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ABSTRACT 

The purpose of the work described in this report was to explore the use of fractional 
crystallization as a technology that can be used to separate mediumturie waste from the Itanford 
Site tank farms into a high-curie waste stream, which can be sent to a Waste Treatment and 
Immobilization Plant (WTP), and a low-curie waste stream, which can be sent to Bulk 
Vitrification. The successful semi-batch crystallization of sodium salts from each of three 
categories of simulant solutions (SST Early Feed, SST Late Feed, and DST Feed) demonstrated 
that thc recovered crystallinc product met purity requirement for exclusion of cesium for all three 
cases. Requirements on sodium recovery in the crystalline product were achieved for both SST 
Early Feed and SST Late Feed, but not quite achieved for DST Feed. The requirement on the 
sulfate-to-sodium ratio in the stream to be diverted to the WTP was met with all three cases. In 
the report, experimental apparatus and procedures are given that should facilitate planning future 
expcrirnents with actual solutions from the Hanford sources. Moreover, guidance is given 
regarding future steps towards scaling up the technology to larger equipment in continuous 
operation. 

KEY WORDS 

Simulant Testing, SST Feed, DST Feed, Fractional Crystallization 
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0 EXECUTIVE SURlhIARY 

The Hanford Site tank farms have 53 million gallons of mixed waste (waste with both hazardous 
and radioactive components) contained in 149 single-shell tanks (SST) and 28 double-shell tanks 
(DST). It is anticipated that tank waste will be partitioned to separate the high-level waste 
(HLW) constituents from the large volumes of low activity waste (LAW) in the tanks. The 
HLW constituents are to be vitrified in the Waste Treatment and Immobilization Plant (WTP). 
stored temporarily on site, and ultimately disposed of in the off-site national repository. The 
LAW also would be vitrified in the WTP and then disposed ofon site in a permitted disposal 
facility. 

The Mission Acceleration Initiative (MAI) was developcd to help ensure that the year 2028 tank 
waste treatment milestone would be met. A key element of the MA1 is the testing, evaluation, 
design and deployment of supplemental LAW treatment and immobilization technologies to 
provide additional LAW processing capacity. The supplemental technology known as Bulk 
Vitrification can tolerate higher levels of certain waste components (e.g. sulfate) than the WTP 
and is considered a promising approach to meeting the MAL A Pretreatment System for the 
LAW is required to ensure that these problematic waste components are diverted preferentially 
to the Bulk Vitrification facility. while radionuclides (primarily '"Cs and 99Tc) are diverted 
preferentially to the WTP. 

The present work explores the feasibility of using fractional crystallization to meet the objectives 
required for pretreatment, i.e. prcferentially separate components so that problematic waste 
components are diverted to the Bulk Vitrification facility while radionuclides are diverted 
preferentially to the WTP. In order of priority, the separation goals were defined in terms of 
minimum and desired objectives, as follows: 

Reduce the '"Cs activity in the stream diverted to Bulk Vitrification to less than 
0.05 C i n ,  and preferably less than 0.0012 Ci/L, in a 5 M sodium solution. 

Divert at Icast 50%. and prcfcmbly 90%, of thc sodium entering the fractional 
crystallization unit to the stream going to Bulk Vitrification. 

Reduce the sulfate-to-sodium molar ratio in the stream diverted to the WTP to at lcast 
0.01. and preferably 0.0022, in the stream going to waste treatment. 

The approach taken in the work described in this report involved implementation of the 
fractional crystallization technology in batch operations so that the feasibility, which had already 
been explored using sophisticated modeling of the solution thermodynamics, could bc evaluated 
experimentally. Three model solutions were used as feed streams to the process; these were 
designed to represent solutions from ( I )  early in the removal of material from the SST tanks and 
therefore referred to as SST Early Feed, (2) late in the removal of material from the SST tanks 
and therefore referred to as SST Late Feed, and (3) the DST tanks and referred to as DST Feed. 

vi 
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Batch fractional evaporative crystallization involves the removal of multiple solutes from a feed 
solution by the progressive achievement of supersaturation (through evaporation) and 
concomitant nucleation and growth of each species. The product crystals are separated from the 
residual mother liquor and associated soluble species, washed to eliminate contaminating mother 
liquor, and dried. 

The operation with each feed solution was guided by a simulation using the Environmental 
Simulation Program ([ESP] with the Mixed Solvent Electrolyte [MSE] supplement), both of 
which are supported by OLI Systems, Inc. Although the relative amounts of each species vary 
with the feed solution, the simulations show that evaporation produces burkeite (NazC03.2 
Na*S04), sodium nitrate (N~NOJ), and other sodium salts. In theory, the other sodium salts do 
not interfere with the solid-liquid separation process following the evaporative crystallizer, but 
their actual impact can only be determined through experimentation. The simulation also 
confirmed expectations that the relatively high aluminum ion content in the DST fccd can lead to 
problems in handling the slurry produced in the evaporation of such solutions; the problem is 
that aluminum salts grow exceptionally slow and when their solubilities are exceeded they tend 
to form a gel instead of the more easily handled crystals. Exploration of thc simulation found that 
adjusting the pH of the solution by reacting hydroxyl ions with carbon dioxide allowed a higher 
concentration of aluminum ions to be achieved without exceeding their solubility limits. This 
allowed sufficient evaporation from DST feed solution almost to meet sodium recovery 
requirements. 

Given the findings from the simulations summarized in the preceding paragraph, laboratory 
experimentation began by using simplified simulant solutions that contained only two or three of 
the primary solutes found in the SST and DST feed solutions. The purpose of thcsc runs was to 
develop an experimental apparatus and procedures that could be used in certification runs 
conducted on simulant solutions prepared from a specified recipe provided by CH2M HILL 
IIanford Group, Inc. Several runs resulted in the identification of difliculties associated with 
strict batch operation. In essence. the evaporation of the required amount of solvent resulted in 
such a drastic reduction in slurry volume that it was diflicult to handle and to ensure that it was 
well mixed. In addition, as the active volume in the batch crystallizer was reduced, the walls and 
othcr crystallizer intemals becamc severely encrusted. This led to the development of a scmi- 
batch operation in which feed solution was added throughout a run so as to maintain a constant 
active volume in the crystallizer. Encrustations were significantly reduced and the general 
quality of the operation was enhanced. 

A special filtration-washing apparatus was designed, constructed and used in this work. Its 
design produced a uniform distribution of wash liquid across a cake of product crystals that had 
been collected on a glass frit. Its purpose was to facilitate plug flow ofthe wash liquid so that a 
very high fraction of adhering mother liquor was flushcd from the product crystals. This uniform 
flow was considered essential to meeting the purity requirements on cesium. 

Aner the apparatus and procedures had been developed to satisfaction, three certification runs 
were completed: one each for SST Early Feed Solution, SST Late Feed Solution, and DST Fecd 
Solution. Each run was guided by simulations using specified operating temperature and final 
solids fraction in the product slurry, e.g. for the SST Early Feed Solution the operating 
temperature was set at 4OoC and the final slurry was specified to be 40% solids. The operating 

0 

* 
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temperature has a major impact on the solubility of the species in the system and, therefore, there 
is a relationship among the amount of solvent that must be evaporated, system temperature and 
yield. Solids in a crystallizer typically are limited to between 30 and 40% of the slurry mass so as 
to ensure good mixing and that the slurry can flow through reasonably sized conduits. With these 
two variables fixed, the simulation estimated the fraction of the feed that had to be vaporized for 
each certification run, and this quantity was used to determine when the operation of each stage 
in a certification run was complete. 

The time required to operate each stage was determined by the evaporation rate and condensate- 
to-feed ratio estimated from the simulation. Each run began with rapid evaporation (and 
condcnsatc collection), which continued until crystals were observed in the crystallizer. At that 
point, additional feed was introduced to bring the system volume back to its initial valuc, thereby 
dissolving all nuclei that had been formed with rapid evaporation. The subsequent evaporation 
was at a much lower rate (consistent with the recognized practice of generating supersaturation 
slowly at the start of a batch crystallization process) and feed solution was added throughout the 
run to maintain a constant active volume in the crystallizer. 

The slurry from each stage ofeach certification run was collected and introduced to the 
aforementioned filtration-washing apparatus. The collected filtrate from the first stage of each 
certification run was used as feed to the second stage, while the collected product crystals were 
sampled for analysis by polarized light microscopy (PLM), washed, dried, sampled, and sieved. 
Samples from each stream were taken and sent for chemical analyses by Galbraith Laboratories, 
Inc. The PLM results aided in identification of species crystallized in each stage. 

Precise measurements of masses fed and removed from each stage of each certification run werc 
combined with careful identification of masses captured in the apparatus to provide balances on 
total mass around each stage for each certification run. For Stages 1 and 2 of the certification 
runs closures of mass balances were within 0.8%/1.7% for SST Early Feed Solution, 2.0%11.6% 
for SST Late Feed Solution, and 2.1%/3.0% for DST Feed Solution, respectively. 

The chemical analyses performed by Galbraith Laboratories demonstrated that fractional 
crystallization was able to mcct all the required process objectives except for sodium recovery 
from DST Feed Solution. In that instance, only 44% of the sodium was recovered. As had been 
recognized, the problem occurred as the specified condensate-to-feed ratio was being 
approached, evidence of gel formation made it necessary to shorten the run. 

The work described in this report shows that fractional crystallization of sodium salts from the 
three simulant solutions can be done in a manner that meets the process requirements. It 
therefore is possible to take the description of the apparatus and procedures forward into the next 
phase of the scale-up procedure, i.e. to experiments involving actual solutions from the SST and 
DST tanks. At the same time, it is clear that much remains to be done to address the special 
problems associated with DST Feed; the protocols and limitations of carbonation need to be 
further explored. 

e 
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1.0 INTRODUCTION 

Following issuance of Solicitation Number 112608 by CH2M HILL Hanford Group, Inc. 
(CH2M HILL). a team comprised of personnel from COGEMA, Inc., the Georgia Institute of 
Technology (through the Georgia Tech Research Corporation [Georgia Tech]), AREVA 
Framatome ANP, and Swenson Technologies, Inc. responded with a proposal under a Teaming 
Agreement led by COGEMA, Inc. Part of the work proposed was to be conducted in the research 
laboratories of Professor Ronald W. Rousseau at Georgia Tech, and the report presented here 
describes the outcomes of that work. 

