.2, the temperature of the thorium nitrate
solution rose from 76.0 °F to 113 °F. This small temperature rise showed that the exotherm could
not be relied upon to raise the thorium nitrate solution to the 190 °F target established for the Fernald
sol-gel process.

Experience from these tests showed that Fernald’s final target pH of 6.0 would be inadequate for the
purpose of maximizing precipitation of thorium. To convert essentially all of the thorium to
insoluble thorium hydroxide, it proved necessary to establish an end point for the reaction at pH=
11.0. These tests also showed that the degree of control when using 50 % sodium hydroxide was
poor, resulting in wide pH swings. Subsequent bench tests showed that a two-stage titration with 25
% sodium hydroxide initially, and 10 % later was optimum.
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4.3  Gravity Thickening Tests

The precipitation methods developed in 4.2 above were used to produce precipitate slurries at the
two reaction temperatures previously discussed and with mother liquor recycled as dissolving
solution. Aliquots of precipitate slurry from each of these tests were subjected to gravity settling
with and without cationic polyelectrolyte settling aids. Settling curves were developed and
evaluated. The results indicated that the temperature difference between 160 and 200 °F is
insignificant as a process control parameter. The main factors in producing a settleable precipitate
are end point pH and the rate of pH rise. Settling aids had no perceptible effect.

4.4 Vacuum Filtration Tests

The settled solids produced in 4.3 above were subjected to bench scale vacuum filtration to evaluate
how well filtration would effect a separation between the sodium nitrate and thorium hydroxide
reaction products. The same pH and temperature ranges were used, and filtration aids were
evaluated. Once again, end point pH and the rate of pH rise appeared to be the only factors having a
significant effect upon filtrate thorium content. Filtering rate seemed to be strongly influenced by the
rate of pH rise and the degree of fine control during the precipitation step.

4.5 Oven Drying Tests

Filtered solids from 4.4 above were subjected to low temperature drying in a laboratory oven to
evaluate the relative drying characteristics of the thorium hydroxide product from the various earlier
test combinations. The results of these tests showed no perceptible difference in the drying
performance of thorium hydroxide solids produced at differing temperatures, solids produced after
recycling mother liquor, or solids treated with settling or filter aids.
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5.0 PILOT DEMONSTRATION BATCH TESTS

The pilot-scale testing was performed as 5 discrete batch tests which were designed to demonstrate
the basic de-nitration process and further investigate process enhancements. These enhancements
were designed to improve the quality of the thorium product and the sodium nitrate byproduct. Each
batch test is described in detail below.

5.1 Batch Test No. 1 - Evaluation of the Basic Precipitation Process

The results of the Preliminary Bench-Scale Tests were used to develop the Batch Test Instructions
for use in Batch Test No. 1. The main goals for this batch test were to demonstrate the precipitation,
thickening, filtration and drying steps of the process on approximately 400 pounds of thorium nitrate

feed material.

5.1.1 Test Narrative

The recoverable thorium nitrate from two randomly selected drums were removed from their original
packaging on November 18, 1997, and transferred to buckets for weighing. The recovered thorium

- nitrate used in Batch Test No. 1 totaled 389.81 pounds. A grab sample of the raw material was
collected and split into three aliquots given the sample designations BT1-001a, b, and c. These
samples were submitted for analysis of total metals, % nitrate, gross alpha and beta, alpha
spectroscopy, gamma spectroscopy, X-ray diffraction, and the DOT oxidizer Test. The data from
these samples was used to characterize the feed thorium nitrate for all 5 Batch Tests.

Beginning early on the morning of November 19, 1997, the thorium nitrate feed material was
dissolved in the reactor in 52.8 gallons of demineralized water at a temperature of approximately 145
°F. The agitator speed was set at 103 rpm.  The dissolving step produced a thorium nitrate solution
with a 17.3 % thorium concentration (Sample No. BT 1-002b) and a nitrate concentration of 16.6 %
(Sample No. BT1-002a). In anticipation of the exothermic reaction, the initial stages of the sodium
hydroxide addition were performed at lower than target temperatures. Over a period of 9 minutes,
30.6 gallons of 25 % sodium hydroxide were added to the thorium nitrate solution in the reactor.
During this period, the agitator speed was inadvertently left at 103 rpm. ,During the initial phase of
sodium hydroxide addition, the solution pH increased from an instrumentally measured reading of -
0.13 @ 93°C to 1.90 @ 89°C. A hot plate was used to heat all pH grab samples to approximately
the same temperature before readings were taken and recorded.

Over the next hour, the temperature of the hot water circulated through the reactor jacket was
increased until the reactant temperature had increased to 177 °F. The agitator speed problem was
discovered and the speed was reduced from 103 rpm down to the range of 10 to 20 rpm. At this
stage, injection of 10 % sodium hydroxide was begun using a small air-driven double-diaphragm
pump. Control of pumping rate at the low end of the pump’s speed range was difficult, and as a
result the rate of addition was significantly below target. A total of 37.0 gallons of 10 % sodium
hydroxide was added over the next four and one-half hours, while reactant temperature was
maintained in the range of 181 to 197 °F. Final pH of the reacted slurry was 11.03.
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Periodically during the precipitation reaction, grab samples of the reactant mixture were collected
and observed to evaluate the settling characteristics of the solids. All of these samples showed finely
dispersed small white particles of precipitate which did not settle well. Settling rates were
comparable to the worst settling rates experienced during the preliminary batch tests. Vacuum filter
tests showed filtration to be slightly better than settling rates. A sample of the reaction product
slurry was collected and split into aliquots designated Sample Nos. BT1-004a, b and ¢. These
samples were analyzed for sodium, nitrate, total thorium, gross alpha and beta, and gamma
Spectroscopy.

Because of poor settling characteristics but marginally better filtration characteristics, it was decided
to bypass the gravity thickening step and feed the reactor slurry directly to the filter press, attempting
to separate the solids and liquids in the press. The entire inventory of the reactor was pumped
through the filter press over a period of approximately 30 minutes. Afterward, approximately 8.5
gallons of demineralized water was used to rinse down the inside of the reactor and flush the hoses
and pump. This rinse water was also pumped through the filter press. Filtrate leaving the filter press
was pumped through a 5.0 micron bag filter and discharged into three holding drums. The filtrate
accumulated in the drums was milky white in color and had a high solids content, but was not as
thick as the feed material. The filtrate in the receiving drums was allowed to settle overnight.

In the morning of November 20, 1997, the filtrate drums were each found to have developed a

clear layer of yellow-green tinted water above a thickened white sludge blanket. The percentage of
original water column height represented by the clear layers varied from 32 to 40 percent. Samples
of the clear supernate were collected and designated Samples BT1-007a, b, and ¢. These samples
were analyzed for sodium, nitrate, and total thorium. The sludge layers in the bottom of the drums
were designated process heels and transferred to a tank for storage until they could be processed for
recovery.

The filter press was opened and the filter cake discharged into a plastic-lined, tare-weighed hopper.
A well-formed white filter cake was found in all of the plate cavities. However, the cake was wet
and sticky, like a heavy lard. It was necessary to use a plastic paddle to scrape the cake off of the
fabric and into the hopper. The hopper was weighed to determine the net weight of the wet cake,
which was 218.3 pounds. Samples of the wet cake were collected from the hopper and designated
Sample Nos. BT1-006a, b, c, d, and e. These samples were analyzed for sodium, nitrate, moisture,
thorium, gross alpha and beta, and gamma spectroscopy.

The cake was manually shoveled from the hopper into the dryer and the agitator was started and run -
at a speed of 20 rpm. Low pressure steam at an inlet temperature ranging between 262 and 290 °F
was circulated through the dryer jacket, resulting in an internal temperature between 195 and 240 °F.
It took approximately 3 hours of drying to bring the thorium product to apparent dryness. The
steam flow was shut off and cooling water was pumped through the jacket to cool down the product.
It took approximately 20 minutes to cool the thorium hydroxide solids down to a temperature of 110
°F. The dried thorium hydroxide was discharged into a drum and the drum was weighed. The net
weight of dried thorium hydroxide product produced was 82.5 pounds. Samples were collected
from the drum and designated BT1-008a, b, ¢, d, e, and £ These samples were analyzed for sodium,
nitrate, thorium, UTS metals, moisture, X-ray Diffraction, gross alpha and beta, gamma
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spectroscopy, and the DOT oxidizer Test. An additional set of samples, designated BT1-009a, b, c,
d, and e, were collected and stored for later use in bench-scale calcining tests. After calcining tests,
samples of the calcined material with the same sample designation were submitted for analysis of
thorium, nitrate, and UTS metals.

Contaminated condensate water from the accumulator was sampled prior to being transferred into a
stainless steel tote container for storage. The samples, designated BT1-005a and b, were analyzed

for sodium, nitrate, and thorium concentration.

5.1.2 Results Evaluation

Overall, Batch Test No. 1 was a learning experience in which most of the lessons learned were from
the mistakes made during the precipitation stage of the process. Taking credit for only the thorium
hydroxide captured as filter cake and dried, the thorium yield was only 24.71 %. The remainder of
the thorium came to reside in the process heels, from which it was later recovered. The nitrate
content of the dried thorium hydroxide product was 14.96 %. The low yield and low product quality
is a direct result of the poor settling and filtration characteristics of the thorium hydroxide solids
produced in the precipitation step. The mistakes leading to these undesirable characteristics are
listed in decreasing order of importance, as follows:

»  Leaving the agitator at 103 rpm during the first stages of sodium hydroxide addition. This
exposed the fine precipitates of thorium hydroxide to high mechanical shear during in the
critical pH range of 1.5 to 2.0 units.

s  Erratic metering of sodium hydroxide. The metering pump was over-sized, resulting in poor
control of metered feed rates.

Batch Test No. 1 was judged to have been a failure, requiring that the test parameters be repeated in
Batch Test No. 2, with process changes to address the mistakes of the first test.

Table 5-1 summarizes the time increments required for various steps of the de-nitration process
during Batch Test No. 1 and estimated times for the process steps carried to Phase II, and corrected
to eliminate the mistakes of Batch Test 1. The time intervals shown for Batch Test No. 1 include
only the described activity, and do not include time consumed investigating problems, collecting
data, sampling materials, and deciding upon the next action. The batch size in Batch Test No. 1 was
2 drums. In the Phase II column, the batch size is assumed to be 16 drums. Although it takes 22.25
hours for the batch to be processed, it moves through the process in three stages on three successive
days as follows:

¢ Stage 1 - 8.25 hours, unpacking and dissolving of thorium nitrate
o  Stage 2 - 8.5 hours, precipitation, decanting and dewatering of thorium hydroxide

e  Stage 3 - 5.5 hours, drying, cool down and product packaging
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As soon as a batch moves from Stage 1 to Stage 2, the next batch can begin Stage 1, and so on
through the three stages.

Table 5-1
Summary of De-nitration Process Steps
Based on Batch Test No. 1 Results

Process Step Description Batch Test No. 1 Projected Phase I1
Time for 2 Drum Batch * Time for 16 Drum Batch

Unpack TNH Drums 3.5 hours 8.0 hours
Dissolve Thorium Nitrate 0.75 hours 0.25 hours
Add Slug of 25 % NaOH 0.15 hours Not Applicable
Siow Addition of 25 % NaOH Not Applicable 2.0 hours
Slow Addition of 10 % NaOH 2.5 hours 4.0 hours
Solids Settling Not Applicable 1.0 hours
Supernate Decanting Not Applicable 0.5 hours

_________ Sludge Dewateﬁng 0.5 hours 1.0 hours
Filter Cake Transfer to Dryer 1.0 hours 0.50 hours
Sludge Drying 3.0 hours 4.0 hours
Dryer Cool Down & 0.33 hours 1.0 bours
Discharge to Packaging
Total Processing Time 11.73 hours 22.25 hours

* Time intervals do not include investigative and operations development activities, only the

time required to actually perform the described task.

5.2  Batch Test No. 2 - Evaluation of the Basic Precipitation Process

The results of the Preliminary Bench-Scale Tests and Batch Test No. 1 were used to develop the
Batch Test Instructions for use in Batch Test No. 2. The main goals for this batch test were to
incorporate the lessons learned into a demonstration of the precipitation, thickening, filtration and
drying steps of the process on approximately 400 pounds of thorium nitrate feed material.
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5.2.1 Test Narrative

The recoverable thorium nitrate from two randomly selected drums were removed from their original
packaging on December 1, 1997, and transferred to buckets for weighing. The recovered thorium
nitrate used in Batch Test No. 3 totaled 410.34 pounds.

Beginning early on the morning of December 2, 1997, the thorium nitrate feed material was dissolved
in the reactor in 52.8 gallons of demineralized water at a temperature of approximately 130 °F. The
agitator speed was set at 50 rpm. Hot water temperature in the reactor jacket was increased to 180
°F over the next 2 2 hours. The dissolving step produced a thorium nitrate solution with 17.8 %
thorium concentration (Sample No. BT2-001b) and a nitrate concentration of 20.4 % (Sample No.
BT2-001a). Table 6-2 presents validated analytical results and material balance calculations in the
same tabular format. The agitator speed was reset to 10 rpm. Over a period of 10 minutes, 32.6
gallons of 25 % sodium hydroxide were added to the thorium nitrate solution in the reactor. During
the initial phase of sodium hydroxide addition, the solution pH increased from an instrumentally
measured reading of 0.41 @ 95°C to 1.80 @ 95°C. A hot plate was used to heat all pH grab samples
to approximately the same temperature before readings were taken and recorded.