1.1 OBJECTIVES 

The overall objective of the Pretreatment Testing and Demonstration Program is to demonstrate 
that fractional crystallization is an effective way to condition feed streams for the CH2M HILL 
Low Activity Waste (LAW) supplemental treatment system. The program is divided into two 
phases, Phase I and Phase 11, which esscntially differ only in the nature of the fccd material. 
Phase I uses a non-radioactive simulant for the solutions being treated, while Phase I1 uses actual 
tank waste samples for testing in a radioactive hot cell. 

Minimum separation goals were provided (in order ofpriority) in the Statement of Work for 
I3'Cs activity (cO.05 Ci/L or 1.16E-03 g/L in a 5 molar (MJ sodium solution, based on 50% '"Cs 
to total cesium) in the recovered stream going to the pretreatment facility, sodium removal 
(SO%), and sulfate-to-sodium &j ratio (cO.01) in the stream going to the Waste Treatment and 
Immobilization Plant. The preliminary thermodynamic models applied by COGEMA, Inc. for 
each of the simulant feeds indicated that these goals can theoretically be met by fractional 
crystallization. The models further indicated that it was possible to approach the desired removal 
levels (<0.0012 Ci/L or 2.77E-05 a, 90%, and G.0022, respectively). These are to be 
achieved by crystallization of sodium salts, especially those containing nitrate. carbonate, sulfate 
ions, while leaving the highly soluble cesium in solution. 

a 

1.2 FRACTIONAL CRYSTALLIZATION 

When a solution has a single species that can be crystallized by cooling, evaporation, addition of 
a non-solvent or some other means of concentrating the solution, such an operation may be 
thought of as simple crystallization. However, when a solution contains multiple solutes, 
fractional crystallization occurs as the solutes are progressively removed from solution upon 
cooling, evaporation, etc. If the solutes come out of solution one at a time, then the result is a 
series version of simple crystallization. For example, suppose a solution contains four solutes, 
A, B, C. and D. and that all of them saturate the solution as solvent is evaporated from a solution. 
Figure 1 illustrates the hypothetical distribution of products if the solution is progressively 
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II) Figure 1. Ilypothetical Product Distribution from Fractional Crystallization: Solution 
Becomes Saturated with Solutes at Different Times in the Evaporation. 

Crystal 
Mass 
Production 
Rate 

Mass of Solvent EvaDorated 

saturated with A. then B, then C. and finally D in the course of evaporating solvent from the 
solution. Clearly, if the sluny is sent to a solid-liquid separator after most of each of the solutes 
is crystallized, then each solute can be recovered in concentrated form, in addition to removing a 
large fraction of the total solutes from the solution. 

Now consider a different situation, one in which the solutes achieve saturation at roughly the 
same time in process. Assuming that all nucleate and grow as such conditions are achieved, the 
product generation is expected to look more like that in Figure 2. In this situation, separation of 
species from one another is not possible by the route suggested for a system following Figure 1. 
Instead, this instance of fractional crystallization only facilitates separation of a physical mixture 
of the crystallinc solutes from the residual mother liquor. 

Figure 2. IIypothetical Product Distribution from Fractional Crystallization: Solution 
Becomes Saturated with Solutes a t  Roughly the Same Times in the Evaporation. 

Crystal 
Mass 
Production 
Rate 

I Mass of Solvent Evaporated I 
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1 crystals, in particular their morphology and size distribution, determine how easily they can be 
segregated from the mother liquor. In general. a narrow crystal size distribution leads to easier 
separation than one that is broad; bulky crystals as opposed to flakes or needles also mean an 
easier separation. 

For singlc-solute, simple crystallization the size distribution is determined by the nucleation and 
growth kinetics of the crystalline species. In fractional crystallization of the type characterized by 
the behavior in Figure 3, the nucleation and growth kinetics of each species leads to a 
determination of the final crystal size distribution. 

As will be dcscribed in later sections of this report, considerable effort went into developing a 
means to segregate the complex crystalline solids from the mother liquor on a laboratory scalc. 
Similar effort led to the development of a means to wash the mother liquor from the interstices of 
filter cakes produced in the experimental program. A secondary part of this work led to 
development of washing procedures that allowed sieve analyses to determine product crystal size 
distributions without significant distortion by crystal agglomeration. 

I 

1.4 CARBONATION AND PROCESSING CONCERNS WIT11 DOUBLE-SIIELL 
FEED SOLUTIONS 

As water is evaporated from the feed solutions, soluble species become more and more 
concentrated, though in the key instance of cesium, saturation is not reached. Aluminum ions are 
one of those species whose concentrations are increased, and it approaches conditions where the 
solubility limits of sodium aluminate, NaAIO2, may be reached. Unfortunately, aluminum salts 
do not crystallize at sufticiently rapid rates; instead, they cause the formation of a viscous gel 
that is very difticult to handle. Clearly, this is a condition that must be avoided for a successful 
process. 

The concentration ofaluminum in the DST Feed Solution is approximately twice that in the SST 
Early Feed Solution and about an order of magnitude higher than in the SST Late Feed Solution. 
It is a concern, therefore, that evaporation of DST Feed Solutions to the extent required to meet 
the requirements on sodium recovery will lead to formation of aluminum-based gels. 

One of the methods that have been proposed for addressing the dilemma of dealing with this 
situation is the use of carbonation to modify the system behavior. Carbonation involves 
dissolution and reaction of COz with hydroxyl ions in the feed solution: 

0 

C 0 2 + 2 0 H -  -. CO3’-+H20 (1-1) 

The consumption of hydroxyl ions by carbonation and their Concentration by evaporation are 
illustrated in Figure 4. In fact, Figure 4 shows two stages of carbonation, each of which is 
followed by evaporation. Note that the concentration of aluminum and hydroxyl ions remains in 
a space that is below solubility limits of the two aluminum salts, and therefore should avoid 
formation of aluminum-based gels. During evaporations, crystals of sodium salts are generated 
and the concentration of aluminum increases, as illustrated by the solid lines in Figure 4. The use 
of more than one stage is designed to increase the sodium recovery. The kinetics of carbonation 0 
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and gel formation are complex phenomena that need rationalization so that operating variables 
such as the total amount and the rate of CO2 addition can be related to the onset of gel formation. 

Figure 4. Illustration of the Use of Two Stages of Carbonation and Evaporation to 
Maintain Solution Concentrations in a Space that Minimizes Aluminum Gel Formation 

While Maximizing the Production of Sodium Salts. 

[Al+3] 

carbonation 

Stage 2 Evaporation -, 

Staue 1 Carbonation 

1.5 CERTIFICATION RUNS AND CHEMICAL ANALYSES 

The culmination of studies leading to process protocols for each of the feed solutions (SST Early 
Feed, SST Late Feed, and DST Feed) was performance of runs that were designed to test those 
protocols against the process specifications cited earlier. The masses of each stream have been 
determined carefully, and appropriate samples were sent to Galbraith Laboratories (Galbraith) 
for analysis. These results, which were obtained using Quality Assurance (QA) certified 
techniques, form the basis of demonstrating the applicability of the fractional crystallization 
pretreatment technology. 

1.6 COMPARING ANALYTICAL RESULTS TO PROCESS OBJECTIVES 

As stated above, the objectives of the technology described in the present report involve the 
cesium content of the recovered crystals, the recovery of sodium in the solid product, and the 
separation of sulfate ions from the liquid destined for feed to the Waste Treatment and 
Immobilization Plant. Minimum and desired targets for these criteria are as follows: 

Obtain a crystalline product that upon dissolution in water to a 5 M sodium 
concentration has a Cs content low enough to produce a specific activity of less than 
0.05 Gin, and preferably lcss than 0.0012 Ci/L. 

Recover at least 50% of the sodium from the feed solutions as crystalline product, and 
preferably at least 90%. 

5 
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Feed Solution 
to Fractional 

Crystallization 

a 

137Cs activity (CVL) Decontamination Factor (DO 
Desired Minimum Desired Minimum 

Produce a filtrate that has a molar ratio of sulfate to sodium less than 0.01, and 
preferably less than 0.0022. 

SST Early Feed 
SST Late Feed 

DST 

The analytical results obtained from Galbraith provide compositions of samples in wt % for 
major components and parts per million (ppm), which is mass of a species per million mass units 
of the sample. There are at least two ways to use such information to compare the outcome of a 
fractional crystallization run with Objective 1. 

One method uses the compositions of the streams and estimates of the fraction of the total 
cesium in the streams of interest that is present as IJ7Cs. To illustrate the methodology. assume 
that a sample of the final product crystals has been analyzed and found to contain 25 wt% 
sodium (Na) and 0.2 ppm cesium (Cs). The basis of calculation for determining if the product 
meets Objective 1 is to estimate the activity of a solution of this material containing 5 M Na, 
which is 5 M NalL. The fraction of total cesium in Hanford waste that is present as I3'Cs varies 
widely from one waste tank to another. For purposes of this report, the fraction is assumed to be 
50%. It may also be assumed that the activity of IJ7Cs is 86.58 Ci per g of IJ7Cs. This means, 
then, that the specific activity associated with the product is 

0.05 0.0012 1.15 48 

0.05 0.0012 -I 14 
0.05 0.0012 7.0 292 

Ci =0.004- (1-2) molNa 23gNa lOOg 0.2gCs 86.58Ci 1g"'Cs 
X X X X X 

L molNa 25gNa 1,000,OOOg g"'Cs 2 g C s  L 

This value can be compared to the criterion in Objective 1. 

A second method for estimating the ap roach to Objective 1 is in terms of a decontamination 
factor (DF), defined as the activity of Cs in real waste or the total cesium concentration in a 
simulant feed at 5 M sodium concentration divided by the corresponding activity or 
concentration in the salt recovered from the fractional crystallization process, also at a 5 M 
sodium concentration. The decontamination factors corresponding to Objective 1 are as given in 
Table 1. 

8 7  

Table 1. Required Decontamination Factors to Meet Objective on '"Cs Activity. 

e 
I Activity of feed is below minimum required; therefore minimum DF does not apply. 
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The decontamination factors can be estimated from the following relationship: 

(1-3) 
DF=/&= activityof 137Cs (at 5 M Na) 

activityof 137Cs(at 5 M Na) 
wt%Na 

where the compositions in the term on the farthest right are given by the analyses ofcrystals 
produced in the opention. For example, suppose the feed to a process contains 10 wt% sodium 
and 0.20 ppm Cs, and crystals produced contain 28 wt% sodium and 0.04 ppm Cs. Such results 
correspond to a DF of 14, which has been calculated as follows: 

r0.20 ppm cs1 
1 lOwt%Na J, 
0.04 ppm Cs 

- - 14 
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2.0 APPARATUS AND PROCEDURES 

The experimental apparatus and procedures used in performing the certification runs (the 
essential runs described in the Statement of Work) evolved as experience was gained in working 
with the different solutions comprising SST Early Feed, SST Late Feed, and DST Feed. The 
evolution resulted from knowledge learned about feed-spcci fic characteristics and 
interrelationships between solute crystallization and crystallizer configuration. The original 
system configuration is shown schematically in Figure 5. Although the same basic configuration 
was used in all runs, several modifications were made to address problems associated with 
accumulation of crystal encrustations on the walls and bames of the crystallizer. The key 
modification was to add the capability of periodic addition of feed solution so that the active 
volume in the crystallizer was constant. Figure 6 is a photograph of the modified apparatus with 
a feed vessel positioned above the crystallizer. Note also that the reflux condenser has been 
removed from the system as it was considered unnecessary when the system was operated in thc 
constant-volume mode. 

Figure 5. Schematic Flowsheet of System Used in All Crystallization Runs. 

Data Acqulsltlon 

Flow T P Wt 

( I )  Crystallizer. (2) Heating Fluid, (3) Thermocouple, (4) Motor to Drive Stirrer, ( 5 )  3-Way Valve, 
(6) Reflux condenser, (7) Product Condenser, (8) Flexible Tube Adapter, (9) Condensate 
Collection Flask, (IO)  Digital Balance, ( I  1) Pressure Sensor, (12) On-OKValve Plus Metering 
Valve, (13) Vacuum Pump, (14) Cooling Water. 
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This apparatus allowed filtration and washing to be performed under isothermal conditions since 
both top and bottom parts are jacketed. It also provided good distribution of the washing liquid 
by forcing it to flow through a plate perforated with holes having a diameter of 1 mm. The 
distribution of the wash liquid provided superior washing efficiency. The system can be operated 
at atmospheric conditions or under vacuum. 

2.13 Data-Logging Software and Hardware 

The data-acquisition system monitored temperature and pressure inside the crystallizer. along 
with the mass of condensate collected on the balance. Temperature was measured with a 
hastalloy thermocouple (T-type C-276 purchased from Chemglass) while pressure was 
monitored with an Omega transducer. These sensing devices were connected to meters for direct 
display of readings; analog temperature controller/display (CNi3253, Omega) and process meter 
controller (DP25B-E, Omega) for pressure reading. These meters were connected to a data 
acquisition (DAQ) board (PMD-I ZOSFS, Measurement Computing) for continuous recording of 
data. This board accepted voltage signals for data storage and connected to the computer through 
a USB port. The pressure transducer and temperature meter gave current outputs (4-20 mA), so 
250 R resistors (249XBK-ND, Digi-Key) were used to convert the current signals to voltage 
signals compatible with the DAQ board. The digital balance used to measure the condensate 
mass (PB1502-S Mettler Toledo obtained from VWRTM) was connected to the computer through 
a RS-232 port. Due to the fact that multiple RS-232 ports were needed, a computer board was 
installed that provided four RS-232 connections (PCI-COM232/4-9, Measurement Computing). 
Readings from the DAQ board and the RS-232 ports were collected in a LabViewTh' program 
and the voltage signals from the DAQ board were calibrated to the corresponding temperature 
and pressure values. A simplified layout of the DAQ connections is shown in Figure 11. 

Figure 11. Data Acquisition System Setup. 

_ _ _ _ _ _ _ E  ........................... ........... 
i A: Thermocouple 

B: Transducer 
C Temperature Meter 
D: Pressure Meter 
E: DAQ Board 
F: Balance 
G: USB POR 

I: Computer 

j 
; .................. I ........ j j 

'tl: RS-232 PoR 
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I 1  16 

Table 2. Sieves Used for CSD Analysis. 

1180 

No. I ASTM Sieve No. I Nominal Sieve Opening (pm) 

2 1  20 850 
3 1  30 600 

5 1  50 300 

I 11 I 400 I 38 I 

7 1  100 IS0 

All Sieves From Dm1 Manufacturing Co. 

Crystal agglomeration was the major problem affecting CSD analyses throughout the test runs. 
Microscopic observation of samples taken directly from the crystallizer proved that 
agglomeration plaguing CSD analysis was not a result ofevents within the crystallizer, but rather 
an artifact associated with filtration and drying ofproduct crystals. It was caused by residual 
traces of mother liquor on crystal surfaces after filtration and/or washing that led to 
crystallization of solute from the mother liquor as the solvent was evaporated; as this material 
crystallized it bound adjacent crystals into agglomerates. To reduce this phenomenon, two extra 
steps were introduced to the procedures followed prior to sieving. First, the final washed crystals 
were flushed with a hydrophilic solvent (acetone) to wash any residual mother liquor from the 
crystals and reduce the extent of agglomeration. Then after drying, the crystals were subjected to 
a manual, gentle separation process to disrupt any remaining agglomerates. The overall sieving 
procedure summarized below was applied to all certification runs. 

All of the product crystals that had been washed with saturated solution were placed in the 
washinglfiltration apparatus and washed with an approximately equivalent mass of acetone. The 
acetone was introduced from the top part of the washing apparatus and was evenly distributed 
over the crystal sample upon being drawn into the filtering flask. The crystals were then 
collected, spread wide on a pan and left overnight to allow evaporation of residual solvent. 

Washing with acetone did not totally eliminate agglomeration, but significantly reduced it; some 
crystal agglomerates still appeared in the dried crystals. These agglomerates would contribute 
significantly to the sieve fraction larger than 500 pm and negligibly to the fraction less than 
200 pm. It was found that these agglomerates could be disrupted with gentle manipulation using 
a spatula. Microscopic observation confirmed that such manipulation did not break the 

9 1  200 75 
10 I 270 53 

12 I 635 20 
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constituent crystals, but it did improve the true representation ofsingle crystals that is required 
for representative CSD data. 

The selection of sieve sizes to use in an analysis depended on the size of crystals generated in a 
run. Guidance was obtained from the simulation files (e.g., sodium nitrate is often over 100 pm 
while burkeite is about 20 pm) and from visual observations of crystals grown during the 
experiment. All sieve analyses were performed with the 38 to 850 pm test sieves. If fine crystals 
(< 38 pn) were significant in the crystal sample (by having large mass collected in the bottom 
pan), they were further separated by using IO- and 20-pm sieves in place of the two largcst 
aperture sieves. 

Each sieve analysis was performed with IO sieves in a nest, in addition to the bottom pan and the 
cover. The sieves were rinsed with hot water and dried in an oven prior to use. The empty weight 
of individual sieves was recorded and they were stacked in a nest, from top to bottom in order of 
decreasing openings. A 15 to 20 g sample of the crystals to be analyzed was then added to the 
top-most sieve and covered. The sieve stack was assembled and loaded in the Ro-Tap. The timer 
was adjusted to 30 min and the machine was started. 

When the operation was completed, the stack was removed and each sieve was weighed; the tare 
weights of the sieves were subtracted from the final weights to determine the mass of crystals 
recovered on each sieve. By definition, the crystals collected in each nest ranged in size from the 
aperture of the sieve opening to that of the sieve above the one being analyzed; for example, 
crystals collected in the 38-pm sieve were between 38 and 53 pm (the upper nest according to 
Table 2) in size. These data were then used to evaluate the crystal size distribution, which could 
be expressed as histograms, density functions, or cumulative distributions. Samples were 
collected from several of the sieves and held in vials for further analysis by polarized light 
microscopy. Such analyses facilitated determination of the crystal composition in each size range 
and detection of crystal breakage or agglomeration. 

2.1.5.2 Polarized-Light Microscope (PLM) 

PLM images were obtained on a Meiji Techno trinocular polarizing microscope (Model 
ML9300), which is illustrated in Figure 14. Images are either observed in the eyepiece and/or 
acquircd on a computer. The source of light in the microscope is provided by a Koehlcr-type 
illuminator with intensity controlled by a knob (6). The substage polarizer ( 5 )  is fully rotatable, 
sending polarized light within angles between 0-360 degrees up to the specimen. When the 
polarizer is swung-out, the light is un-polarized. The analyzer (16) is a slidc-in plate mounted in 
an in-tube slider positioned after the specimen which moves the analyzer in and out of the optical 
path. When the analyzer is “in” and the polarizer ( 5 )  is swung in and set at 0 degrees, the 
elements are crossed and the field of view is said to be extinguished. In this condition the field of 
view is dark, except for an optically active specimen in the field path, which rotates the 
polarization angle and becomes visible against the dark background. 
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l a DKC-5000. serial 10322) was used to generate digital images on a computer employing Imagc- 
Pro Plus (version 4.5.1.22, serial 41N40000-13717, Media Cybernetics he.) for image 
processing and manipulation. 

A preparatory step to PLM operation is the preparation of good specimen slides with uncrowded 
fields (few crystals with empty spaces). Crystals are best viewed mounted in their mother liquor 
or in some solvent which will not dissolve the crystals, e.g., panfin oil. Mounting them in air 
causes a large change in refractive index at the air-crystal interface and reduces the image 
resolution. Samples from crystallization experiments are normally taken from the slurry (or 
flash) solution at the end of the run using a plastic pipette. A small drop of the slurry is placed at 
the center of a 3"xI" plain slide (Part 2947, Coming) and preheated to the slurry temperature 
(40-60°C). Then the drop is covered with a 22 mm circular glass cover (Part 12-546-1, Fishcr 
Scientific) to spread the sample drop over the cover area. To test dry crystals, a small drop of 
panfin oil (HR3-411, Hampton Research) is placed on the slide and a small number of the dry 
crystals are spread over the oil before they are covered with the circular glass. The circular cover 
should rest evenly on the slide without any air spaces or crystal stacking. Such flaws can be fixed 
by gentle tapping on the cover with a spatula or by mild movement of the glasses. 