Over the next hour, the temperature inside the reactor was maintained steadily in the 191 to 192 °F
range, while pH increased from 1.80 to 1.86 @ 95 °C, due to addition of approximately 7.0 gallons
of 10 % sodium hydroxide. The agitator speed was maintained at 10 rpm. The injection rates were
considerably steadier than in Batch Test No. 1, but there were still some control difficulties. Over
the next 3 ¥4 hours, approximately 47.0 gallons of 10 % sodium hydroxide were added, to reach a
total of 54.0 gallons added and a final pH of 10.94 @ 94.5 °C.

Periodically during the precipitation reaction, grab samples of the reactant mixture were collected
and observed to evaluate the settling characteristics of the solids. Precipitated solids were first
observed at a pH of approximately 1.86, very early in the addition of 10 % sodium hydroxide. From
this time until the final pH of 10.94 was reached, all grab samples showed good settling rates, and
clear yellow-green tinted supernates. A sample of the clear supernate analyzed at an on-site
laboratory indicated that the supernate retained only 0.04 % of the original thorrum.

After the final pH was reached, the agitator was shut down, and the solids were allowed to settled in
the reactor for approximately 1 hour. Gravity thickening of the reactor product resulted in
approximately 45 % of the batch volume being recovered as clear yellow-green supernate (mother
liquor), and 55 % as a thick milky white sludge blanket. A sample of the clear supernate was
collected and split into aliquots designated BT2-004a and b. These samples were analyzed for
sodium, nitrate, chloride, and thorium concentration. . The supernate was pumped off through a 5.0
micron bag filter and into holding drums.

The sludge blanket was rinsed by adding 50 gallons of demineralized water to the reactor and gently
mixing with the agitator for 10 minutes at a speed of 10 rpm. The agitator was shut down and the

sludge blanket was allowed to settle overnight.

In the morning of December 3, 1997, the sludge blanket thickness had returned to slightly less than
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its original volume. The agitator was restarted at a speed of 10 rpm to stir up the sludge blanket and
prepare it for filtration in the plate and frame filter press. Samples of the filter press feed slurry were
collected and designated BT2-003a, b, and c¢. These samples were analyzed for sodium, nitrate,
moisture, thorium gross alpha and beta, and gamma spectroscopy. Over a seven minute period the
entire sludge blanket was pumped into the press and the filtrate was discharged into holding drums.
The filtrate was a thin milky suspension with a slight yellow-green tint. The solids in the filtrate
settled quickly to the bottom of the holding drums. The supernate and settled solids from the
holding drums was pumped back into the reactor, and for a period of 10 minutes, the supernate was
circulated from the reactor through the press and back to the reactor. This was done in an effort to
maximize the solids capture efficiency of the filter press. Finally, the filtrate was discharged back
into holding drums. Afier entrained solids settled out of the filtrate, the clear layer was pumped
through a 1.0 micron bag filter and into clean drums. Only trace solids were left in the filtrate at this
stage. These solids settled to form a thin non-contmuous layer on the bottoms of the holding drums.
Samples of the clear layer from the filtrate holding drums were collected and designated BT2-006a, b
and c. These samples were analyzed for sodium, nitrate, chlorides, and thorium.

The sludge layers in the bottom of the mother liquor and filtrate holding drums were designated
process heels, consolidated, and transferred to a drum for storage until they could be processed for
recovery.

The filter press was opened and the filter cake discharged into a plastic-lined, tare-weighed hopper.
A well-formed white filter cake was found in all of the plate cavities. Although this cake retained the
color and texture of lard, it was much dryer, much denser, and much less sticky than the cake
produced in Batch Test No. 1. Most of the cake fell off the fabric in one large piece, with very little
need for scraping of the fabric with the plastic paddle. The large pieces of cake broke into smaller
chunks in the hopper, further demonstrating the overall dryness of the cake. The hopper was
weighed to determine the net weight of the wet cake, which was 312.4 pounds. Samples of the wet
cake were collected from the hopper and designated Sample Nos. BT2-005a, b, ¢, d, and e. These
samples were analyzed for sodium, nitrate, moisture, thorium, gross alpha and beta, and gamma
spectroscopy.

The cake was manually shoveled from the hopper into the dryer and the agitator was started and run
at a speed of 50 rpm. Low pressure steam at an inlet temperature ranging between 225 and 235 °F
was circulated through the dryer jacket, resulting in an internal temperature between 209 and 211 °F.
It took approximately 2 hours and 40 minutes of drying to bring the thorium product to apparent
dryness. The steam flow was shut off and cooling water was pumped through the jacket to cool
down the product. It took approximately 27 minutes to cool the thorium hydroxide solids down to a
temperature of 105 °F. The dried thorium hydroxide was discharged into a drum and the drum was
weighed. The net weight of dried thorium hydroxide product was 194.5 pounds.

Samples of the dried product were collected from the drum and designated BT2-007a, b, ¢, d, e, and
f. These samples were analyzed for sodium, chloride, mtrate, moisture, thorium, UTS metals, X-ray
diffraction, gross alpha and beta, gamma spectroscopy, and the DOT oxidizer test. An additional set
of samples, designated BT2-008a, b, ¢, d, and e, were collected and stored for later use in bench-
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scale calcining tests. After calcining tests, samples of the calcined material with the same sample
designations were submitted for analysis of thorium, nitrate, moisture, UTS metals, and X-ray
diffraction.

Contaminated condensate water from the accumulator was sampled prior to being transferred into a
stainless steel tote container for storage. The samples, designated BT2-009a, b and c, were analyzed

for sodium, chloride, and thorium concentration.

5.2.2 Results Evaluation

Batch Test No. 2 was a success, finally accomplishing the goal of demonstrating the precipitation,
gravity thickening, press filtration, and drying operations of the basic de-nitration process. Taking
credit for only the thorium hydroxide captured as filter cake and dried, the thorium yield was 62.1 %.
The remainder of the thorium came to reside in the process heels, from which it was later recovered.
The nitrate content of the dried thorium hydroxide product was 4.5 %. This test showed that slow
mixing speeds, and better control of the rate of sodium hydroxide additions result in a thorium
hydroxide precipitate that settles and filters well. The fates of thorium, sodium, and nitrates in Batch
Test No. 2 are presented in tabular form in the material balance of Table 6-2.

The results of Batch Test No. 2 were evaluated and found to have successfiilly demonstrated the
basic de-nitration processes, but resulted in a dried thorium hydroxide product which still contained
4.5 % nitrate content. At the time of the pilot-scale tests, it was not known whether the presence of
this much free nitrate would cause the product to be classified as a DOT oxidizer. Testing of the
Batch Test No. 2 dried product according to 49 CFR 173 Appendix F later showed that it was not a
DOT Division 5.1 oxidizer.

With the basic process demonstrated, the next batch tests were focused on improving product quality
by serial rinsing of the precipitated thorium hydroxide solids. Rinsing in the reactor and in the filter
press were incorporated into the Batch Test Instructions for all subsequent tests, to evaluate how
pure the dried product could be made.

Table 5-2 summarizes the time increments required for various steps of the de-nitration process
during Batch Test No. 2 and estimated times for the process steps carried to Phase I, and adjusted
for lessons learned in Batch Test No. 2. The time intervals shown for Batch Test No. 2 include only
the described activity, and do not include time consumed investigating problems, collecting data,
sampling materials, and deciding upon the next action. The batch size in Batch Test No. 2 was 2
drums. In the Phase II column, the batch size is assumed to be 16 drums. Although it takes 22.75
hours for the batch to be processed, it moves through the process in three stages on three successive
days as follows:

o  Stage 1 - 8.25 hours, unpacking and dissolving of thorium nitrate
e Stage 2 - 9.0 hours, precipitation, decanting, rinsing and dewatering of thorium hydroxide

¢ Stage 3 - 5.5 hours, drying, cool down and product packaging
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As soon as a batch moves from Stage 1 to Stage 2, the next batch can begin Stage 1, and so on

through the three stages.
Table 5-2
Summary of De-nitration Process Steps
Based on Batch Test No. 1 Results
Process Step Description Batch Test No. 2 , “Projected Phase I1
Time for 2 Drum Batch * Time for 16 Drum Batch

Unpack TNH Drums 3.5 hours 8.0 hours
Dissolve Thorium Nitrate 0.75 hours 0.25 hours
Add Shug of 25 % NaOH 0.15 hours Not Applicable
Slow Addition of 25 % NaOH Not Applicable 2.0 hours
Slow Addition of 10 % NaOH 3.25 hours 4.0 hours
Solids Settling 1.0 hours 1.0 hours
Rinsing, Settling, & Decanting 1.0 hours 1.0 hours

"""""" Sludge Dewatering 0.5 hours 1.0 hours
Filter Cake Transfer to Dryer 1.0 hours 0.50 hours
Sludge Drying | 2.67 hours 4.0 hours
Dryer Cool Down & 0.50 hours 1.0 hours
Discharge to Packaging
Total Processing Time . | 14.32 hours 22.75 hours

* Time intervals do not include investigative and operations development activities, only the
time required to actually perform the described task.

5.3  Batch Test No. 3 - First Attempt at Serial Product Rinsing

The successful process control methods demonstrated in Batch Test No. 2, and serial rinsing steps
were incorporated into the Batch Test Instructions for Batch Test No. 3.
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5.3.1 Test Narrative

The recoverable thorium nitrate from two randomly selected drums were removed from their original
packaging on December 3, 1997, and transferred to buckets for weighing. The recovered thorium
nitrate used in Batch Test No. 3 totaled 385.27 pounds.

Beginning early on the morning of December 4, 1997, the thorium nitrate feed material was dissolved
in the reactor in 52.8 gallons of demineralized water at a temperature of approximately 110 °F. The
agitator speed was set at 50 rpm. Hot water temperature in the reactor jacket was increased to 190
°F over the next 2 ¥ hours, resulting in a final temperature of 183 °F inside the reactor.

The precipitation reaction was started in the same manner that had been used in Batch Test 2, but the
early sampling during the precipitation step indicated that the settling and filtration characteristics
were poor. In fact, the Batch Test 3 solids were worse than the Batch Test 1 solids. Although,
sampling of the various process streams was performed in the same manner as in the previous two
Batch Tests, these samples were archived, but never were sent out for analysis. The remainder of
this test narrative is presented below in qualitative terms to describe the lessons learned in Batch Test
No. 3. In terms of the original goals set for Batch Test 3, the test would have to be judged as a
failure. However, the lessons learned in response to the process upset provide valuable insight for
modification of the basic process.

At the beginning of the precipitation process, the agitator speed was reset to 10 rpm. Over a period
of 15 minutes, 31.6 gallons of 23.4 % sodium hydroxide were added to the thorium nitrate solution
in the reactor. During the initial phase of sodium hydroxide addition, the solution pH increased from
an instrumentally measured reading of 0.92 @ 93°C to 2.06 @ 95°C. A hot plate was used to heat
all pH grab samples to approximately the same temperature before readings were taken and
recorded.

Over the next 6 ¥z hours, the temperature inside the reactor was maintained in the 185 to 210 °F
range, while pH increased from 2.06 to 11.02 @ 94 °C, due to addition of approximately 35.5
gallons of 9.2 % sodium hydroxide. The agitator speed was maintained at 10 rpm, except for times
when the agitator was shut down for inspection or sampling of the reactant mixture in the reactor.
The injection rates were as steady as in Batch Test No. 2, except for the times when injection was
discontinued for inspection or sampling.

Periodically during the precipitation reaction, grab samples of the reactant mixture were collected
and observed to evaluate the settling characteristics of the solids. Precipitated solids were first
observed at the conclusion of the 23.4 % sodium hydroxide addition, at a pH of approximately 2.06.
In Batch Test No. 2, the pH at the end of the slug addition of 25 % sodium hydroxide was 1.80 and
precipitation was not observed until a pH of 1.86. Batch Test No. 3 started with a much higher
initial pH than was observed in the two previous tests. These variations in starting pH are
attributable only to variations in the quality of the thorium nitrate feed materials. A likely
explanation is that individual drums of thorium nitrate contain differing concentrations of residual
nitric acid. If this is true, the feed materials used in Batches 1 and 2 had substantially more free nitric
acid than the drums used in Batch Test No. 3. The initial slug addition of 23.4 % sodium hydroxide
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in Batch Test No. 3 appears to have overshot a critical initialization point of the precipitation/pH
control curve. As the precipitation process continued, periodic grab samples showed settling rates
that were apparently better than Batch Test No. |, but were worse than Batch Test No. 2. After the
final pH was reached, the agitator was shut down, and the solids were allowed to settled in the
reactor overnight.

Early on the morning of December 5, 1997, strap measurements of the contents of the reactor
showed that approximately 60 % of the batch volume was composed of a clear yellow-green
supernate (mother liquor), and 40 % as a thick milky white sludge blanket. The supernate was
pumped off through a 1.0 micron bag filter and into holding drums.

The sludge blanket was rinsed by adding 35 gallons of demineralized water to the reactor and gently
mixing with the agitator for 10 minutes at a speed of 10 rpm. The agitator was shut down and the
sludge blanket was allowed to settle. Over the next 3 hours, several attempts were made to filter out
~ clear liquids using a pump suction wand covered with a bag filter element. The goal of this decanting
method was to remove some of the interstitial liquid in the sludge blanket as well as the decantable
supernate layer. These attempts failed. The bag filter attachment was removed and the wand was
used to pump down the recoverable clear rinse layer. Very little liquid was removed by this method.