Thc microscopc may requirc some initial adjustments before its use; the major ones are 
illumination setup and objective centering. They would lead to good focusing, overlapping, and 
centering of the specimen image in the field of view, either in the eyepiece or computer preview 
screen. Illumination setup normally should be performed on each objective upon the use of 
microscopc. A detailed procedure for optical setup and illumination adjustment is provided in the 
Appcndix B. Objective centering is required less frequently if the microscope is properly treated. 
However, it should be tested from time to time to ensure good centering of the image. Centering 
can be simply tested by observing a crystal sample in the eyepiece with cross-line (18b). If the 
focused image of the crystal strays from the center of the cross-line upon stage (1 1) rotation, then 
the objective is slightly onthe  optical axis. The objective (12) can be centered using two 
hexagon keys supplied with the microscope accessories according to the procedurc summarized 
in Appcndix B. The centering test must be performed for all the objectives attached to the 
nosepiece (13). 

It should be noted that initial adjustments of the microscopc while observing the crystal 
specimen through the binocular eyepiece (18) will also adjust the image in the computer display 
if the digital camera is well aligned with the optical path. The computer display is more 
convenient although the field of view is somewhat more limited than the binocular eyepiece 
especially at high magnifications. Size scales can be added to the recorded images for crystal size 
analysis. However, this requires a size calibration for each magnification objective using a 
2.5 mm stage micrometer slide graduated with precise grids of 25, 100,500, and 1000 pm. This 
can be done by snapping an image of the scaled grids of the. micrometer slide with each objective 
and use a grid of known length in the image to calibrate the length estimated by the Image-Pro 
Plus software. Details of the calibration procedure are provided in Appendix B. 

For PLM characterization of the crystallization runs, a sample is taken from the slurry solution 
and mounted on a preheated slide as described before. The slide is preheated to the temperature 
of slurry to minimize formation of additional crystals on the slide by cooling; therefore, the 
slides should be tested immediately aner preparation. 

0 

II) 
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To characterize: 

Turn on the illuminator and pass some light by switching the intensity control knob 
(6); 

Turn on the digital camera button and start the Image-Plus Pro imaging sonware 
menu on the computer desktop; 

From the main menu select the VideolDigital icon on the tool bar or from Acquire+ 
Video/Digital commands to activate the Preview Page for video capturing and image 
setup.; 

Start the live preview by pressing “Start Preview.”The preview will look white if the 
analyzer (16) is out. Make sure the substage polarizer ( 5 )  is swung in and set at 0 
degrees then slide the analyzer plate (16) in. The live prcview gets black because the 
polarizer and analyzer arc crossed which prevents any light from passing through; 

Place the crystal slide on the rotatable stage (1 1) with the sample centered in the field 
of light and rotate the smallest objective, 4X, into position for focus. Crystal bodies 
should appear on the live preview; 

Modify the light intensity using the control knob (6) then focus down on the crystal 
slides with coarse and fine focus (9) until details can be seen. Most of the crystals in 
this study had a grey color with poor contrast so the red compensator (21) was used 
most of the time. The compensator turns the background into pink and improves the 
crystal coloring; 

Scan the whole crystal slide and study various crystals available in the sample. 
Crystal types can be identified from the shape and color of the crystals. Also rotate 
the stage about the axis ofcrystals and observe the change in colors and the extinction 
positions. These observations can be used to distinguish crystals which have similar 
shapes. e.g.. sodium nitrate vs. sodium nitrite, sodium oxalate vs. sodium phosphate, 
etc.; 

Switch to higher power objectives by revolving the nosepiece (1 1) to enlarge crystal 
view and get more details. Switching between objectives requires re-adjustment of the 
lighting intensity and focusing; 

Desired PLM images can be recorded by pressing “Snap” from the Preview Page 
window. The recorded image will appcar separately behind the live prcview screen; 
and, 

Add a scale to the recorded image by pressing the Spatial Calibration icon (the 
vernier icon on the top right) on the tool bar or by selecting Measure + Calibration 
-. Spatial sequence from the command Menu. A new small calibration window will 
open. From that window select the objective power from the drop menu list (4X, lox, 
40X, or 60X) then press “Mark” to write the desired scale, e.g. 1OOp for the 1OX 
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images. The scale bar will appear on the image. Move it to the desired location on the 
image then right click to fix it there. The image is finally renamed and saved in the 
desired location. These steps are repeated for every recorded image from the slide. 

Crystal identification is carried out by comparing the crystal images obtained from our 
crystallization runs with typical PLM image of crystals found in Hanford waste tanks. The 
typical images were provided on a CD? 

2.1.5.3 Balances 
Three different digital balances were used. Condensate mass was determined on a Mettler Toledo 
digital balance (PB1502-S, obtained from VWR) attached through DAQ board to a computer for 
continuous recording of the mass. Another Mettler Toledo digital balance (PG2002-S) was 
utilized for assorted measurements of beakers, chemicals, sieves, and experimental accessories. 
When extremely small masses were involved, a sensitive balance (Ohaus Analytical Plus, 
AP2500, serial M99315) was used; e.g.. this balance was used for weighing small quantities of 
cesium nitrate in the preparation of simulant solutions. 

2.1.6 Chemicals 

Chemicals used in this project were sodium hydroxide pellets (NaOH, ACS grade), potassium 
nitrate (KNo3, ACS grade), sodium nitrate ground (NaNO,, ACS grade), sodium sulfate 
anhydrous (NazSOd, ACS grade), sodium chloride (NaCI, ACS grade), sodium carbonate 
anhydrous (NazCO3, ACS grade), sodium oxalate (Na2C204, ACS grade), and sodium 
dichromate dihydrate (Na2Cr20r2H20. ACS grade) all from EMD Chemicals Inc., and sodium 
aluminate anhydrous (NaA102, technical grade), sodium nitrite (NaNO2,97 + % ACS reagent), 
sodium phosphate dodecahydrate (Na~POd-12H20, 98 + % ACS reagent), sodium fluoride 
(NaF, 99 + % ACS reagent), sodium acetate trihydrate (NaC2H302-3H20, ACS reagent) and 
cesium nitrate (CsNO3,99.99%) from Sigma-Aldrich. A polydimethylsiloxane heating fluid for 
the heater/circulator (Dow Coming 200,5 centistokes viscosity) was used. 

2.2 CRYSTALLIZATION EXPERIMENTAL PROCEDURES 

2.2.1 General Operations 

There were two types of crystallization runs performed in the study: batch and semi-batch. Most 
of the early runs in Phase I were batch and, thus, involved adding a feed charge to the crystallizer 
prior to the start of the run and removal of product slurry alter the requisite amount of vapor had 
been generated. Variables in such runs include the rate at which vapor is generated, operating 
temperature (pressure), and whether or not seed crystals are added. 

* D. Ilerting, G. Cook, R,. Warrant, Document Number IINF-I 1585. Rev. 0 "Identification of Solid Phases in 
Saltcake from Ilanford Site Waste Tanks," Richland, Washington, 2002. 
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Prior to the start of either a batch or a semi-batch run, water was boiled in the crystallizer to 
saturate dead spaces in the system with water. A known mass of deionized water was charged to 
the crystallizer and boiled for at least 20 minutes. This procedure saturated dead spaces in the 
glassware with around I5 g of water (determined from a mass balance around the system). A 
batch or semi-batch crystallization could then be done with the apparatus, and closure of mass 
balances around the system was enhanced. 

Several dificulties were encountered with batch operation that led to use of the alternative semi- 
batch procedure for the certification runs. The primary and overriding dificulty was the quantity 
of vapor that must be produced to obtain the desired yield of solute. This led to production of a 
slurry of much reduced volume in a crystallizer of fixed dimensions. For example, the agitator in 
the largest crystallizer was designed to provide good mixing when the active volume was around 
1000 mL; alter nearly 60% of the charge had been vaporized, the remaining fraction may very 
well fall at or below the impeller used to mix the slurry. In either case, the contents of the 
crystallizer were poorly mixed. Furthermore, as the level in the crystallizer fell, the exposed, wet 
walls of the crystallizer had n tendency for scale to form on them. This resulted in what was 
called accumulation in the system. An additional problem with using pure batch operation was 
that the amount of material recovered from the first stage of a two-stage process was too small to 
provide good operation in the second stage. 

In the semi-batch procedure, an initial charge of the feed material was added to the crystallizer, 
and the conditions throughout the system were brought to their desired state: the pressure in the 
system was set, flow of cooling water through the jacket of the condenser started, mixing in the 
crystallizer begun, and all monitoring instrumentation started. At this point the flow of the 
heating fluid was started, and the temperature of the material in the crystallizer began to rise to a 
value that corresponded to the system pressure. When vapor began to form and produce 
condensate that entered the receptacle on the balance, the temperature of the heating fluid was 
adjusted to set the rate at which vapor was generated. 

As vapor was generated, the feed solution was added manually from the vessel atop the 
crystallizer so as to maintain the level in crystallizer. This was done carefully so that the vacuum 
in the system was not broken. Vapor generation continued until crystals were observed in the 
crystallizer. At this point the evaporation was stopped and additional feed, which was 
unsaturated, was added to dissolve all of the crystals in the system. From this point on, the rate of 
evaporation was much slower than had been the case in the earlier phases of the run. Figure 15 
shows data from an early run in which this procedure was developed. 

The approach was chosen so as to minimize run time by rapidly evaporating water while the 
solution was undersaturated, but then to eliminate all crystals that had been formed under such 
conditions; this was followed by slowly evaporating solvent to minimize nucleation in 
relationship to crystal growth. 
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Figure 15. Plot of Mass of Condensate Generated from an Early Semi-Batch Run in Which 
Rapid Evaporation to Saturation Was Followed by Dissolution of Crystals and Subsequent 

Slow Evolution of Vapor. 
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The vacuum in the system had to be adjusted during a run to control the temperature of slurry in 
the crystallizer. This was necessary because there was an increase in the concentrations of non- 
crystallizing species as solvent was evaporated. The concomitant decrease in vapor pressure 
required an increase in temperature or decreasc in pressure to continue evaporation. The 
regulating valve on the vacuum pump was closed slightly to increase the vacuum drawn in the 
equipment. Unfortunately, this tended to increase violent boiling of the solution in the vessel, 
which onen led to splashing of the slurry on the upper walls of the crystallizer. Gradual closing 
of the valve somcwhat mitigated this problem. 

When the desired amount of condensate had been collected (as determined by a condensate-to- 
feed ratio set by a corresponding simulation), the monitoring Labview sonware was stoppcd and 
the final slurry was collected for subsequent treatment and characterization. 

2.2.2 Washing and Filtration 

The slurry was drained from the bottom opening of the crystallizer into a beaker, which had been 
heated to the temperature of the slurry, and transferred to the jacketed filter. In order to maintain 
a constant temperature, heating fluid at the crystallization temperature was pumped through the 
jacketed portion of the apparatus. As the slurry was transferred to the filter, a vacuum pump 
pulled a vacuum in the filtration flask in which the filtrate was collected. During filtration, the 
top half of the apparatus was disconnected from the filter. leaving the funnel open to the air. 8 
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The rate of slurry addition to the filter depended on the difficulty of filtration; this is generally a 
function of the size of the crystals, as fine crystals, especially when part of a broad distribution, 
have a tendency to plug the filter and slow the rate of filtration. When extreme problems of this 
kind were encountered (e.g., in the first stage of the DST certification run) the difficulty was 
mitigated by using three jacketed filters mounted in parallel so as to process the slurry as rapidly 
as possible. It was important to keep access to the slurry during the filtration step in order to mix 
it with a Teflon spatula. Such mixing sped filtration by alleviating filter plugging. 

Aner the filtration step, the filtration flask was changed, the mass ofunwashed solids 
determined, and the wet crystals returned to the filter. The top half of the apparatus was placed in 
position and sealed. At this time the upper valve was put in the closed position and the washing 
solution loaded into the funnel. The vacuum pump was turned on to decrease the pressure inside 
the vessel and then the upper valve was opened to distribute the solution through the perforated 
plate. 

2.23 Accumulation Removal 

Accumulation of crystalline material on the walls of the crystallizer above the bame cage was 
considered another major product from a run. Although attempts were made to minimize the 
amount of this material, it was almost always found alter a run had been completed. Of course, it 
had to be collected at the end of a run and its mass determined for closure of mass balances. 

In order to collect the accumulation, the condenser and agitator (with its motor) were removed 
from the apparatus and the vessel lid was removed. The solids that remained on the walls and 
bames were collected carefully using a spatula; they were then weighed and stored in a sealed 
bottle for further analysis. Solids that could not be recovered contributed to nonslosure of mass 
balances. 

2.2.4 Preparation of Wash Solutions 

All stages of the certification runs included a washing step that used an aqueous solution of 
sodium nitrate and sodium carbonate. Sodium hydroxide was also included in the wash solution 
for the DST run so that alkaline conditions were maintained and gel formation was avoided. In 
all cases, the wash solution was prepared in a beaker of known mass and the salts were added in 
measured quantities. Water was added slowly to the salt mixture and the beaker was placed on a 
hot plate stirrer, which turned a magnetic stir bar that had been placed in the beaker, and the 
solution was brought to the desired temperature. Once the solution reached the appropriate 
temperature, additional water was added until all crystals had dissolved. Before using the wash 
solution, the full beaker was weighed to determine the amount of water added to the solution. 

2.2.5 Stage Two Preparation 

In a two-stage crystallization run, the filtrate from the first stage was the feed to Stage 2. A 
known amount of water was added to the filtrate to dissolve any crystals that had formed as the 
filtrate cooled. This also was necessary to preserve the integrity of samples of the filtrate; i.e., 

e 
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without dilution, the filtrate quickly became a two-phase mixture that would have been diflicult 
to analyze. In any case, the diluted filtrate was used as feed for the second stage, and the ratio of 
pure filtrate to dilution water was used in mass balance calculations. All other procedures for 
operating the second stage were idcntical to those followed for the first stage. 

2.2.6 Mass Balances and Loss Estimation 

Continual improvement in procedures led to mass balance closures to within 3% for each stage 
of the certification runs. The tare weights of all beakers and flasks were determined bcforc usc 
and after they were filled with the dcsignated process stream (slurry, accumulation, etc.). The 
beakers were also weighed afler they had been emptied to determine the amount of residual mass 
remaining in the beaker. Other possible losses of mass came from (1) the crystallization vesscl, 
(2) the filtration apparatus, and (3) the washing apparatus. In order to account for accumulations 
in each apparatus, they were each washed with a known amount of water, and the collected water 
was weighed to determine the amount that remained in the apparatus. In order to account for 
wash water that remained on the inner wall of the vesscl or filters, a dry laboratory paper of 
measured mass was used to collect this water. To close the mass balance further, all the 
accessories (Teflon and metal spatulas) used during the experiments were washed with a known 
amount of water. The addition of a trap before the vacuum pump reduced water loss through the 
pump during a run and collected water could be included in the overall mass balance. 

The overall mass balance data are presented in tables similar to that shown in Table 3. These 
tables give the mass and species composition of each element and provide data in threc columns: 
( I )  Input, corresponding to the feed and wash solution, (2) Output, including the condensate 
water (“cond”), the washed solids (final crystals obtained afler the washing step), the filtrate 
(liquid obtained at the end of the filtration step), the. spent wash (liquid obtained at the end ofthe 
washing step) and the accumulation (solids remaining on the wall of the crystallizcr at the end of 
the evaporation), and (3) Loss, which corresponds to the difference between the total input mass 
and the total output mass. Percentage loss is given as two values in the bottom two rows. The 
first corresponds to the overall closure percentage when no observable mass losses are accounted 
for. The second is the closurc value deduced after all known losses arc accounted for (following 
the procedures explained above). The mass balance data are also represented by a flow diagram 
summarizing the mass and flow patterns of all streams in addition to various processes and 
stages used in the experiment. Figure 16 gives an example of such a flow diagram. 
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Table 3. Example of a Mass Balance Table (SST Early Feed Run Prior to Certification 
e 

Run). 

SDecies 

11*0 

Na?CO, 

NaNOS 
Solution 
Total 
Combined 

Washed 
Feed I Wash I Cond I Solids I Filtrate 

6479.97 I I I I 
330.58 I 4482.99 

7100.11 6801.51 

1 

Spent Accum. 
Wash I Solids I 
I 

Figure 16. Example of Flow Diagram. 

639.9 I 

298.6 

3.5 % 

Flow sheet of stage I t 4482.99 

I 620.14~ 
A Accumulation 
F Filtrate 
FO Initial Feed 
F.M Additional Feed 
L SlUny 
R Rinseate 
S Washed Solid 
U Unwashed Solid 
W Washing Solution 
C Condensate 

1862.58 

F 11205.2p 1 639.91 Q 

Amounts shown in Gram. 
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a 

2.2.7 Chemical Analysis 

Chemical analysis was required in order to perform species mass balances and determine 
whether or not specifications given in the SOW had been met. For each stage in the certification 
runs the following samples were taken: feed solution, filtrate, spent wash, unwashed crystals, 
accumulation, and final crystals. These samples can be seen graphically in a two-stage schematic 
shown below in Figure 17. In order to ensure homogeneity in the samples and eliminate 
sampling uncertainties with two-phase mixtures, dilution water was added to the spent wash, 
filtrate, unwashed crystals, and accumulation. The amount of water added to each pure sample 
was recorded so mass balance calculations could be performed accurately. The only samples sent 
for analysis in solid form were thc final crystals. 

t 
Figure 17. Schematic of the Two-Stage Certification Runs. 

“t 

Filler 

A Accumulation L Slurry U Unwashed Solid 
F Filtrate R SpenlWash W Washing Solution 
FO Feed S Washed Solid C Condensate 

(Sample points marked with gny circles. The DST run also includes carbonation s l q s  which are not shown here.) 

2.2.8 Carbonation 

The carbonation reaction was performed with DST feed prior to each of the crystallization 
stages. A schematic diagram of the apparatus used is shown in Figure 18. The first step in the 
procedure was to set the COZ to the desired flow rate. The input flow from the cylinder was 
regulated using two valves: a metering valve after the gas cylinder (coarse regulation) and a 
rotameter following the metering valve (fine regulation). The flow rate was measured (or 
calibrated) by switching the three-way valve to a soap bubble flow meter. The flow was verified 
by performing 10 measurements with an acceptable variance. When the input flow had been 
determined and regulated, the valve was switched to the vessel to allow measurement of the 
output flow. This was done to make sure the system was sealed. Ten consecutive measurements 
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of the flow were taken and the output and input flows compared. Agreement of the two flows 
showed that the apparatus was perfectly sealed. 

Figure 18. Scliematic Diagram of Apparatus Used. 
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Temp. 

Input Bubble 
Ilomneler w 

input 

J-WY 
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Regulaling 
MlVe J 

A known mass of DST simulant was then loaded into the 1000-mL vessel. AAer the pH meter 
was calibrated with a buffer solution at pH 7, the probe was placed in the simulant solution and 
adjusted so that the reading was 14. This was done because it was the change in pH resulting 
from addition of CO2 that was important in monitoring the process. Once the pII meter was 
calibrated, the CO2 was introduced and the time, pH, and temperature monitored (measurements 
taken every five minutes). The flow was continued until onc of the three following conditions 
were met: (1) the desired amount of CO2 had been added to the DST solution, (2) the pH bcgan 
to dccrcasc significantly and thc ternpcraturc bcgan to rcach a plateau, and/or (3) thc first gcl 
appeared at the liquid surface. 

The amount of CO2 added to the DST was estimated using differences in volumetric flows into 
and out of the carbonation vessel, measurements of temperature and pressure, and thc ideal gas 
law. When carbonation was terminated, the input tube was removed from the solution (to avoid 
m y  DST backflow into the tube), the gas cylinder was closed and mixing was increased (in order 
to dissolve the small amount of gel that may have formed). The DST simulant was then collected 
and weighed. The true mount  of C02 added was then determined by comparing the initial and 
final masses of the solution. 