- Finally, the entire sludge blanket was pumped through the filter press with some degree of success, if
judged based upon recovered liquid. Approximately 50 gallons of liquid were recovered, which
suggests that 15 gallons of that was interstitial liquid from the sludge blanket. However, the back-
pressure acting against the pump built up rapidly, indicating filter cloth blinding. When the filter

- press was opened, only half of the cavities had cake, and that was very wet and sticky. The rest of

the cavities contained unconcentrated feed sludge, which drained into the cake hopper. There was

some loss of liquids to the floor, requiring some extensive cleanup. By the time the cleanup was
done, it was too late in the day to do any further processing. The metal lid was placed over the cake
hopper, and all equipment was shut down and the quonset hut locked up for the weekend.

It was decided that thermal conditioning of these gelatinous solids might improve our ability to rinse
and de-water the thorium hydroxide. Early on December 8, 1997, all of the gelatinous filter cake and
milky filtrate heels were transferred into the dryer, and these solids were dried to the point of
apparent dryness. This dryer run took all day.

On December 9, 1997, two more demineralized water rinses were performed on the dryer product in
the dryer. These were designated Rinses 2 and 3. Rinse 1 was the one performed before the sludge
was fed to the filter press on December 5, 1997. In Rinse 2, a volume of 25.0 gallons of
demineralized water was added, and 12.4 gallons were recovered when the clear layer was decanted.
In Rinse 3, a volume of 29.0 gallons of demineralized water were added, and 27.2 gallons of clear
liquid were recovered. In both rinses, the recovered liquid was clear except for a slight turbidity due
to white colloidal solids. The lack of yellow-green tint indicated that most of the attributes of the
mother liquor had been removed.
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After the Rinse 3 clear liquid was recovered, the remaining sludge blanket was dried in the dryer by
the same methods used in Batch Tests 1 and 2. The dry thorium hydroxide solids discharged to the
drum had a net weight of 213.2 pounds. This concluded Batch Test 3.

5.3.2 Results Evaluation

Batch Test No. 3 was a failure from the viewpoint of further demonstrating the basic de-nitration
process, but it did provide useful information and experience in recovery from process upsets. The
value of thermal digestion by drying and subsequent re-slurrying and rinse steps was demonstrated.
Batch Test No. 3 also revealed the unexpected variability in the quality of the thorium nitrate feed
materials, and the sensitivity of the precipitation process to variations in free nitric acid content and
starting pH. In cases where the starting pH is above 0.5, great care should be taken with the early
sodium hydroxide additions. Between pH 0.5 and 1.8, extra time for precipitation of desirable solids-
is needed. Haste at this stage of the precipitation process, assures downstream problems with
liquid/solid separation. In Batch Test 3, the initial slug of 23.4 % sodium hydroxide overshot the
critical pH range.

As a result of Batch Test No. 3, it was decided that only half of the 25 % sodium hydroxide solution
should be added in the initial slug and that the other half should be metered in over an extended
period of time. This modification was incorporated into Batch Test No. 4.

5.4  Batch Test No. 4 - Second Attempt at Serial Product Rinsing

The results of the pervious three batch tests were reviewed and the lessons learned were
incorporated into the Batch Test Instructions for use in Batch Test No. 4. The main goals for Batch
Test No. 4 were the same as the pre-test goals for Batch Test No. 3, namely, to repeat the
precipitation success of Batch Test No. 2 with the added process enhancement of serial rinsing of the
thorium hydroxide product.

5.4.1 Test Narrative

The recoverable thorium nitrate from two of the remaining drums of feed material were removed
from their original packaging on December 9, 1997, and transferred to buckets for weighing. The
recovered thorium nitrate used in Batch Test No. 3 totaled 385.52 pounds.

Beginning early on the morning of December 10, 1997, the thorium nitrate feed material was
dissolved in the reactor in 52.8 gallons of demineralized water at a temperature of approximately 145
°F. The agitator speed was set at 50 rpm. Hot water temperature in the reactor jacket was increased
to 180 °F over the next 2 2 hours. The dissolving step produced a thorium nitrate solution with 16.8
% thorium concentration (Sample No. BT4-001b) and a nitrate concentration of 27.5 % (Sample
No. BT4-001a). Table 6-3 presents validated analytical results and material balance calculations in
the same tabular format. The agitator speed was reset to 10 rpm. Over a period of 30 minutes, 15.6
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gallons of 25 % sodium hydroxide were metered into the thorium nitrate solution in the reactor.
During the initial phase of sodium hydroxide addition, the solution pH increased from an
instrumentally measured reading of 0.54 @ 95°C to 1.79 @ 95°C. Over the next hour, another 15.0
gallons of 25 % sodium hydroxide solution were metered in, and the pH remained steady in the range
of 1.70 to 1.87, with no clear upward or downward trend. A hot plate was used to heat all pH grab
samples to approximately the same temperature before readings were taken and recorded.

Over the next six hours, the temperature inside the reactor was maintained steadily in the 185 to 198
°F range, while pH increased from 1.74 to 11.02 @ 95 °C, due to addition. of approximately 32.8
gallons of 10 % sodium hydroxide. A new bellows pump for feeding sodium hydroxide resulted in
much better control than in any of the earlier tests. The agitator speed was maintained at 10 rpm.

Periodically during the precipitation reaction, grab samples of the reactant mixture were collected
and observed to evaluate the settling characteristics of the solids. Precipitated solids were first
observed at a pH of approximately 2.04, very early in the addition of 10 % sodium hydroxide. From
this time until the final pH of 11.02 was reached, all grab samples showed good settling rates, and
clear yellow-green tinted supernates.

After the final pH was reached, the agitator was shut down, and the solids were allowed to settle in
the reactor. Although settling rates were good, due to the late hour it was decided to let the solids
settle overnight. On the morning of December 11, 1997, the sludge blanket and supernate ( mother
liquor) were observed and their volumes calculated. Gravity thickening of the reactor product
resulted in approximately 67 % of the batch volume being recovered as clear yellow-green supernate,
and 33 % as a thick milky white sludge blanket. A sample of the clear supernate was collected and
split into aliquots designated BT4-004a and b. These samples were analyzed for sodium, nitrate, and
thorium concentration. The supernate was pumped off through a 1.0 micron bag filter and into
holding drums. A skimmer attachment on the decant hose was used to help minimize the amount of
sludge blanket solids lost to the holding drums during the decanting operation.

A series of demineralized water rinses were performed to demonstrate the product quality benefits of
serial rinsing. Each of the first three rinses were performed by decanting any free liquid layers above
the sludge blanket, and then adding 25 gallons of demineralized water to the reactor and gently
mixing with the agitator for 10 minutes at a speed of 10 rpm. Then, the sludge blanket was allowed
to settle to its original volume, and the next rinse was performed by the same methods. The fourth
rinse was performed in the same manner, except that the sludge blanket and rinse water were

separated in the filter press. Then, a fifth rinse was performed by pumping 25 gallons of

demineralized water into the reactor, to rinse down the reactor internals, the pipes, hoses and transfer
pumps, and then pumping the rinse water through the filter press.

All rinsates and filtrates were discharged into marked holding drums. Table 5-3 below summarizes
the volumes of rinse water recovered versus the amounts added at each rinse stage.
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Table §-3
Summary of Batch 4 Rinses

Rinse Stage Start Time End Time Volume (Gal.) Volume (Gal.)
Added Recovered

1 09:59 11:24 25.0 27.89

2 11:39 13:26 250 24.90

3 13:48 15:0S 25.0 30.39

4 15:26 17:44 25.0 36.99

5 (Press Rinse) 18:00 18:26 25.0 21.30
Totals — — 125.0 141.47

The fact that more water was recovered than was added is compelling evidence that interstitial water
from the sludge blanket was first replaced by rinse waters, and then the rinse waters were effectively
separated from the solids in the filter press.

The solids in each of the rinsate holding drums were allowed to settle and the clear supernates were
sampled and analyzed for nitrate concentration in the host site’s laboratory. Each rinse was shown to
reduce the nitrate concentration to approximately half of the starting concentration. Nitrate in the
thorium hydroxide solids were reduced from a starting concentration of 8.4 % to a final
concentration of 0.21 %. Since the press rinse occurred after the other four rinses, its effectiveness
was somewhat masked by the low starting concentration. Optimization tests at some future date
may show that two press rinses using between 30 and 40 gallons each may produce as much benefit
as the five rinses tested here. Not only would the total volume of rinsate for downstream disposition
be reduced by a factor of 30 %, but the time required for rinsing would be cut by a factor of 4.

When the sludge blanket and rinse water from Rinse 4 were fed into the filter press, samples of the
filter press feed slurry were collected and designated BT4-003a, b, and c. These samples were
analyzed for sodium, nitrate, moisture, and thorium. Over an eighteen minute period the entire
sludge blanket was pumped into the press, the filtrate was recirculated back to the reactor for ten
minutes of that time, and then the filtrate was discharged through 1.0 micron bag filters into holding
drums. The filtrate was a thin milky suspension with no perceptible yellow-green tint. Only trace
solids were left in the filtrate at this stage. These solids settled to form a thin non-continuous layer
on the bottoms of the holding drums. Samples of the clear layer from the filtrate holding drums
containing Rinse S were collected and designated BT4-006a, b and c. These samples were analyzed
for sodium, nitrate, chlorides, and thorium.

The studge layers in the bottom of the mother liquor and filtrate holding drums were designated

process heels, consolidated, and transferred to a drum for storage until they could be processed for
recovery.
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The filter press was opened and the filter cake discharged into a tare-weighed hopper. A well-
formed white filter cake was found in all of the plate cavities. This cake was dry and crumbly, with
none of the stickiness seen in the earlier batch tests. All of the individual cakes separated easily from
the fabric and fell into the hopper from their own weight, leaving a clean filter cloth behind. The
large pieces of cake could be easily broken by hand into smaller chunks, with the cleavage planes
showing a consistently dry and granular structure. No portion of the cake had a gelatinous texture.
The hopper was weighed to determine the net weight of the wet cake, which was 302.11 pounds.
Samples of the wet cake were collected from the hopper and designated Sample Nos. BT4-005a, b,
¢, d, and e. These samples were analyzed for sodium, nitrate, moisture, and thorium.

The cake was manually shoveled from the hopper into the dryer and the agitator was started and run
at a speed of 50 rpm. Low pressure steam at an inlet temperature ranging between 228 and 273 °F
was circulated through the dryer jacket, resulting in an internal temperature between 200 and 218 °F.
It took approximately 2 hours and 20 minutes of drying to bring the thorium product to apparent
dryness. The steam flow was shut off and cooling water was pumped through the jacket to cool
down the product. It took approximately 26 minutes to cool the thorium hydroxide solids down to a
temperature of 105 °F. The dried thorium hydroxide was discharged into a drum and the drum was
weighed. The net weight of dried thorium hydroxide product was 169.14 pounds.

. Samples of the dried product were collected from the drum and designated BT4-007a, b, ¢, d, e, and

f. These samples were analyzed for sodium, mitrate, thorium, and UTS metals. An additional set of
samples, designated BT4-008a, b, c, d, and e, were collected and stored for later use in bench-scale
calcining tests. After calcining tests, samples of the calcined material with the same sample
designations were submitted for analysis of thorium, nitrate, moisture, and UTS metals.

Contaminated condensate water from the accumulator was sampled prior to being transferred into a
stainless steel tote container for storage. The samples, designated BT4-009a, b and c, were analyzed
for sodium, nitrate, and thorium concentration.

5.4.2 Results Evaluation

Batch Test No. 4 was an unqualified success, accomplishing the goal of demonstrating repeatability
of the basic de-nitration process demonstrated in Batch Test No. 2, further enhanced by serial rinsing
to improve thorium product quality. Taking credit for only the thorium hydroxide captured as filter
cake and dried, the thorium yield was 69.9 %. The remainder of the thorium came to reside in the
process heels, from which it was later recovered. The nitrate content of the dried thorium hydroxide -
product was 1.6 %. This test showed that careful control of the early stages of the precipitation
process resulted in granular thorium hydroxide solids that settle quickly and filter well, to produce a
very high quality granular filter cake. The fates of thorium, sodium, and nitrates in Batch Test No. 4
are presented in tabular form in the material balance of Table 6-3.
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With the basic process and demineralized water rinsing demonstrated, it was decided that the next
batch test would be planned to add internal recycle loops to the Batch Test No. 4 process to recycle
condensate and mother liquor in the early stages of the process. If successful, these secondary
byproduct recycle options would help to close the material balance and minimize the overall volume
of liquid byproducts.