2.2.9 Preliminary Runs 

To become familiar with the experimental apparatus and prepare for certification runs, numerous 
runs were performed on simple salt solutions. A total of 31 runs (including the certification runs) 
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were done in the laboratory. The simple salt solutions began with sodium nitrate and evolved to a 
more complicated mixture of sodium nitrate, sodium carbonate, and sodium sulfate and also 
included attempts at seeding (see Appendix F). Initial runs were purely batch crystallizations 
where the heating bath was maintained at a constant temperature and pure water was used for 
crystal washing. During these runs experience was gained with the crystallization equipment, 
which led to the final apparatus design and crystallization procedure. The procedure involved 
running semi-batch crystallizations at constant volume, varying the heating rate to promote 
crystal growth, and washing with a saturated solution to maximize the mass of final crystals. A 
listing of all 31 crystallization runs is given in Appendix G. 
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3.0 CERTIFICATION RUNS 

a 

3.1 EARLY FEED SOLUTION CERTIFICATION RUN 

The Certification Run was performed using a feed solution that had been prepared according to 
procedures provided by CH2M HILL’. The procedures led to formulation of a feed solution 
having the composition given in Table 4. 

Table 4. Composition of SST Early Feed Solution. 

3.1.1 Operating Conditions 

The two-stage crystallization was conducted using the 1-L crystallizer for Stage 1 and the 
300-mL crystallizer for Stage 2. The procedures used in performing the crystallizations followed 
the semi-batch approach outlined in Section 2.0. Each stage was operated under a variable 
evaporation-rate profile, as shown in Figure 19, to reduce formation of fines. 

The evaporation rate was controlled by varying the temperature difference between the heating 
medium and the slurry. This was done by adjusting the temperature of the heating fluid and the 
operating pressure of the crystallizer. In the more rapid evaporation step of Stage 1, vapor was 
generated at a rate of 143 glh by adjusting the temperature of the heating fluid to 65 OC and the 
pressure in the crystallizer to 95 mm Hg, at which the slurry temperature stabilized at 37 OC. 

a 
’ Communication C112M-0403873 by Dan Hcrting to E. A. Nelson, Dccembcr IO, 2004. 
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Figure 19. Mass of Condensate Generated as a Function of Run Time for Stage 1 and 
Stage 2 of Run 26 (SST Early Feed Solution). a 
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Evaporation continued for 2.8 h, which is when crystals began appearing in the system. At that 
point, the addition ofsimulant feed to return the level in the crystallizer to its initial position re- 
dissolved all crystals that had been formed. Aner this point. the evaporation rate was reduced to 
68 g/h by reducing the temperature of the heating fluid to 50 OC; the temperature of the solution 
in the crystallizer stabilized at 40 OC. Evaporation proceeded at these conditions for over 10 h, at 
which time the target condensate-to-feed mass ratio was achieved (see Appendix C). The ending 
condensate-to-feed ratio for the first stage was 0.33. while the target ratio given by the batch 
simulation from COGEMA, Inc. (SSTISIM.BlN/SSTlSIM.xls) was 0.329. 

An important issue in this run was the formation of froth during the first stage. This behavior was 
characterized by intensc bubbling, which entrained some of the simulant solution upward and 
onto the upper walls of the crystallizer. The crystallization of solute on the walls increased 
accumulation of solids during the run. The total amount of accumulation was 56 g, which can be 
attributed primarily to the entrainment. It should be noted, however, that this accumulation 
represents a very small fraction of the feed mass of over 3200 g. The filtrate from the first stage 
was diluted with water and used as feed for the second stage. The 300-mL crystallizer was used 
for Stage 2 because the volume of filtrate from the first stage was substantially less than that 
available for operation of Stage 1. The target condensate-to-feed ratio obtained from the above- 
cited simulation was adjusted to 0.44 in order to account for the dilution water added. Becausc 
the volume of the second-stage crystallizer was 300 mL, only a fraction of the diluted filtrate 
(70%) was required for its operation. The evaporation rate for Stage 2 followed the same pattern 
as was used for Stage 1, as shown in Figure 19. Evaporation rates were 148 g/h and 16 g/h in the 
fast and slow regimes, respectively. The slurry temperature at the end of the run was 52 "C and 
the actual condensate-to-feed ratio achieved was 0.45. Although the goal was to operate this 
stage at 40°C. the temperature increased to 52OC during the operation. This increase was due to 
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changes in the slurry density and solution concentration, which caused the boiling point of the 
slurry to increase. The limitations of the vacuum pump were reached during this stage, making 
an increase in slurry temperature inevitable. 

3.1.2 Balances on Total Mass 

The means used to satisfy mass balances were described in Section 2.0. The objectives of this 
process are (1) to determine the fate of species entering the process, and (2) to use mass balances 
to identify potential problems with the operating procedures. 

The schematic diagram in Figure 20 illustrates an overall mass balance around Stage 1 of Run 
26. Included in the figure are definitions ofquantities used in closing mass balances around each 
ofthe units in the stage. As shown in Table 5. the difference between input and output for each 
of these units was as follows: evaporation, 0.45%; filtration, 0.33%; washing, 0.73%. 

Stage I. Evaporative crystallization in Stage 1 is represented schematically in Figure 20. The 
figure shows the masses of vapor generated and either recovered in the condensate receiver or 
thc cold trap protecting the vacuum pump, crystals that accumulated on the walls of the vessel, 
material that adhered to the vessel and was lost in the transfer process, and the recovered slurry. 
Unfortunately, a spill occurred during the transfer of the slurry from the crystallizer to the 
filtration apparatus. The run was continued because the loss could be quantified in terms of total 
mass at 200 g. A description ofhow the spill was quantified will be provided in Appendix D. 

The slurry recovered from the evaporative crystallization was filtered as shown schematically in 
Figure 20. The unwashed crystals leaving the filter correspond to the mass of solids recovered at 
the end ofthe filtration. The filtrate was collected inside the vacuum flask, and the funnel loss 
corresponds to the loss recovered aner filtration by washing the filtration funnel with a known 
amount of water and using a dry paper of known mass to collect the water accumulated on thc 
wall of the apparatus. 

The unwashed crystals were washed as shown schematically in Figure 20. The mass of 
unwashed crystals entering the washing step correspond to the mass coming from the filtration 
step, aRer subtracting the amount lost in the intermediary beaker and the amount removed as a 
sample. The beaker loss was small because the solids recovered are relatively dry and do not 
stick to the glass wall of the beaker. The crystals leaving the washing step are the product from 
Stage 1, while the spent wash and funnel loss are defined as shown in Figure 20. 

Stage 2. Figure 21 is a schematic diagram for Stage 2 of Run 26. Each process unit functioned 
as described in the discussion of Stage 1, and the methods of closing total mass balances also 
were the same. The results of these analyses are shown in Table 5. 

a 
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Filtration 1 1858.36 
Washing 1 1808.87 

Evaporator 2 1102.88 
Filtration 2 533.95 
Washing 2 830.79 

Table 5. Mass Balances Around Process Units of Run 26 (SST Early Feed Solution). 
a 

1852.23 6.13 0.33 
1795.75 13.12 0.73 
1087.40 15.48 1.40 
527.75 6.20 1.16 
820.54 10.25 I .23 

I I Unit I Input(g) I Output(& I Difference(& I % Closure of 
hIass Balance 

I Evaporator1 1 3214.81 I 3200.40 I 14.41 I 045 I 

3.1.3 Characterization of Crystal Products 
PolurizedLight Microscopy. Samples of crystals removed from the slurry produced in each stage 
were examined by polarized light microscopy (PLM). Images obtained from the examinations 
are shown in Figure 22. The samples were obtained from the slurry product immediately at the 
end of operation of each crystallization stage. The major crystals expected from the first stage 
were sodium nitrate and sodium carbonate monohydrate. whereas sodium oxalate and burkcite 
crystals were expected in lesser amounts. Sodium nitrate (Figure 22A), sodium carbonate 
monohydrate (rainbow pattern in Figure 22A), and sodium oxalate (needle shapes in Figures 22A 
and 22B) were observed as expected. However, no burkeite crystals were found in the images, 
which could be due to three possibilities: (1) the quantity ofburkeite crystals was too low to be 
detected, and/or (2) the samples were not representative of the overall slurry composition, and/or 
(3) no burkeite was produced. Sodium nitrate, sodium carbonate monohydrate, and burkeite were 
also expected from the second stage of this run. PLM images display the presence of sodium 
nitrate in large quantities (Figures 22C and 22D) along with sodium carbonate (Figure 22D). 
Again, no burkeite crystals were detected, which is consistent with the fact that the simulation 
(SSTlSIM.BIN/SSTlSIM.xls) predicted that only 0.1 g of this species would be produced. 
Sodium nitrite crystals were not explicitly observed in these images from the slurry; however, 
such crystals were identified in the images of crystals after sieving. Another interesting crystal 
type in the PLM images is that of the yellow-blue crystals displayed in Figures 22B through 
22D; these are thought to be sodium sulfate. 
Sieve Analyses. A fraction of the crystals obtained at the end of each stage of Run 26 was washed 
with acetone as described in Section 2.0 and allowed to air dry overnight. Applying the sieving 
procedure outlined in Section 2.0 to a 15- to 20-g sample from each fraction gave the results in 
Figure 23. 
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Crystals from Stage 1 exhibit a sharp and uniform size distribution with a mode near 500 pm. 
Crystals from Stage 2 have a broader distribution with a mode at approximately 450 pm. In each 
case, the mode is expected to be dominated by sodium nitrate crystals. The simulation cited 
earlier predicted the formation of large quantities (> 75 wt%) of sodium nitrate in each stage. 

A small amount ofcrystals below 100 pm were also observed, especially in stage two. These are 
thought to be dominated by sodium carbonate monohydrate, burkeite, and sodium oxalate. 
According to the simulation, these fine species should represent about 20 wt% of the total 
product mass, with the majority being sodium carbonate monohydrate. Less than 2% of these 
crystals were observed in the size range below 100 pm and the remaining ore expected to be 
agglomerated together or part of the large species of sodium nitrate. 

Species Disfribittion. The sieved crystalline products were used to analyze the distribution of 
chemical species within different size ranges. Figures 24 and 25 display PLM images of crystals 
from Stages I and 2 of Run 26, respectively. 
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3.1.4 Species Analyses and Balances 

Figures 20 and 21 illustrate the accounting associated with the total mass entering and leaving 
Stage 1 and Stage 2. These have bccn used as the basis for balances on total mass that are 
illustrated in Figure 26 for Run 26, which is the Certification Run for SST Early Feed Solution. 
Table 6 shows the stream values, and it also gives the amounts of sodium nitrate and sodium 
carbonate that entered the system with the wash solution. (Recall that this solution was saturated 
with respect to these two solutes so as to reduce the dissolution of crystals in the filter cake. This 
was justified by recognizing that it more closely represented a continuous operation.) 

The results of the balances on total mass show that 299.1 g were lost in Stage 1, but that 265.5 g 
could be accounted for using the methods described in Section 2.0 and with the estimation of 
200 g for the slurry spill. This meant that the unaccounted for loss was estimated to be 33.6 g; 
another way of saying this is that the balance on total mass was closed to within 0.8%. 
Addressing Stage 2, there was a loss of 76.6 g, of which 44.6 g were unaccounted for; in other 
words the total mass balance closed to within 1.7%. 

Samples of each stream were obtained and sent to Galbraith Laboratories for chemical analyses 
(Appendix H). The samples were ofthc feed solution, filtrate, spent wash, unwashed crystals, 
washed crystals, and accumulation. All samples except for the final crystals were sent for 
analysis in liquid form in order to give a homogeneous sample. Results obtained from Galbraith 
were tabulated in a sorcadsheet and the mass of each ionic soccies was calculated at each S ~ ~ I J I C  
point in the process. 

Table 7 gives inputs, outputs, and closures of mass balances around the entire process for each 
species. Details of the stage-wise species mass balances are given in Tables 8 and 9. For species 
analysis it was assumed that the total amount of filtrate from Stage 1 was used as feed for 
Stage 2. In reality, only a portion of the filtrate from Stage 1 was used as the feed for Stage 2, so 
the output streams from Stage 2 were scaled accordingly. It was also assumed that the relative 
amounts ofeach output stream in Stage 2 would remain constant when using the total filtrate 
from Stage 1. 
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% Loss 
Accounted loss (g) 

% Corrected Loss 

7.0% 

265.5 

0.8% 
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Table 7. 

e 

pecks M 

Clo? 

F 

NO; 

NO; 

PO,% 

so: 
GO.= 

co1” 

H*O 

oir 

ISS Balances for SST Ei 

764.03 696.76 

22.06 18.37 

0.662 0.124 

=k 31.89 

2.07 I 1.21 

199.81 205.10 

165.40 85.81 

rly Feed solution Run 26. 

Closure (%) 

27.1 

8.8 

5.5 

16.7 

81.2 

11.1 

3.8 

55.6 

15.2 

41.8 

-2.6 

12.3 

48.1 

Two other issues had to be considercd when performing calculations on the data from Run 26. 
The first issue only became clear in analyzing the data on the feed composition that were 
provided by Galbraith Laboratories. The analytical results corresponded to the composition of 
SST Late Feed Solution, which could only have been the case if there was a labeling emr in the 
Georgia Tech laboratory or a mistake in handling by Galbnith Laboratories. If necessary, 
another feed sample could be taken for analysis. However, the feed solution was prepared as 
described earlier in this section and the composition resulting from that preparation is expected 
to correspond to that in Table 4. Stated simply, the feed composition was taken to correspond to 
that expected from following the previously referenced simulant preparation instructions from 
CH2M HILL. This feed composition also was used in the simulation file SSTISIM.xls. The 
slurry spill that occurred during Stage 1 of this run was not accounted for in Tables 7,s. and 9. 
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Stream 
Input 

CrystalslStam I 

- 
3.1.5 Comparison to Minimum and Desired Targets 

Unit Value (g) Totals (g) 
488.18 

221.16 

As described in Section 2.0, Stage 2 was operated using only a fraction of the total filtrate 
produced in Stage 1. In the calculations to evaluate the approach to the process criteria, the mass 
balances shown in Tables 7,8, and 9 were scaled as if all of the filtrate had been used in the 
process. This is a standard approach for scaling up or scaling down process flowsheets: 
Specifically, the sodium balance for Stage 2 sodium was scaled according to the amount of 
filtrate from Stage 1 that was used to feed Stage 2. It was also assumed that the sodium collected 
in the accumulation from each stage would be found as crystal mass in an ideal process. Another 
assumption used in the calculations on sodium was that the 200 g of estimated slurry spill had 
the same composition as the recovered slurry. Using this assumption, the 200 g was divided into 
filtrate and final crystal mass using the ratios observed during the first stage of the experiment 
(Le.. applying the same ratios of unwashed crysta1s:filtrate and final crysta1s:unwashcd crystals). 
Values for sodium in thc final product and accumulation in Stage 2 were scaled up in order to 
account for the mass that would have been feed to the second stage had it not been part of the 
spill. Results of these calculations are given in Table IO and show that the sodium recovery was 
58.1%. which exceeds the minimum target. 

Recovery 

Table 10. Sodium Balance and Recovery for SST Early Feed Solution Run 26. 

58.1% 

AccumlStage 1 I 13.69 
CrvstaldStare 2 34.7 I 

Cesium activity was calculated directly from the chemical analyses performed by Galbraith 
Laboratories on the washed crystals obtained from Stages 1 and 2. Table 11 shows the analytical 
results for sodium and cesium and the calculated activities expected for dissolution of each of the 
filter cakes and for the combined filter cakes. It is assumed that 50% of the cesium in IIanford 
waste is in the form of '"Cs, and that the activity of I3'Cs is 86.58 CVg. As shown, the value for 
the combined solids is significantly better than the minimum requirement of 0.05 Cin. The 
estimated decontamination factor associated with blending the two products of washed crystals 
from Stages 1 and 2 is 5.5. This value is well above the minimum (1.15) given in Section 16,  but 
significantly below that desired (48). 

I ' R. M. Felder and R. W. Rousseau, Elententory Principles of Chemical Processes. r' Ed., John Wiley & Sons, Inc.. 
New York, p .  94. 
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Combined 1 813.13 I 28.2 

Table 11. Compositions of Filter Cakes from SST Early Feed Solution Run 26 with 
Estimated Activities and Decontamination Factors. 

0.63 I 0.0110 1 5.5 

I mass(g) 1 w t % N a  I ppmCs 1 cin I DF 

Stage I I 699.47 1 28.4 I 0.64 1 0.0112 I 5.4 

Stage I 

Stage 2 

~p 

I StaPe2 1 113.66 1 27.2 I 0.55 I pO.OO!B I 6.1 I 

20.13 0.22 0.0027 

24.24 0.17 0.0017 

Combined 

The sulfate-to-sodium molar ratio in the filtrate streams from Stages 1 and 2 were calculated 
using the relative amounts of the two ions in the filtrate streams as determined by Galbraith 
Laboratories. The results given in Table 9 show that the combined filtrates from Run 26 exceed 
the minimum requirement of 0.01 and ncarly meet the desired target of 0.0022 moles of sulfate 
ion per mole sodium ion. 

2 I .59 0.2 I 0.0023 

Table 12. Compositions of Filtrate Streams from SST Early Feed Solution Run 26 and 
Associated Sulfate-to-Sodium Molar Ratio. 

3.2 

The Certification Run was performed using a feed solution that had been prepared according to 
procedures provided by CII2M HILL5. The procedures led to formulation of a feed solution 
having the composition given in Table 13. Also shown in Table 13 is the composition estimated 
from the analytical results provided in the chemical analyses done by Galbraith Laboratories. 
There are substantial differences between some of the values, but such difference may be more 
related to the complexities associated with specific analytical techniques than to discrepancies in 
methods of preparation. For example. the O H  analysis gave values indicating a significantly 
higher NaOH molarity than the intended value. This may be due to an inability of the analysis to 
distinguish between free hydroxide and that associated with water. In any case, the inaccurate 
NaOH molarity affected the estimated values of other Na salts, especially NaNO3. 

SST LATE FFXD SOLUTION CERTIFICATION RUN 

a 
'Communication C112M-0403873 by Dan llerting to E. A. Nelson, December 10,2004. 
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MW 

e No chemical analyses were performed to determine concentrations of K' and Cl-, so the 
molarities of NaCl and KNOj could not be directly determined. This left 2 equations and 3 
unknowns involving KN03, NaNOJ, and NaCl utilizing the Na' for NaNO3 and NaCl and the 
NO]- for KNOJ and NaNOJ. Therefore it was assumed that the mass ratio of NaNOJ to KNO, 
was the same for both the intended and estimated compositions. This has lead to acceptable 
values for NaNOJ and KNOj but not for NaCl which was significantly higher. The lower NaNoj 
molarity also can be attributed to the inaccurate NaOtI value. 

Molarity from 
Intended Chemical 
Molaritv Analvsis 

Table 13. Composition of SST Late Feed Solution. 

NaA1O1~2Hz0 
NaOIl 

Na,CO, 

Chemical 
118.0 0.04 0.048 
40.0 0.01 0.086 
106.0 0.24 0.23 

Na~G04 I 134.0 0.01 0.01 

NaNOl 
NaNOz 
NaSO. 

85.0 1.59 1.53' 
69.0 0.07 0.07 
142.0 0.17 0.16 

Na,P04. I 2Flz0~0.25NaOI I I 390.1 I 0.05 

I I I I . ~~~ 

NaF I 42.0 I 0.10 I 0.11 

0.05 

NazCrzO7~2HzO I 298.0 I 0.009 

' Values were not direetly calculated because no corresponding tests were available. 
They were estimated assuming a KNOflaNOj ratio identical to the intended value. 

3.2.1 Operating Conditions 

The two-stage crystallization was conducted using the I-L crystallizer for Stage 1 and the 
300-mL crystallizer for Stage 2. The procedures followed in performing the crystallizations were 
outlined in Section 2.0. Each stage was operated under a variable evaporation-rate profile to 
reduce formation of fines, as shown in Figure 27. 