Table 5-4 summarizes the time increments required for various steps of the de-nitration process
during Batch Test No. 4 and estimated times for the process steps carried to Phase 11, and adjusted
to incorporate lessons learned from Batch Test No. 4. The time intervals_shown for Batch Test No.
4 include only the described activity, and do not include time consumed investigating problems,
collecting data, sampling materials, and deciding upon the next action. The batch size in Batch Test
No. 4 was 2 drums. In the Phase II column, the batch size is assumed to be 16 drums. Although it
takes 22.25 hours for the batch to be processed, it moves through the process in three stages on
three successive days as follows:

» Stage 1 - 8.25 hours, unpacking and dissolving of thorium nitrate
»  Stage 2 - 9.5 hours, precipitation, decanting and dewatering of thorium hydroxide
o  Stage 3 - 4.5 hours, drying, cool down and product packaging

As soon as a batch moves from Stage 1 to Stage 2, the next batch can begin Stage 1, and so on
through the three stages.
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Table 5-4
Summary of De-nitration Process Steps
Based on Batch Test No. 1 Results

Process Step Description Batch Test No. 4 Projected Phase 11
Time for 2 Drum Batch * Time for 16 Drum Batch

Unpack TNH Drums 3.5 hours 8.0 hours
Dissolve Thorium Nitrate 0.75 hours 0.25 hours
Add Stug of 25 % NaOH 0.50 hours Not Applicable
Slow Addition of 25 % NaOH 1.0 hour 2.0 hours
Slow Addition of 10 % NaOH 5.0 hours 4.0 hours
Solids Settling 1.0 hours 1.0 hours
Supernate Decanting 0.33 hours 0.5 hours
Rinsing in the Reactor (3 5.5 hours Not Applicable
rinses)

" Studge Dewatering 0.5 hours 1.0 hours
Rinsing in the Filter Press (2 2.0 hours 1.0 hours
rinses)

Filter Cake Transfer to Dryer 1.0 hours 0.50 hours
Shadge Drying 2.33 hours 3.0 hours
Dryer Cool Down & 0.50 hours 1.0 hours
Discharge to Packaging

Total Processihg Time 23.91 hours 22.25 hours

* Time intervals do not include investigative and operations development activities, only the
time required to actually perform the described task.

5.5 Batch Test No. 5 - Byproduct Recycle Test

The results of Batch Test No. 4 were reviewed and the lessons learned were incorporated into the
Batch Test Instructions for use in Batch Test No. 5. All aspects of Batch Test No. 4 were
incorporated for Batch Test No. 5. In addition, contaminated condensate from the condensate
accumulator was to be used to dilute the sodium hydroxide, and mother liquor from storage was to
be used in place of demineralized water for dissolving thorium nitrate. If successful, recycling
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condensate and mother liquor would help to minimize the volume of secondary byproduct liquids and
boost their nitrate content to make commercial recycle more attractive.

5.5.1 Test Narrative

The recoverable thorium nitrate from the last two drums of feed material were removed from their
original packaging on December 10, 1997, and transferred to buckets for weighing. The recovered
thorium nitrate used in Batch Test No. 5 totaled 387.73 pounds.

On December 15, 1997, the sodium hydroxide solutions for use during the precipitation step were
prepared using contaminated condensate from the condensate accumulator. Late in the afternoon of
December 15, 1997, the thorium nitrate feed material was dissolved in the reactor in 52.8 gallons of
mother liquor (sodium nitrate solution) at a temperature of approximately 145 °F. The agitator
speed was set at 50 rpm. Due to the late hour, the reactor was shut down and the thorium nitrate
solution was allowed to cool overnight.

Beginning early in the morning of December 16, 1997, preparations were made for the precipitation
step. Hot water was circulated through the reactor jacket to bring the thorium nitrate solution back
up to operating temperature. It took approximately one hour and 50 minutes to bring the
temperature back to 180 °F. The dissolving step produced a thorium nitrate solution with 19.0 %
thorium concentration (Sample No. BT5-001b) and a nitrate concentration of 24.6 % (Sample No.
BT5-001a). Table 6-3 presents validated analytical results and material balance calculations in the
same tabular format. The agitator speed was reset to 10 rpm. Over a period of 23 minutes, 10.0
gallons of 24.6 % sodium hydroxide were metered into the thorium nitrate solution in the reactor.
During the initial phase of sodium hydroxide addition, the solution pH increased from an
instrumentally measured reading of 0.71 @ 93°C to 1.75 @ 93°C. Over the next 5 minutes, another
3.0 gallons of 24.6 % sodium hydroxide solution were metered in, and the pH rose to 1.83 @ 93 °C.
The injection rate was reduced and another 20 gallons of 24.6 % sodium hydroxide was added over a
period of 1 hour and 50 minutes. The pH at the end of the 24.6 % sodium hydroxide addition was
2.09 @ 93 °C. A hot plate was used to heat all pH grab samples to approximately the same
temperature before readings were taken and recorded. Up to this time, the rector internal
temperature was maintained in the range of 175 to 182 °F. A few small white lumps of solids began
to appear at the mid-point of the last increment of 24.6 % sodium hydroxide addition.

Over the next one hour and ten minutes, the temperature inside the reactor was maintained steadily in
the 182 to 190 °F range, while pH increased from 2.09 to 6.96, due to addition of approximately 4.8
gallons of 11.7 % sodium hydroxide. The new bellows pump was used for control of sodium
hydroxide injections. The agitator speed was maintained at 10 rpm. Grab samples from this period
showed that the solids forming in the reactor had poor settling characteristics such as those produced
in Batch Test No. 3. Rechecking the pump calibration revealed that sodium hydroxide had been fed
at approximately 3 times the planned feed rate. This appears to have been caused by calibration error
or air-locking of the pump at the time the stroke of the pump was set.

Injection of sodium hydroxide was suspended, and the decision was made to attempt to re-dissolve
the precipitates by back-titrating with concentrated nitric acid obtained from the host site’s
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laboratory. A total of 6.0 liters of nitric acid were added over a period of one hour and 10 minutes,
which reduced pH from 6.96 to 2.08 @ 93 °C. This operation appeared to re-dissolve all of the
visible solids in the reactant mixture. During the back-titration, a fairly voluminous foam developed
on the liquid surface, but dissipated after pH dropped below 3.0.

Injection of 11.7 % sodium hydroxide was resumed and continued over the next S hours. At the end
of that time, another 26.3 gallons of 11.7 % sodium hydroxide had been added and the pH had been
raised from 2.08 to approximately 11.0 @ 93 °C. Settling tests conducted on grab samples collected
periodically from the batch in process showed that a small degree of settle-ability had been restored
due to the re-dissolving and re-precipitation operations. After the final pH was reached, the reactor
was shut down, and the sludge blanket was allowed to settle in the reactor overnight.

On the morning of December 17, 1997, the sludge blanket and supernate ( mother liquor) were
observed and their volumes calculated. Gravity thickening of the reactor product resulted in
approximately 23.8 % of the batch volume being recovered as clear yellow-green supernate, and 76.3
% as a thick milky white sludge blanket. A sample of the clear supernate was collected and split into
aliquots designated BT5-004a and b. These samples were analyzed for sodium, nitrate, and thorium
concentration. The supernate was pumped off through a 1.0 micron bag filter and into holding
drums. A skimmer attachment on the decant hose was used to help minimize the amount of sludge
blanket solids lost to the holding drums during the decanting operation.

A series of demineralized water rinses were performed to evaluate the effectiveness of serial rinsing
in reducing the relatively high nitrate concentration in the sludge blanket resulting from recycle of
mother liquor in the precipitation step. Each of the first two rinses were performed by decanting any
free liquid layers above the shudge blanket, and then adding 50 gallons of demineralized water to the
reactor and gently mixing with the agitator for 10 minutes at a speed of 10 rpm. Then, the sludge
blanket was allowed to settle to its original volume, the supernate was skimmed and pumped to a
holding drum, and the next rinse was performed by the same methods. Afier decanting the rinse
water from the second rinse, the sludge blanket was pumped into the filter press in its densest form.
Then, the third and fourth rinses were performed in the filter press using 25.0 gallons for each rinse.

All rinsates and filtrates were discharged into marked holding drums. Table 5-5 below summarizes
the volumes of rinse water recovered versus the amounts added at each rinse stage.

The fact that approximately the same volume of rinse water was recovered as was added indicates
that compaction of the sludge layer in the filter press did not occur to any great degree. Also, the
large amount of solids in the various holding drums indicated wash out of significant thorium
hydroxide solids from the press. These solids did not settle well in the holding drums, resulting in
losses of this material into the process heels. ‘

The solids in each of the rinsate holding drums were allowed to settle and the clear supernates were
sampled and analyzed for nitrate concentration n the host site’s laboratory. Each rinse was shown to
reduce the nitrate concentration to approximately half of the starting concentration. Nitrate in the
thorium hydroxide solids were reduced to a final concentration of 2.7 % in the wet filter cake.
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Table 5-5
Summary of Batch S Rinses

Rinse Stage Start Time End Time Volume (Gal.) Volume (Gal.)
Added Recovered
1 09:38 14:27 50.0 47.10
2 14:50 17:44 50.0 47.30
3 18:32 18:53 25.0 30.14
4 19:05 19:12 25.0 28.33
Totals — — 150.0 152.87

When the sludge blanket remaining after Rinse 2 was decanted from the reactor, and was fed into the
filter press, samples of the filter press feed slurry were collected and designated BT5-003a, b, and c.
These samples were analyzed for sodium, nitrate, thorium and moisture.

Press filtrates from the end of Rinse 2, and from Rinses 3 and 4 were discharged through 1.0 micron
bag filters into holding drums. The filtrate was a thin milky white suspension with no perceptible
yellow-green tint. The solids in all of the holding drums were allowed to settle overnight.

On the morning of December 18, 1997, thickness measurements of the supernate and sludge layers in
the holding drums were performed. These measurements showed that the solids in the drums
holding mother liquor, and Rinses 1 and 2 (performed in the reactor) settled well. However, the
supernates in the holding drums from Rinses 3 and 4 (performed in the filter press) had finely
dispersed colloidal solids in the form of a general turbidity. This turbidity made it impossible to
detect the true thickness of the sludge layer in these drums. Samples of the clear layer from the
holding drum containing Rinse 2 were collected and designated BT5-006a, b and c. These samples
were analyzed for sodium, nitrate, and thorium.

The sludge layers in the bottom of the mother liquor, rinsate, and filtrate holding drums were
designated process heels, consolidated, and transferred to a drum for storage until they could be
processed for recovery.

The filter press was opened and the filter cake discharged into a tare-weighed hopper. A well-
formed white filter cake was found in all of the plate cavities. However, this cake was wet and
sticky, similar to the filter cake characteristics from Batch Test No. 1. The dryness of the filter cake
was better in the first plate cavities than in the last. The hopper was weighed to determine the net
weight of the wet cake, which was 233.92 pounds. Samples of the wet cake were collected from the
hopper and designated Sample Nos. BT5-005a, b, c, d, and e. These samples were analyzed for
sodium, nitrate, moisture, and thorium.

Thorium De-nitration Pilot Project -34- September 25, 1998



The cake was manually shoveled from the hopper into the dryer and the agitator was started and run
at a speed of 30 rpm. Low pressure steam at an inlet temperature ranging between 250 and 272 °F
was circulated through the dryer jacket, resulting in an internal temperature between 214 and 216 °F.
It took approximately 4 hours of drying to bring the thorium product to apparent dryness. The
steam flow was shut off and cooling water was pumped through the jacket to cool down the product.
It took approximately 30 minutes to cool the thorium hydroxide solids down to a temperature of 100
°F. The dried thorium hydroxide was discharged into a drum and the drum was weighed. The net
weight of dried thorium hydroxide product was 108.98 pounds.

Samples of the dried product were collected from the drum and designated BT5-007a, b, ¢, d, e, and
f. These samples were analyzed for sodium, chloride, nitrate, thorium, and UTS metals. An
additional set of samples, designated BT5-008a, b, ¢, d, and e, were collected and stored for later use
in bench-scale calcining tests. After calcining tests, samples of the calcined material with the same
sample designations were submitted for analysis of thorium, nitrate, moisture, and UTS metals.

Contaminated condensate water from the accumulator was sampled prior to being transferred into a
stainless steel tote container for storage. The samples, designated BT5-009a, b and ¢, were analyzed
for sodium, nitrate, and thorium concentration.

5.5.2 Results Evaluation

Batch Test No. 5 was successful in answering some basic questions regarding recycle of mother
liquor, but the precipitation difficulties and the low yield make it an unprofitable option for the full-
scale process. Taking credit for only the thorium hydroxide captured as filter cake and dried, the
thorium yield was 37.2 %. The remainder of the thorium came to reside in the process heels, from
which it was later recovered. The nitrate content of the dried thorium hydroxide product was 1.33
%. The fates of thorium, sodium, and nitrates in Batch Test No. 5 are presented in tabular form in
the material balance of Table 6-4.

Once again, difficulties were encountered in the precipitation step. Early in the precipitation step,
gelatinous solids were produced which exhibited poor settling characteristics. An attempt was made
to reverse the precipitation process by re-dissolving the solids with concentrated nitric acid. This
attempt was probably terminated prematurely. The nitric acid appeared to re-dissolve the visible
solids, but the pH was only reduced to 2.08, which is still above the precipitation initialization point
observed in earlier tests. Although the re-dissolving operation should be viewed as a qualified
success, it probably would have been better to add an additional 1.0 to 2.0 liters of concentrated
nitric acid to obtain a re-start pH of less than 1.5.

Serial rinsing was successful in removing the extra nitrate from the sludge blanket. Liquid phase
nitrate concentrations were reduced from 14.9 % in the reactor product before mother liquor
separation to 2.1 % at the end of Rinse 4. The wet filter cake had 2.7 % nitrate and the dried
thorium product had 1.3 % nitrate.
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Although a high quality thorrum product was produced, the problems posed by recycle of mother
liquor far outweigh the benefits.

Table 5-6 summarizes the time increments required for various steps of the de-nitration process
during Batch Test No. 5 and estimated times for the process steps carried to Phase II, and adjusted
to incorporate lessons learned from Batch Test No. 5. The time intervals shown for Batch Test No.
5 include only the described activity, and do not include time consumed investigating problems,
collecting data, sampling materials, and deciding upon the next action. The batch size in Batch Test
No. 5 was 2 drums. In the Phase II column, the batch size is assumed to be 16 drums. Although it
takes 22.25 hours for the batch to be processed, it moves through the process in three stages on
three successive days as follows:

o  Stage 1 - 8.25 hours, unpacking and dissolving of thorium nitrate
e  Stage 2 - 9.5 hours, precipitation, decanting, rinsing, and dewatering of thorium hydroxide
»  Stage 3 - 4.5 hours, drying, cool down and product packaging

As soon as a batch moves from Stage 1 to Stage 2, the next batch can begin Stage 1, and so on
through the three stages.
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Table 5-6

Summary of De-nitration Process Steps

Based on Batch Test No. 1 Results

Process Step Description Batch Test No. 5 Projected Phase 11
Time for 2 Drum Batch * Time for 16 Drum Batch

Unpack TNH Drums 3.5 hours 8.0 hours

‘Dissolve Thorium Nitrate 0.83 hours 0.25 hours

- Add Slug of 25 % NaOH 0.58E hours Not Applicable
Slow Addition of 25 % NaOH 1.33 hour 2.0 hours
Slow Addition of 10 % NaOH 1.17 hours 4.0 hours
Stop at pH 6.96 & Back-titrate 1.0 hours Not Applicable
to pH 2.08
Slow Addition of 10 % NaOH 5.17 hours Not Applicable

- Solids Settling 10.0 hours 10 hours

| Supernate Decanting 0.17 hours 0.5 hours |

- Rinsing in the Reactor (2 5.5 hours Not Applicable

rinses)

| Sludge Dewatering 0.5 hours 1.0 hours
Rinsing in the Filter Press (2 0.67 hours 1.0 hours
rinses)
Filter Cake Transfer to Dryer 1.33 hours 0.50 hours
Shudge Drying 4.0 hours 3.0 hours
Dryer Cool Down & 0.5 hours 1.0 hours
Discharge to Packaging
Total Processing Time 36.25 hours 22.25 hours

* Time intervals do not include investigative and operations development activities, only the
time required to actually perform the described task.

5.6  Comparative Evaluation of Serial Rinsing

Serial rinsing was performed in Batch Test No. 4 and in Batch Test No. 5, and it was simulated on
the bench using materials sampled from Batch Test No. 2. Each of these batch tests used essentially
the same serial rinsing methods, with the only difference being the number of rinses, and the filtration
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characteristics of the solids produced by the de-nitration process. Figure 5-1 presents graphs of the
nitrate content of the solid phases and the rinsate for the simulated serial rinsing of Batch Test No. 2
and the pilot scale rinsing of Batch Test No. 4. Batch Test No. 5 data is not presented in graphical
form, because it does not represent the de-nitration process in a process configuration which is
meaningful for Phase II operations. The serial rinses generally show a factor of 2 reduction in solids
phase nitrate content for each rinse step, whether the rinsing was performed in the plowshare reactor
by the wash, settle and decant method, or by flush rinsing in the filter press. This is shown in the
graph for Batch Test No. 4. In this test, Rinses 1, 2, and 3 were performed in the reactor. Rinse 4
was started in the reactor, but was finished in the filter press. Rinse 5 was. performed entirely in the
filter press. What is not shown by the graphs is that Rinses 1, 2 and 3 required an average of 90
minutes each to complete, whereas the filter press rinses of Rinse 4 and 5 required only 30 minutes
total. Based on these results, it appears that three serial rinses, all performed in the filter press will
provide the best balance of rinse performance versus processing cost.

5.7  Comparative Evaluation of Low Temperature Drying and Calcining

Low temperature drying as it was applied during the pilot demonstration batch tests did not
consistently produce a low moisture thorium hydroxide product. Final moisture of the dried thorium
product varied between 9.2 % and 23.5 %. This wide range was due to the nature of the pilot scale
equipment and the methods used to dry the thorium hydroxide filter cake. Filter cake was manually
loaded into the dryer, and then the vessel was sealed and heated with non-contact steam at
temperatures between 240 and 280 °F, and pressures between 10 and 20 PSIG. There was no
instrumental method of measuring the moisture removed. When it was suspected that the product
was dry, the mixer shaft was halted, and an access port was opened. The solids were visually
observed and evaluated on a tactile basis. If the product did not appear dry, the port was closed and
further drying was performed. The inspection and drying activities were repeated until the product
appeared to be dry based upon visual and tactile evaluations. Then, the steam generator was shut
down and cooling water was pumped through the jacket to cool the product. Finally, the batch was
discharged from the bottom of the dryer into a plastic lined polyethylene drum. An instrumental
means of measuring humidity in the vent pipe of the dryer would have provided a better means of
deciding when to halt drying operations.

Another problem contributing to the erratic dryer performance was the lack of a dry carrier gas to
augment transport of the water vapor out of the head space of the dryer and into the downstream
condenser. This condition forced us to rely on the vapor pressure of the moisture to provide mass
transport to the water vapor. By injecting a small flow of nitrogen or dry air into the dryer to carry
away the water vapor, dryer performance could have been greatly improved. Also, the dryer
manufacturer suggests that a partial vacuum be applied to the dryer to further augment the drying
process. '

The design for Phase IT will include a dryer operating at approximately 0.5 atmospheres absolute,
with a 10 CFM purge stream of dry compressed air injected into the dryer through its shaft seals.
Also, a humidity sensor in the vent line between the dryer and the vent condenser will be used to

determine when drying is complete.
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The X-ray diffraction analyses performed during the pilot test program reveal useful information
regarding the thorium product quality options that should be considered for Phase II. Four samples
of thorium material were analyzed by Southwest Research Institute. The following discussion
summarizes the results, which can also be found in their April 15, 1998 report located in Appendix A
of this report.

¢ Thorium Nitrate Raw Material (Sample No. BT1-001C): “This sample 1s about 95%
crystalline. The only identifiable crystalline species in the sample was Th(NO;), - SH,O.
Please note that there were several unidentifiable peaks in the powder pattern.”

e Batch Test No. 1 Dried Thorium Hydroxide Product (Sample No. BT1-008C): “This
sample is about 80 % crystalline. The sample appears to be poorly crystalline as shown by
the wide peaks. The crystalline portion of the sample consists of 50% thorianite (ThO,), 45
% nitratine (NaNQO,), and about 5% Na,;NQO,.”

o Batch Test No. 2 Dried Thorium Hydroxide Product (Sample No. BT2-007D): “This
sample is about 75% crystalline. The sample is poorly crystalline as indicated by the wide
peaks. The only identifiable crystalline species in the sample was thorianite (ThO,).”

*  Batch Test No. 2 Simulated Calcined Thorium Product (Sample No. BT2-008C): “This
sample is about 90% crystalline. The sample appears to be poorly crystalline as shown by the
wide peaks. The crystalline portion of the sample consists of 85% thorianite (ThO,) and 15%
nitratine (NaNO;).” ' '

Comparing the dried and calcined samples from Batch Test No.2 | it can be concluded that calcining
will improve the crystalline integrity of the product and drive off some nitrates and additional water.
However, Batch Test No. 4 showed that good filtering thorium hydroxide solids followed by
effective drying can reduce both residual nitrate and moisture. The drying process improvements
described above will serve to reduce residual moisture to approximately the same as the calciner.
The only incremental improvement that calcining will produce is breakdown of hydroxides to oxides,
and evolution of nitrates in the form of nitrogen dioxide. It is our opinion that the small
improvements in moisture and nitrate content afforded by calcining do not offset the greater
permitting and NEPA costs, operating costs, safety hazards and environmental insult caused by
calcining, and therefore we do not recommend it for Phase I1.

5.8  Heels Recovery

During the week of January 4, 1998, the process heels that had been accumulated during the pilot-
scale batch test program were recovered by direct drying in the plowshare dryer. These heels include
thorium hydroxide sludges stored in drums or tanks, and the contents of bag filter socks that had
been stored in buckets. In the heels recovery effort, the heels were divided into three batches
designated as Batch Tests 6, 7 and 8. Each of these batches were dried in the dryer using the same
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methods as were used for drying filter cake in the previous 5 pilot-scale batch tests. When holding
drums or tanks were emptied, they were rinsed down with demineralized water and the rinsate was
added to the appropriate batch in the dryer.

5.8.1 Test Narrative

In Batch Test 6, 168.81 pounds of wet solids from bag filter socks were dried, producing 78.57
pounds of dry thorium hydroxide solids. These solids were package for return to DLA.
Approximately 6.9 gallons of contaminated condensate was recovered from the condensate
accumulator.

In Batch Test 7, 5 drums of liquid heels were pumped into the dryer. The pH of the slurry was
checked and found to be approximately 6.0. The remaining 10 % sodium hydroxide (12.2 gallons)
and an additional 3 gallons of 50 % sodium hydroxide were needed to increase the pH to 10.0. This
was done to ensure that the de-nitration reaction went to completion. Then the batch was dried to
produce 158.06 pounds of thorium hydroxide solids which were packaged for return to DLA.

In Batch Test No. 8, seven drums of liquids were inspected and found to have clear supernate layers.
This clear liquid was pumped to the appropriate stainless steel tote for storage. The remaining heels
were pumped into the dryer and dried to produce 329.17 pounds of recovered thorium hydroxide
solids.

During the week of January 19, 1998, decontamination of equipment was completed, and
decontamination water and mop water from floor cleaning were consolidated into a dryer run
designated Batch Test No. 9. Unused samples from the laboratory were returned and combined in
this batch. The pH of the combined liquids in the batch was above 10.0, so drying was begun
without any pH adjustments. It took 28.5 hours over a three day period to take this batch from a
very wet state to dryness. The solids resulting from this dryer run were packaged for return to DLA
as a low quality thorium hydroxide product. ‘

5.8.2 Resulis Evaluation

These batch test had no research or development value, but were performed to recover thorium
hydroxide heels into a dry packaged form for return to DLA and log term storage at the Curtis Bay,
Maryland depot. :

5.9  Cation Exchange Batch Tests
After all batch tests of the de-nitration process were completed, the clear liquid byproduct streams

were consolidated into 3 specific types and stored separately in stainless steel totes. These three
liquid byproduct streams were:
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»  Supernate (Mother Liquor)
¢  Tiltrate/Rinsate
¢  Contaminated Condensate

During each of these cation exchange runs, the liquid feed stream was treated through two ion
exchange columns piped in series, each containing SIR-500™ aminophosphonic chelating resin
supplied by ResinTech, Inc. At the beginning of each test run, the liquid stream to be treated was
pumped from tote storage into the plowshare dryer and heated to the temperature range specified by
the resin manufacturer, 158 to 176 °F. The pH was checked to make sure.that it was above 8.0, and
adjusted if necessary.

5.9.1 Test Narrative

In Liquid Batch Test No. 1, the entire inventory of contaminated condensate from the condensate
accumulator was pumped into the plowshare dryer, mixed and sampled. These samples were
designated CLB1-001a, b and c, and were analyzed at an off-site laboratory for sodium, nitrate, and
thorium concentrations. After sampling, the batch of condensate in the dryer was heated to feed
temperature and then pumped at a controlled rate (within the manufacturer’s loading specifications)
through the cartridge filter and the two cation exchange units plumbed in series. Samples of effluent
from each column were collected at approximate 15 minute intervals and analyzed in the Perma-Fix
Laboratory to compare feed and effluent quality. The thorium concentrations for these samples are
summarized in Table 5-7. By comparing the thorium concentrations of accumulator condensate with
those for condensate in the dryer, it can be seen that insoluble thorium particulate matter was washed
from the internal surfaces of the pump, the hoses or the dryer into the condensate. A sample of the
mixed condensate in the dryer was subjected to laboratory filtration using a 0.7 pum filter. This
filtration test was effective in removing 88.84 % of the thorium present, indicating that it was mostly
in an insoluble form. The cation polishing removed enough residual thorium from the condensate to
bring the overall removal efficiency of the filtration/ion exchange polishing process into the range of
89.5 t0 95.5 %. At the end of the ion exchange run, the effluent from Cation Unit No. 2 was
sampled and designated as CLB1-002a, b and c¢. These samples were analyzed at an off-site
laboratory for sodium, nitrate, and thorium concentrations. The analytical results for the samples
designated CLB1-001 and CLB1-002 are summarized in Table 5-10.

In Liquid Batch Test No. 2, the entire inventory of filtrates and rinsates from the storage tote was
pumped into the plowshare dryer, mixed and sampled. These samples were designated CLB2-001a,
b and ¢, and were analyzed at an off-site laboratory for sodium, nitrate, and thorium concentrations.
After sampling, the batch of condensate in the dryer was heated to feed temperature and then
pumped at a controlled rate (within the manufacturer’s loading specifications) through the cartridge
filter and the two cation exchange units plumbed in series. Samples of effluent from each column
were collected at approximate 15 minute intervals and compared to samples of feed materials. The
thorium concentrations for these samples are summarized in Table 5-8. Comparing the various feed
streams shows that the filtrates and rinsates were not contaminated with particulate matter during
transfer to the dryer. A sample of the feed liquid in the dryer was subjected to laboratory filtration
using a 0.7 um filter. This filtration test was effective in removing 45.2 % of the thorium present,
indicating that a substantial portion was in an insoluble form. The cation polishing removed enough
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residual thorium from the filtrate/rinsate feed liquid to bring the overall removal efficiency into the

‘range 0f 99.7 to 99.9 %. At the end of the ion exchange run, the effluent from Cation Unit No. 2

was sampled and designated as CLB2-002a, b and ¢. These samples were analyzed at an off-site
laboratory for sodium, nitrate, and thorium concentrations. The analytical results for the samples
designated CLB2-001 and CLB2-002 are summarized in Table 5-10.

In Liquid Batch Test No. 3, the entire inventory of supernate (Mother Liquor) from the storage tote
was pumped into the dryer, mixed and sampled. These samples were designated CLB3-001a, b and
¢, and were analyzed at an off-site laboratory for sodium, nitrate, and thorium concentrations. After
sampling, the batch of condensate in the dryer was heated to feed temperature and then pumped at a
controlled rate (within the manufacturer’s loading specifications) through the cartridge filter and the
two cation exchange units plumbed in series. Samples of effluent from each column were collected
at approximate 15 minute intervals and compared to samples of feed materials. The thorium
concentrations for these samples are summarized in Table 5-9. Comparing the various feed streams
shows that the supernate was not contaminated with particulate matter during transfer to the dryer.
A sample of the feed liquid in the dryer was subjected to laboratory filtration using a 0.7 pm filter.
This filtration test was effective in removing 35.8 % of the thorium present, indicating that a
substantial portion was in an insoluble form. The cation polishing removed enough residual thorium
from the supernate feed liquid to bring the overall removal efficiency into the range of 76.9 to 82.8
%. At the end of the ion exchange run, the effluent from Cation Unit No. 2 was sampled and
designated as CLB3-002a, b and c¢. These samples were analyzed at an off-site laboratory for
sodium, nitrate, and thorium concentrations. The analytical results for the samples designated
CLB3-001 and CLB3-002 are summarized in Table 5-10.

One factor that may have impacted the performance of the cation exchangers in Liquid Batch Test
No. 3 was contamination of the storage tote with oily residues. Due to a communication problem, a
dirty tote was used to store supernate. This problem was first noticed when an oil slick was
observed on top or the supernate in the tote. Absorbent diapers were used to absorb the floating oil,
but there was no other treatment performed in advance of the cation exchange run.

Initially, the effluent from Cation Unit No. 2 showed a great reduction in the yellow-green tint of the
supernate. However after about 30 minutes into the run, the strength of the yellow-green tint of the
effluent returned to its original feed condition. This was interpreted as evidence of exhaustion of the
cation units. The run was halted and Cation Unit No. 1 was taken out of service. Cation Unit No. 2
was moved to the original location of Cation Unit No. 1, and the spare cation column was installed in
place of Cation Unit No. 2. The treated supernate was pumped back into the dryer and the run was
started again. Once again, the color of the effluent was significantly reduce in the resin beds. After
50 minutes however, the yellow-green color again broke through the resin beds, indicating probable
breakthrough of thorium as well. The run was continued to completion, because there were no more
spare cation exchanger columns.

The cartridge filtration and cation polishing combined to remove enough residual thorium from the
condensate to bring the overall removal efficiency into the range of 78.1 to 82.8 %. The data
indicates that early in the treatment run, Cation Unit No. 2 became exhausted and therefore provided
negligible removal efficiency. It is suspected that exhaustion of the resin was due to surface fouling
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due to the oil contamination arising from the dirty tote used for storage. Overall, the cartridge filter
and cation units still accounted for a 78 to 83 % removal efficiency. If they had not become fouled,
it appears that the overall removal efficiency would have been well over 90 %.

All removal efficiencies referenced in this section are calculate by dividing the effluent thorium
concentration by the thorium concentration in the unfiltered sample collected from the plowshare

dryer, multiplied by 100.

5.9.2 Results Evaluation

The results of the cation exchange tests show that the STR-500™ aminophosphonic chelating resin is
effective in polishing soluble thorium from the liquid byproduct streams produced during the de-
nitration and thorium drying processes. Also, a string-wound cartridge filter was found to be
effective in removing insoluble thorium from these liquid streams. In Liquid Batch Test 1
(contaminated condensate) and Liquid Batch Test 2 (filtrate/rinsate), the product purity was
consistently in the range of 0.29 to 0.64 pCi/ml. Variability in the percent removal efficiency was
due mainly to the starting thorium concentration of the feed liquids. In Liquid Batch Test 3, the
results were inconclusive due to apparent fouling of the resin by oily contaminants. This would not
be a problem in a full-scale treatment project.

Theoretically, all of the thorium should be in insoluble form. Perhaps an ultra-filter operation would

be as effective in polishing liquid byproducts to remove thorium as the cartridge filter and cation
exchange units were in combination.
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Table 5-7
Summary of Liquid Batch Test No. 1 Results.

Feed Stream Descriptions Feed Liquid Removal
Concentration & Activity Efficiency
Th (ppm) Th (pCi/ml) (%)
Accumulator Condensate 11.4 1.3 N/A
Condensate 11 Dryer 59.1 6.4 N/A
Lab Filtered Condensate (0.7 um) 6.9 0.7 88.84
Effluent Thorium Concentration & Activity versus Time
Sample Column 1 Effluent Column 2 Effluent Total
Elapse Time Concentrations Concentrations Removal
Efficiency
Th (ppm) Th (pCi/ml) Th (ppm) Th (pCi/ml) (%)
0 min. 9.6 1.1 5.8 0.64 89.9
— 15 min. 8.4 0.93 3.7 0.41 93.6
30 min. 6.1 0.67 . . 89.5
4] min. 6.6 0.73 58 0.63 90.1
56 min. <3.5 <0.38 52 0.57 91.0
71 min. 3.7 0.41 2.6 0.29 95.5
86 min. 5.9 0.65 <3.5 <0.38 >94.0
101 min. 5.0 0.55 4.7 0.52 91.9
116 min. 5.6 0.62 438 0.52 91.8
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Table 5-8
Summary of Liquid Batch Test No. 2 Results.
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Feed Stream Descriptions Feed Liquid Removal
Concentrations Efficiency
Th (ppm) | Th (pCi/ml) (%)
Filtrate/Rinseate from Tote Container 3,193 383 N/A
Filtrate/Rinseate from Dryer 2,911 340 N/A
Lab Fiitered Feed Liquid (0.7 um) 1,603 186 452
Effluent Thorium Concentration & Activity versus Tim
Sample Column 1 Effluent Column 2 Effluent Total Removal
Elapse Time Concentrations Concentrations Efficiency
Th (ppm) Th (pCi/ml) | Th (ppm) | Th (pCi/ml) (%)
0 min. <3.7 <0.41 <37 <0.41 >99.9
15 min. <3.7 <0.41 <3.7 <0.41 >99.9
30 min. <37 <0.41 <37 <0.41 >99.9
45 min. <3.7 <0.41 <3.7 <0.41 >99.9
60 min. <3.7 <0.41 8.4 0.97 99.7
75 min. <3.7 <0.41 <3.7 <0.41 >99.9
90 min. <3.7 <0.41 <3.7 <0.41 >99.9
105 min. <3.7 <0.41 <3.7 <0.41 >99.9
120 min. <3.7 <0.41 <3.7 <0.41 >99.9
135 min. <3.7 <0.41 <3.7 <0.41 >99.9
150 min. <3.7 <0.41 <3.7 <0.41 >99.9
165 min. <37 <0.41 <3.7 <0.41 >99.9
180 min. <37 <0.41 <3.7 <0.41 >99.9
195 min. <3.7 <0.41 <3.7 <0.41 >99.9
210 min. <3.7 <0.41 <3.7 <0.41 >99.9
255 min. <3.7 <0.41 <3.7 <0.41 >99.9
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Table 5-9
Summary of Liquid Batch Test No. 3 Results.

Feed Stream Descriptions Feed Liquid Removal

Concentrations Efficiency
Th (ppm) | Th (pCi/ml) (%)
Supernate (Mother Liquor) from 79.2 9.7 N/A

Tote Container
Supernate from Dryer 499 6.1 N/A
Lab Filtered Supernate (0.7 um) 333 3.9 358
Effluent Thorium Concentration & Activity versus Time
Sample Column 1 Effluent Column 2 Effluent Total Removal

Elapse Time Concentrations Concentrations Efficiency
Th (ppm) Th (pCi/ml) | Th (ppm) | Th (pCi/ml) (%)
0 min. 9.8 1.2 3.0 03 943
15 min. 117 14 | 107 13 78.7
30 min. 12.8 1.5 11.7 1.4 76.9
45 min. 11.0 13 8.7 1.0 82.8
60 min. 10.8 13 98 1.2 81.0
75 min. 12.1 15 | 104 12 79.6
90 min. 10.9 1.3 ; 11.0 1.3 78.1
105 min. 112 | 13 10.5 1.2 79.6
120 min. 102 12 | 108 13 78.6
135 min. 12.2 1.5 11.5 14 77.5
150 min. 10.9 1.3 11.7 1.4 77.1
165 min. 11.4 1.4 10.6 13 79.1
180 min. 11.5 1.4 9.6 -1 81.3
198 min. <113 1.4 11.3 13 77.9
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Summary of Off-site Laboratory Analyses
Cation Exchange Tests

Table 5-10

Sample Analyzed Thorium Sodium Nitrate Total Activity | Total Radium
(mg/Kg) (mg/L) (mg/L) (pCV/L) Alpha (pCi/L)
Cation Exchange Test of Contaminated Condensate
Feed Condensate (CLB1-001) 85.40 24.80 60.67 - -
Product Condensate (CLB1-002) 4.66 30.00 40.26 2.60 E03 220
Cation Exchange Test of Filtrate/Rinsate
Feed Filtrate/Rinsate (CLB2-001) 6.36 25,500 82,371 -—-- —-
Product Filtrate/Rinsate (CLB2-002) <0.50 25,700 193,086 6.87 EO3 400
Cation Exchange Test of Supernate
Feed Supernate (CLB3-001) 232 38,000 138,614 - —
Product Supernate (CLB3-002) <0.50 40,800 121,786 9.84 EO3 900
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5.10 Radiological Control Summary

The demonstration project was performed at the Perma-Fix of Florida facility located in Gainesville,
Florida and was performed under their Florida State Radioactive Materials License 2589-1. Project
radiological engineering, radiological training and field radiological controls were provided by
Teledyne Brown Engineering. The host organization provided support radiological administrative
functions applicable to license control. These functions included Radiological Work Permits,
dosimetry, internal dose assessment, smear counting and site access control.

5.10.1 In-Processing Requirements

Personnel in-processing was controlled by the host facility and Teledyne Brown Engineering. In-
processing included site access, i.e., drug screening and individual company employment
requirements, Hazardous Waste Operator (HAZWOPER) 29 CFR 1910.120 training, Radworker II
training, initial bioassay, respirator training, respirator fit testing, project operations training, and
radiation work permit briefing. All personnel were required to have successfully completed all of the
above requirements prior to entry into the controlled work area. Also, periodic safety briefings were
performed during the course of field operations.

5.10.2 Area Setup and Engineering Controls

The project was conducted within the Nelson Building at the Perma-Fix of Florida facility, and was
confined to a metal quonset hut set up inside the Nelson Building. Within the quonset hut, individual
tents wee constructed around areas of potentially high contamination and high airborne activity
areas. All walls of the quonset hut, the floor and specific equipment were covered with Herculite™
or shrink wrap to minimize contamination of these surfaces during operations. A worker undress
and entry/exit area was built within the quonset hut to ensure workers were away from the work area
during undress and exit at the step-off pad. Three individual HEPA ventilation systems were used
during operations which were flow balanced to ensure ventilation air flow into the hut. These units
not only provided general area ventilation but were also used to provide negative pressure at specific
potentially high airborne activity areas during operations. This specific ventilation was provided for
the thortum material removal/packaging tent, filter press tent, and for the plowshare unit feed hopper
and vent condenser/accumulator areas. The ventilation system for the thorium material :
removal/packaging tent contained a granular activated carbon (GAC) absorption system for capture
of radon during drum opening operations. This ventilation design provided and overall negative
pressure condition inside the quonset hut and also ensured that any high airborne activity that might
be generated during operations would be contained within the quonset hut.

5.10.3 Proiect—Sgeciﬁc Radiological Ogerating Data

Initial radiological control conditions for the quonset hut were established and workers were given a
pre-job briefing by radiological personnel prior to signing the Radiation Work Permit. Work
commenced with the opening of drums of thorium nitrate inside the thorium material removal/
packaging tent.
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Separate ventilation suctions were strategically positioned at the potentially high airborne activity
work areas. This specialized ventilation and tent arrangement allowed workers to wear air purifying
respirators in the common areas of the quonset hut while airline respirators were worn inside the
thorium material removal/packaging tent and the filter press tent only. By using this engineering
controlled ventilation arrangement and establishing specific area requirements for respiratory
protection, work was allowed to progress at a good pace while minimizing potential for internal
radioactivity deposition. This is documented by the fact that there were no personnel skin or
clothing contamination incidents during operations nor was there any internal dose as indicated by
bio-assay results of the work force.

Personnel working inside the thorium material removal/packaging tent were dressed in double
layered protective clothing and airline respirators. Workers outside this tent were dressed in single
layer protective clothing and air purifying respirators. The drums were opened inside the tent next to
a ventilation intake hood which was positioned at the open face of the drum. Air samples and swipes
were taken during this activity to monitor radiological levels and to ensure high levels of
contamination were not spread outside the tent.

During the demonstration operations, the work force provided as a minimum, a daily cleanup of the
work area to maintain radioactive contamination levels low. Thus radioactive airborne activity was
also maintained low. The highest radioactive contamination that was encountered during the
demonstration operations was 20,000 dpm/100cm’ ¢ inside the thorium materials removal/packaging
tent with and average radioactive contamination level of 2,000 dpm/100cm® «. The average
radioactive contamination level inside the main work area of the quonset hut was <100 dpm/100cm?
o and was normally maintained at <Minimal Detectable Activity (MDA) which was 10 dpm/100cm?
« by Liquid Scintillation Counter (LSC) analysis which was specifically calibrated for natural
thorium. Due to the large amount of dry thorium nitrate powder that was handled during the
demonstration, cleanup of the work area was a vital activity in maintaining radioactive contamination
and airborne activity levels low. These housekeeping activities were instrumental in preventing the
workers from receiving any internal dose or from having any skin or clothing contamination or
radioactive release incidents. The exit area of the quonset hut was maintained at <MDA ¢ levels of
radioactive contamination and all material exiting the areas was surveyed for clean release or covered
with protective bags at the step-off pad. All personnel exiting the quonset hut were surveyed by
hand held instruments for contamination. The release criteria established for the demonstration
project was <MDA « contamination release.

The highest radiation levels that were encountered during the project was a dose rate of 50
millirem/hr y on contact with a drum of final thorium hydroxide product. The highest general area
dose rate inside the thorium materials removal/packaging tent during material removal operations
were 10 millirem/hr y with and average general area dose rate in the main work area of the quonset
hut <2 millirem/hr y. All areas outside the radiation area boundary of the quonset hut were
maintained at <2 millirem/hr y.

After completion of the process operations, the work area was demobilized and returned to pre-

existing conditions. Major materials and capital equipment were decontaminated and surveyed for
disposition per the Perma-Fix of Florida Radioactive Materials License limits. Some were
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decontaminated to unrestricted use levels. Others which could not be decontaminated to unrestricted
use levels were disposed of as radioactive waste or packaged in accordance with the host facility’s
procedures and stored for future use or disposition. All waste materials were shipped to a licensed
radioactive waste processing facility for ultimate disposal at a radioactive disposal site.

5.10.4 Results Evaluation

Good radiological engineering, and aggressive radiological controls, with a allowance for worker’s
comfort and ease of job performance resulted in a highly desirable radiological outcome. This fact is
best demonstrated by reviewing the final radiological project data. The project Man-Rem dose was
0.350 Rem with the highest individual worker dose of 100 millirem over a three month period.

There was zero internal dose received by the work force, no skin or clothing contamination incidents,
and no release incidents of radioactive contamination. Furthermore, the greater automation to be
incorporated in full-scale process designs should reduce the above referenced exposure rates by a
factor of 2 or 3. Much of the dose documented during the pilot-scale demonstration was due to
direct handling of thorium materials and long hours of operation due to the research and
development nature of the project.
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6.0 LABORATORY ANALYTICAL RESULTS AND MATERIAL BALANCES

The samples collected from each pilot-scale batch test were stored at the Perma-Fix of Florida
facility until a preliminary evaluation of the test’s process success was performed. Based upon the
preliminary evaluation, a decision was made whether or not to send the samples out for laboratory
analysis. Through this decision process, it was decided not to analyze any of the samples from Batch
Test No. 3. Also, as an economy measure, the slate of requested analyses was tailored to the data
needs for that test. For instance, analytical questions that were answered adequately in Batch Tests
No. 1 or No. 2, were not repeated in later tests. The analytical laboratories involved in this project
and their contributions are summarized in Table 6-1. Overall coordination and technical guidance of

the laboratory analytical program was performed by Teledyne Brown Engineering.

Table 6-1

Summary of Laboratory Analytical Services

Laboratory

Analytical Parameters

Methods

Teledyne Brown Engineering
Environmental Services

Gross alpha, Gross beta
gamma isotope activity

Direct count alpha and beta
gamma Spectroscopy

P.O. Drawer 28510
San Antonio, TX 78228-0510

Crystalline Structure

50 Van Buren Ave. alpha isotopes activity alpha spectroscopy
P.O. Box 1235

Westwood, NJ 07675-1235

Southwest Research Institute | Thorium Radiochemical Thorium
6220 Culebra Road Ignitabiltiy (D001) DOT Oxidizer Test

X-ray Diffraction Analysis
X-ray Fluorescence Analysis

Gainesville, FL 32653

QST Environmental RCRA metals (UTS list) TCLP extraction, ICP-MS
P.O. Box 1703 sodium wet chemical
Gainesville, FL 32602-1703 nitrate/nitrite-N wet chemical

chlonide wet chemical
Perma-Fix Environmental Thorium 232 Liquid Scintillation Count
Services, Inc. Laboratory Nitrate UV/Vis Spectro-photometry
2010 N.W. 67" Place Moisture gravimetric

Laboratory analytical reports for all designated samples from the pilot-scale batch tests are presented
in Appendix A. Appendix B contains analysis reports of sample splits provided to Lockheed Martin

Energy Systems, Inc. and analyzed by their contract laboratories. Material balances were calculated

for Batch Test Nos. 2, 4 and 5, and the results are presented in Tables 6-2, 6-3 and 6-4, respectively.
Each column in these tables is referenced to a stream number and description in Figure 3-1. The
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upper rows of data in the table are calculated flows and concentrations based upon a combination of
analytical data, stoichiometric assumptions and calculations. Available analytical data for comparison
to these calculated values are listed for each column in the lower rows of each table. Of the three
mass balances presented, the data for Batch Test No. 4 is closest to the process that would be carried
forward into full-scale thorium de-nitration in Phase I1. Data for this test is summarized in Table 6-3.

To answer the question of whether the raw thorium nitrate or any of the thorium hydroxide products
would be ignitable (D001) as defined by RCRA and Department of Transportation (DOT) Division
5.1, samples were analyzed by the DOT Oxidizer Test, prescribed in 49 CFR 173, Appendix F. This
test evaluates the degree to which a material will propagate combustion of a combustible material
(sawdust) when thoroughly mixed and ignited. The intensity of combustion is judged by comparison
with standards composed of mixtures of sawdust with potassium bromate (Packing Group I),
potassium perchlorate (Packing Group II), and ammonium persulfate (Packing Group III). Samples
of raw thorium nitrate (BT1-001C), dried thorium hydroxide from Batch Test No. 1 (BT1-008C)
and dried thorium hydroxide from Batch Test No. 2 (BT2-007D) were tested by Southwest Research
Institute. They found that the thorium nitrate raw material and sawdust blend would not ignite, and
that neither of the thorium hydroxide/sawdust blends burned more strongly than the standard
mixtures. Therefore, neither the thorium nitrate nor its thorium hydroxide conversion products with
nitrate residuals as high as 14.1 % are classified as Division 5.1 DOT oxidizers. Therefore, none of
these materials would be considered ignitable (D001) under RCRA. Table 6-5 summarizes these test
results in comparison to the residual nitrate content of the samples. Since the Batch Test No. 4 dried
product had only 1.6 % residual nitrate, that product would not be classified as a DOT oxidizer or a
RCRA D001 ignitable material, if it were to become a solid waste. As a stockpile material, RCRA
definitions do not apply to either the thorium nitrate or the thorium hydroxide. Since a calcined
product (thorium oxide) would have slightly lower residual nitrate content, it can be concluded that
the oxide would not be classified as a DOT oxidizer or a RCRA D001 material either.

Table 6-6 is a summary of the chemical composition of primary feed and product materials and
secondary byproduct materials based upon the demonstrated process from Batch Test No. 4. Table
6-7 is a summary of the radiochemical composition of these streams.
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Table 6-3
Batch Test 4 Material Balance Summary

ﬂStream Number 1a 1b 2 3a 3b 4 5 6a 6b-1 6c-1 6d-1 6b-2 6c-2 &d-2 6b-3 6¢c-3 6d-3 6b-4 6c-4 6e-4 6b-5 6e-5 7 8 9 10 11 12
Rinse 1 Rinse 1 Rinse 1 Rinse 2 | Rinse 2 Rinse 2 Rinse 3 | Rinse 3 Rinse 3 Rinse4 | Rinse4 | Rinsed Rinse 4 Rinse 5 Rinse 5 Rinse 5
Stream
Description|Dry Thorium{ Demin. [Thorium Nitrate] 25% 10% | Reactor Filtered Siudge | Rinse Rinsed Rinse Rinse | Rinsed Rinse Rinse | Rinsed Rinse Rinse Filter Rinsed Rinse Rinse Rinse Rinsed Dried Calcined Supernate Process Heels jContaminated
Nitrate Water Solution Caustic | Caustic | Product Thickener Blanket | Water Solids Water Water Solids Water Water | Solids Water Water Press Solids Water Water Water Dewatered § Thorium | Thorium | From Settting | From Various Process
Supernate Prior To | Added Recovered § Added Recovered | Added Recovered || Added Feed Recovered Added | Recovered Studge Product Product Filtrate Sources Condensate
Parameter Rinse . {Rinses 4 & 5)
(Units)
Theoretical Mass Balance Based Upon Volume and Mass of Reactants
Mass Flow Rate (lom/batch) 385.5 437.1 822.6 309.0 286.0 | 1,417.6 812.8 537.1 208.3 535.3 2101 208.3 514.4 2184 208.3 489.3 242.2 208.3 677.6 340.3 308.1 208.3 230.2 302.1 189.1 138.0 538.3 173.85 108.0
Volume Fiow Rate (ACFM) - - - - - - - - - - - - - - - - - - - - - - - - -
Volume Flow Rate (GPM) - - - - - - - - - - - - - - - - - - - - - - - - -
Volume Flow Rate (Gat./batch) est. 40 52.8 66.6 307 32.8 1301 87.% 35.7 25.0 328 27.9 25.0 32.2 24.9 25.0 275 304 25.0 52.5 25.5 37.0 25.0 21.3 28.2 13.8 - 64.6 |Est. 17.5 13.1
Solids Concentration (%) 100.0 0.0 0.0 0.0 0.0 -1<0.05 34.6 0.0 34.0 |«1 0.0 34.7 |<1 0.0 37.3 <1 0.0 25.8 46.5 (<1 0.0 [<1 46.9 85.2 {>99 - 352 j<0.1
Water Content (Ibm) £0.9 4371 500.7 227.4 254.7 982.8 647.2 296.5 208.3 329.0 189.7 2083 321.7 208.5 208.3 286.8 236.2 208.3 40951 179.3 288.5 208.3 226.0 156.8 238 9.7 514.5 85.7
Water Content (%) 15.8 100.0 60.9 75.0 $0.0 69.3 88.0 55.2 100.0 61.5 90.3 100.0 62.5 95.5 100.0 §7.3 97.5 100.0 73.1 52.7 93.8 106.0 1.0 51.9 14.1 {<1 95.6 49.3 199+
IThorium Contertt (Ibm) 156.9 0.0 156.8 0.0 0.0 156.9 - 143.8 0.0 140.9 0.0 0.0 138.1 0.0 0.0 135.2 0.0 0.0 135.2 1224 0.0 0.0 0.0 109.6 109.6 109.6 - 47.31
[Thorium Concentration (%) 40.7 0.0 19.0 0.0 0.0 11.8 - 26.8 0.0 26.3 0.0 0.0 26.9 0.0 0.0 28.8 0.0 0.0 20.0 36.0 0.0 0.0 0.0 36.3 64.8 79.4 - 27.2
Thorium Concentration (ppm) - - - - - - 10.4 - - - - - - - - - - - - - - - - - - 234.0 -]<50
Nitrate Content {ibm) 167.7 0.0 167.7 0.0 0.0 167.7 117.7 43.0 0.0 19.0 16.0 0.0 10.2 7.3 0.0 5.6 4.4 0.0 2.6 2.0 14.3 0.0 3.1 2.7 2.7 27 17.4 18.8
Nitrate Concentration (%) 43.5 0.0 20.3 0.0 0.0 - - 8.0 0.0 3.6 7.6 0.0 2.0 3.3 0.0 1.2 1.8 0.0 0.8 0.6 4.6 0.0 1.4 0.9 1.6 1.9 3.2 10.8 |<0.2
Nitrate Concentration {ppm) - - - - - - - - - - - - - - - - - - - - - - - - - - - -1<2000
Sodium Content (tbm) 0.0 0.0 0.0 44.6 111 63.4 355 1.7 0.0 5.2 4.4 0.0 3.8 2.7 0.0 21 1.6 0.0 2.1 0.8 5.3 0.0 1.1 1.0 1.0 1.0 6.4 8.2 -
Sodium Concentration (%) 0.0 0.0 0.0 14.4 5.8 4.2 4.7 22 0.0 1.0 2.1 0.0 0.7 1.2 0.0 0.5 0.7 0.0 0.3 0.2 1.7 0.0 0. 0.3 0.6 0.7 1.2 4.7 {<0.1
Sodium Concentration {ppm) - - - - - - - - - - - - - - - - - - - - - - - - - - - -1<1000
Analytical Data From Samples Collected During the Pilot Test
Sample Identification Number B8T1-001 - B8T4-001 - - - BT4-004 - - PF Lab PF Lab -1 PFlLab PF Lab -{ PFLab PF Lab - BT4-003 | PFtab PF Lab - PF Lab BT4-005 BT2-007 872-008 BT2-006 - BT2-009
+PFLlab { +PFlab

Thorium Concentration (%} 38.0 - 16.8 - - - - - - - - - - - - - - - 18.6 - - - - 36.0 64.8 79.4 - - -
iThorium Concentration {ppm) 380,000.0 - - - - - 10.4 - - - - - - - - - - - - - - - - -1 648,000.0 | 794,000.0 234.0 - 1,120.0
Nitrate Concentration (%) 42.3 - 27.5 - - - 14.8 8.0 - 3.7 6.9 - 1.9 3.5 - - 1.8 - 2.7 0.6 1.02/4.64 - 1.2 0.9 1.6 26 11.2 - -
Nitrate Concentration (ppm) 423,000.0 - 274,900.0 - - - 147,700.0 - - - - - - - - - - -] 28,749.0 - - - - 9,034.0 16,341.0{ 26,439.0 112,000.0 - 66.9
Nitrate Concentration (mg/L) - - 310,886.0 - - - 165,186.0 - - - - “ - - - - B - - - . - - - - - 11,204.0 - 66.9
Sodium Concentration (%) - - - - - - 5.2 - - - - - - - - - - - 0.9 - - - - 0.8 1.2 - 32 - -
Sodium Concentration (ppm) - - - - - - 52,000.0 - - - - - - - - - - -1 26,749.0 - - - - 7.510.0 § 12,400.0 - 31,800.0 - 353
Sodium Concentration (mg/L) - - - . - - 58,100.0 - - - - - - - - - - - - - - - - - - - 31,700.0 - 353




Table 6-2
Batch Test 2 Material Balance Summary

iStrearn Number 1a 1b 2 3a 3b 4 5 6a 6b 6¢c 6e 7 8 9 10 11 12
Stream
Description| Dry Thorium{ Demin. |Thorium Nitrate| 25% 10% | Reactor Filtered Siudge | Rinse | Rinsate & | Filter |Dewatered| Dried Calcined Supernate Process Heels | Contaminated
Nitrate Water Solution Caustic *| Caustic | Product| Thickener Blanket | Water Sludge Press 4§ Sludge | Thorium | Thorium | From Settling | From Various Process
Supernate | Prior To | Added Slurry Filtrate Product | Product of Press Sources Condensate
tParameter Rinse Filtrate
(Units)
Theoretical Mass Balance Based Upon Volume and Mass of Reactants
Mass Flow Rate (lom/batch} 410.3 439.8 850.2 328.4 492.0 | 1,670.5 756.1 860.8 416.5 1,277.3 864.9 312.4 184.5 147.0 840.1 178.4 427
Volume Flow Rate (ACFM) - - - - - - - - - - - - - - - - -
Volume Flow Rate (GPM) - - - - - - - - - - - - - - - - -
Volume Flow Rate (Gal./batch) est. 40 52.8 65.4 326 54.0 152.0 83.8 64.2 50.0 114.2 98.4 29.2 {est. 10 - 70.8 18.2 5.1
Solids Concentration (%) 100.0 0.0 0.0 0.0 0.0 -1<0.05 28.2 0.0 17.6 <1 447 85.2 |>99 - 54.8 |<0.1
Water Content (Ibm) 64.8 439.8 505.0 246.3 442.8 | 1,188.4 - - 416.5 935.7 736.5 163.6 457 - 739.8 72.5 -
Water Content (%) 15.8 100.0 59.4 75.0 90.0 711 84.4 60.3 100.0 73.3 87.7 52.0 23.5 {<«1 88.1 40.0 |99+
[Thorium Content (Ibm) 167.0 0.0 167.0 0.0 0.0 167.0 -| 156.6 0.0 156.6 52.9 103.7 103.7 103.7 - 63.28 -
[Thorium Concentration (%) 40.7 0.0 19.6 0.0 0.0. 10.0 - 18.2 0.0 12.3 5.5 33.2 53.3 77.6 - 35.5 -
[Thorium Concentration (ppm) - - - - - - 179 - - - - - - - 7.5 <50
Nitrate Content {lbm}) 178.5 0.0 178.5 0.0 0.0 178.5 824 90.6 0.0 90.6 82.2 8.4 8.4 8.4 71.5 14.3 -
Nitrate Concentration (%) 435 0.0 21.0 0.0 0.0 10.7 10.9 10.5 0.0 4.6 8.5 2.7 4.3 6.3 8.5 8.0 {<0.2
Nitrate Concentration (ppm) - - - - - - - - - - - - - - -{<2000
Sodium Content (lbm) 0.0 0.0 0.0 49.8 287 78.6 355 39.4 0.0 39.4 33.1 6.8 8.3 6.3 28.9 7.3 -
Sodium Concentration (%} 0.0 0.0 0.0 15.2 5.8 47 47 4.6 0.0 3.1 3.4 2.0 3.2 4.7 3.4 4.1 {<0.1
Sodium Concentration (ppm) - - - - - - - - - - - - - - - -{<1000
Analytical Data From Samples Collected During the Pilot Test
Sample Identification Number BT1-001 - BT2-001 - - - BT2-004 - -1 BT2-003 -{ B72-005 | BT2-007 { BT2-008 BT2-006 -| 8T2-009
+PFLlab | +PFLab

Thorium Concentration (%) 38.0 - i7.8 - - - - - - 12.1 - 33.2 54.2 73.3 - - -
(Thorium Concentration (ppm) 380,000.0 - 178,000.0 - - - 17.9 - -1 121,000.0 332,000.0 - - 7.5 - 30.1
Nitrate Concentration {%) 42.3 - 20.4 - - - 11.1 - - 3.8 - 2.7 4.5 7.8 8.6 - 0.2
Nitrate Concentration {(ppm) 423,000.0 - 204,000.0 - - - 110,000.0 - - 37,953.0 -{ 26,9700} 44,7286 { 78,000.0 86,000.0 - 1,600.0
Nitrate Concentration (mg/L) - - 317,971.0 - - - 120,014.0 - - - - - - - 122,228.0 - 1,607.0
Nitrate Content (fbm) - - 173.6 - - - 83.9 - - - - - - - 72.2 - 0.1
Sodium Concentration (%) - - - - - - 4.8 - - 2.7 - 2.0 3.1 - 2.1 - -
Sodium Concentration {(ppm) - - - - - - 47,900.0 - - 26,500.0 -1 20,200.0 { 31,200.0 - 20,600.0 - 10.4
Sodium Concentration (mg/L) - - - - - - 51,800.0 - - - - - - - 29,300.0 - 10.4
Sodium Content (ibm) - - - - - - 36.2 - - - - - - - 17.3 - 0.0
Chloride Concentration (%) - - - - - - 0.1 - - - - - 0.1 - 0.0 - -
iChloride Concentration {(ppm) - - - - - - 1,000.0 - - - - - 525.0 - 380.0 - -
Chioride Concentration {mg/L) - - - - - - 1,100.0 - - - - - - - 536.0 - -
Chioride Content (ibm) . - - - - - - 0.8 - - - - - - - 0.3 - -
Moisture (%) 0.1 - - - - - 84.3 - - 722 - 0.1 23.5 - 85.1 99.8
Moisture (ppmj) - - - - - - - - - - - - - - - - -




Table 6-4

Batch Test 5 Material Balance Summary

Stream Number 1a ib 1c 2 3a 3b 3c 4 5 6a 6b-1 6d-1 6b-2 8d-2 6¢c 6b-3 6e.-3 6b-4 6e.-4 7 8 9 10 11 12
Rinse 1 Rinse 1 Rinse 2 Rinse 2 Rinse 3 Rinse 3 Rinse 4 Rinse 4
tream
Description Dry Thorium! Demin. Recycled |Thorium Nitrate| 25% 10% Nitric Reactor Filtered Studge | Rinse Rinse Rinse Rinse Filter Rinse Rinse Rinse Rinse Dewatered Dried Calcined | Combined |Process Heels |Contaminated
Nitrate Water Supernate Solution Caustic | Caustic Acid Product Thickener Blanket | Water Water Water Water Press Water Water Water Water Sludge -§ Thorium Thorium Press From Various Process

Supernate Prior To | Added | Recovered § Added | Recovered Feed Added | Recovered | Added | Recovered Product Product Filtrate & (Sources Condensate
Parameter Rinse {rinsed Rinsate
{Units) solids)

Theoretical Mass Balance Based Upon Volume and Mass of Reactant
Mass Flow Rate (lom/batch) 387.7 234 463.3 874.4 3744 3134 18.7 | 1,581.0 34791 1,077.8 417.3 348.9 417.3 417.6 1,049.7 208.6 13.0 208.6 11.2 233.9 109.0 82.2 790.9 1463.59 826
Volume Flow Rate (ACFM) - - - - - - - -
Volume Flow Rate (GPM) - - - - - - - -
Volume Flow Rate (Gal./batch) est. 40 2.8 50.0 86 (meas) 35.4 33.3 1.8 136.2 324 85.3 50.0 372 50.0 47.4 87.2 25.0 1.5 25.0 1.3 29.2 13.8 |- 87.4 133.4 9.9
{Solids Concentration (%) 84.2 0.0 0.0 0.0 0.0 0.0 0.0 13.2 0.0 17.5 0.0 0.0 0.0 16.4 0.0 0.0 0.0 0.0 8.9 69.6 92.2 0.0 8.7 0.0
Water Content {ibm) 61.2 234 390.1 474.8 282.3 276.8 5.6 1,043.2 275.8 668.1 417.3 287.7 417.3 2. 769.4 208.6 12.6 208.6 11.0 140.1 26.8 0.0 £94.0 1,185.1 82.6
Water Content {%} 15.8 100.0 84.2 54.3 75.4 88.3 30.0 66.0 79.3 62.0 100.0 82.4 100.0 91.6 73.3 100.0 97.2 100.0 98.7 59.9 24.6 0.0 87.8 81.0 100.0
IThorium Content (lbm) 157.8 0.0 | 0.0 157.8 0.0 0.0 0.0 157.8 0.0 142.9 0.0 0.0 0.0 0.0 130.0 0.0 0.0 6.0 0.0 §3.6 58.8 58.6 0.0 94.19
[Thorium Concentration (%) 40.7 0.0 0.0 18.1 0.0 0.0 0.0 10.0 0.0 13.3 12.4 27.2 53.8 71.3 0.0 6.4
[Thorium Concentration (ppm) - - - - 47.5
Nitrate Content (fom) 168.7 0.0 53.4 222.0 0.0 0.0 129 234.9 50.9 158.6 0.0 44.7 0.0 25.5 76.9 0.0 0.3 0.0 0.1 8.4 34 3.4 70.6 107.4
Nitrate Concentration (%) 43.5 0.0 11.5 25.4 0.0 0.0 68.9 14.9 146 14.7 12.8 6.1 7.3 2.1 1.0 2.7 3.2 4.2 8.9 7.3
Nitrate Concentration (ppm) - 66.0
Sodium Content (tom) 0.0 0.0 19.8 19.8 53.0 21.1 0.0 93.2 211 2.2 0.0 16.6 0.0 9.5 31.8 0.0 0.1 0.0 0.0 3.0 8.0 3.0 28.2 43.6
iISodium Concentration (%) 0.0 0.0 4.3 23 14.1 6.7 0.0 5.8 6.1 5.8 4.8 2.3 3.0 0.8 0.4 1.3 2.7 3.6 3.3 3.0
Sodium Concentration (ppm) - - - - - 14.2
Anailytical Data From Samples Collected During the Pilot Test

Sample Identification Number BT1-001 BT5-001 PFLab | PFLab BT5-004 PF Lab BT5-006 BT5-003 PF Lab PF Lab BT5-005 BT5-007 BT5-008 PF Lab BT5-009
Thorium Concentration (%) 38.0 19.0 i- 48.5 |- 27.2 53.8 71.3 -
[Thorium Concentration {ppm) 380,000.0 - - 8.9 13.8 538,000.0 47.5
Nitrate Concentration (%) 423 246 |- 14.8 |- 12.8 8.3 3.9 2.1 1.0 2.7 1.3 9.7 5.4 -
Nitrate Concentration {ppm} 423,000.0 245,808.0 |- 146,400.0 |- 62,900.0 38,883.0 27,113.0 13,285.0 | 97,000.0 66.4
Nitrate Concentration (mg/L) - 390,157.0 |- 188,214.0 |- 66,429.0 66.4
Nitrate Content (ibm) - 2149 |- 56.9 |-
Sodium Concentration (%) - - 144 6.7 6.8 |- 23 2.0 0.6 2.7 |- -
Sodium Concentration {ppm) - - - 67,900.0 {- 22,600.0 20,400.0 6,180.0 27,300.0 {- 14.2
Sodium Concentration {mg/L} - - - 78,000.0 |- 23,900.0 14.2
Sodiurn Content (lbm) - - - 21.1 §-




Table 6-5
Comparison of DOT Oxidizer Test Results

(49 CFR 173, Appendix F)
Sample Designation Bum Time Residual Nitrate -~ DOT/RCRA
(Min./sec) (%) Classification
Thorium Nitrate Did Not Bum 435 N/C
( Sample BT1-001C)
Batch Test 1 Dried 23:00 14.96 N/C
Thorium Hydroxide 25:19 14.96 N/C
(Sample BT1-008C)
Batch Test 2 Dried 40:56 4.5 N/C
Thorium Hydroxide 43:42 4.5 N/C
(Sample BT2-007D)

N/C Means not classified as a Division 5.1 Oxidizer. -- The sample mixture did not burn as
intensely as any of the standard mixtures.
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Table 6-6

Chemical Characterization of Primary and Secondary Material Streams

Th- "m De-nitration Pilot Project

Primary Thorium Materials
Constituent Feed Thorium Dry Thorium Calcined Thorium Process Heels Before
Concentrations Nitrate (%) Product (%) Product (%) Recovery (%)
Thorium 38.0 64.8 794 272
Sodium ---- 1.2 2.0 4.7
Nitrate 423 1.6 2.6 10.8
Water 15.8 14.1 <1.0 493
Secondary Byproduct Materials
Constit