The evaporation rate was controlled by varying the temperature difference between the heating 
medium and the slurry. This was done by adjusting the temperature of the heating fluid and the 
pressure of the vessel. In the more rapid evaporation step ofstuge 1. vapor was generated at a 
rate of 330 glh by adjusting the temperature of the heating fluid to 100 OC and the pressure in the 
crystallizer to 127 mm Hg, at which the slurry temperature stabilized at 54 "C. Evaporation 
continued for 3.7 h, which is when crystals began appearing in the system. Atter obscrvation of 
the crystals, additional simulant feed was added to return the level in the crystallizer to its initial 
position and concomitantly re-dissolve all crystals that had been formed. Furthermore, the 

@ 

0.0 I7 
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@ evaporation rate was reduced to 74 g/h by reducing the temperature of the heating fluid to 
between 65 and 7OoC; the temperature of the solution in the crystallizer stabilized at 6OOC. 
Evaporation proceeded at these conditions for over 35 h, at which time the target condensate-to- 
feed mass ratio was achieved (see Appendix C). The ending condensate ratio for the first stage 
was 0.68, the same as the target ratio given by thc batch simulation from COGEMA, Inc. 
(SST2.BINBST2SIM 1 . ~ 1 ~ ) .  

Figure 27. Mass of Condensate Generated as a Function of Run Time for Stage 1 and 
Stage 2 of Run 27 (SST Late Feed). 
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The filtrate from the first stage was diluted with water and used as feed for the second stage. The 
target condensate-to-feed ratio from the above-cited simulation was adjusted to 0.537 in order to 
account for the dilution water added. Becausc the volume of the second-stage crystallizcr was 
300 mL, only a fraction ofthe diluted filtrate was required for its operation. The evaporation rate 
for Stage 2 followed the same pattern as was used for Stage 1; evaporation rates were 128 gh 
and 60 g/h in the fast and slow regimes, respectively. The slurry temperature at the end of the run 
was 40°C and the actual condensation ratio achieved was 0.535. The major issue encountered 
during operation of this stage was the generation of a relatively large amount (I26 g) of 
accumulation on the walls of the crystallizer, which is thought to have been caused by intense 
boiling near the end of the run. This level of accumulation has only been observed in the 300-mL 
crystallizer, and it seems to bc due to the shape and small size of the vesscl, although there is 
insufficient evidence to be certain. 

Because of the large amount of accumulation in the original operation of Stage 2, the operation 
was repeated using the remaining diluted filtrate from Stage 1. (Subsequent reference to the 
revised operation of this stage will be to Stage 23.) A lower heating rate was used near the 
conclusion of the run to try to reduce the amount of accumulation. With the reduced evaporation @ 
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rate (40 g/h compared to 60 gh in the original trial), splashing was reduced but was not 
completely eliminated. In fact, there was more accumulation (I58 g) in this trial. The problem 
with this trial was that there remained insuflicient filtrate from Stage 1 to operate the crystallizer 
at a fixed level above the bame cage. The target condensate-to-feed ratio of 0.537 could only be 
reached by allowing the level in the crystallizer to fall, and even so the condensate-to-feed ratio 
achieved was only 0.49. Even so, the mass balance and species analysis results of the sccond 
stage belong to the repeated run. 

3.2.2 Balances on Total Mass 

The means used to satisfy mass balances were described in Section 2.0. The objectives of this 
process are (1) to determine the fate of species entering the process, and (2) to use mass balances 
to identify potential problems with the operating procedures. 

Figure 28 is a schematic diagram illustrating the results of the overall mass balance around 
Stage 1 of Run 27. Included in the figurc are definitions of quantities used in closing mass 
balances around each ofthe units. As shown in Table 14, the difference between input and output 
for each of these units was as follows: evaporation, 0.08%; filtration, 1.78%; washing, 2.32%. 

Sfuge 1. Evaporative crystallization in Stage 1 is represcnted schematically in Figure 28. The 
figure shows the masses of vapor generated and either recovered in the condensate receiver or 
the cold trap protecting the vacuum pump, crystals that accumulated on the walls of the vessel, 
material that adhered to the vessel and was lost in the transfer process, and the recovered slurry. 

The slurry recovered from the evaporative crystallization was filtered as shown schematically in 
Figure 28. The unwashed crystals correspond to the mass of solids recovered at the end of the 
filtration. The filtrate is the mass of filtrate collected inside the vacuum flask, and the funnel loss 
corresponds to the loss recovered after filtration by washing the filtration funnel with a known 
amount of water and using a dry paper of known mass to collect the water accumulated on the 
wall of the apparatus. 

The unwashed crystals were washed as shown schematically in Figure 28. The unwashed crystals 
correspond to mass coming from thc filtration step after subtracting the amount lost in the 
intermediary beaker and the amount removed as a sample. The beaker loss was small bccause thc 
solids recovered are relatively dry and do not stick to the glass wall of the beaker. Thc final 
crystals, spent wash, and funnel loss are as defined. 

Sfuges 2 and 2u. Figures 29 and 30 are schematic diagrams for the operations of Stage 2 and 
Stage 2a of Run 27. As explained earlier, the reason for performing two trials was the large mass 
of accumulated crystals found in the crystallizer at the end of the first trial. Each process unit 
functioned as described in the discussion of Stage I.  and the methods of closing total mass 
balances also were the same. The results of these analyses are shown in Table 14. 

I) 
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Table 14. Mass Balances Around Process Units of Run 27 (SST Late Feed Solution). 

Streams from SST Latc Feed Solution Stage Za were used in chemical analyses. 

3.2.3 Characterization of Crystal Products 

Polarized Light Microscopy. Samples of crystals removed from the slurry produced in each stage 
were examined using polarized light microscopy (PLM). Images obtained from the examinations 
are given in Figure 31. From these, six different crystalline species can be identified: burkeite 
(Figure 31A), Na7F(PO&19H20 (the diamond-shaped crystals in Figure 31B), sodium oxalate 
(the needle shapes in Figure 31C), sodium carbonate monohydrate (Figure 31C), sodium 
phosphate dodecahydrate (long yellow-blue needles in Figures 31D and 31E). and sodium nitrate 
(Figures 31A through 31F). The simulation (SST2.BIN/SST2SIMl.xls) predicted formation of 
all of these crystals at the conditions of the run, except for sodium phosphate and sodium 
fluoride phosphate. 

Sieve Analyses. A fraction of the crystals obtained at the end of Stage 1 of Run 27 was washed 
with acetone as described in the previous Section and allowed to air dry. The crystals were then 
divided into three samples of between 15 to 20 g each, and subjected to the sieving procedure 
described in Section 2.0. Results are shown in the histogram of Figure 32 for two of the samples. 

The CSD is bimodal, with the first mode appearing at about 15 pm and the second at about 
212 pm. Both modes are relatively sharp, which indicates a fairly narrow distribution around 
each. 

The mass ofcrystals above 300 pm represents 12 % o f  the total sieved mass (obtained from a 
cumulative distribution). On the other hand the amount ofcrystals collected in the pan represents 
only 0.15% of the mass and is negligible. 

Sieve results on crystals obtained from Stage 2 of Run 27 are shown in Figure 33. The mass 
distribution has a single mode at about 360 pm. This size is between the 300- and 425-pm 
sieves, and the mass of crystals recovered in this size range represented 36% of the crystal mass. 
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Figure 32. Sieve Analysis of Crystals from Stage 1 of Run 27. 
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Figure 33. CSD Late Feed Second Stage. 
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1 
I 

On the one hand, the mass of crystals above GOO pm represents only 4 % of the total sieved mass, 
which means that the amount of large aggregates has been reduced substantially. On the other 
hand, the mass of crystals collected in the sieves with a mesh opening smaller than 100 pm 
represents only 10 % of the total mass, and essentially no fines were obtained for the second 
stage. Hence the crystal size is definitely in the larger size range when compared to the previous 
run. 

The mode size was expected to correspond to sodium nitrate crystals; other crystalline species 
expected in observable amounts were sodium carbonate, sodium oxalate, and burkeite. However 
taking into account that no burkeite was observed during stage two, the PLM images are 
expected to present mainly sodium nitrate crystals. 

Species Distribution. As described in Section 1 .O, fractional crystallization generates a product 
that contains several chemical species. The distribution among various size fractions of the 
product depends upon the interplay between the solid-liquid equilibrium and nucleation and 
growth kinetics of each species. 

Samples from several sieves were analyzed to determine how the species formed were 
distributed according to size. Figure 34 shows PLM images ofcrystals from Stages 1 and 2 of 
Run 27. 

Several species were identified in the product from Stage 1. PLM images were generated on 
three samples taken from each sieve. Those found on the sieve with the smallest opening are 
characteristic of the oblong shape of sodium carbonate (Figure 34A) and small rod (or prismatic) 
shape of sodium oxalate (Figure 341)). Note that the crystals are not broken or aggregated. 
Neither sodium carbonate nor sodium oxalate crystals were observed in samples from the 
106-pm sieve, although crystals oftrisodium fluoride sulfate were found along with a small 
amount of sodium nitrate. Crystals in the vicinity of the second mode (212 pm) appear to be 
only sodium nitrate. Again they do not involve aggregates or broken crystals. The sodium nitrate 
crystals are all independent (no aggregates) which allows us to validate the sieving procedure 
and the CSD (See Figure 34D). The largest sieve mainly had particles that were agglomerates. 
Burkeite was not found in samples from any of the sieves. 

Crystals in the vicinity of the mode from the second stage (350 pm) show nicely formed sodium 
nitrate crystals (See Figure 34E and 34F.). There were no agglomerates or broken crystals in the 
observations. 
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3.2.4 Species Analyses and Balances 

Figures 28.29, and 30 illustrate the accounting associated with the total mass entering and 
leaving Stage 1 and both trials of Stage 2. These have been uscd as the basis for the balances on 
total mass that are illustrated in Figure 35 for Run 27. which is the Certification Run for SST 
Late Feed Solution. It should be noted that Stage 2a provided the data included in Figure 35. 
Table 15 shows the stream values, but it also identifies the amount ofsodium nitrate and sodium 
carbonate that entered the system with the wash solution. (Recall that this solution was near 
saturation with respect to these two solutes so as to reduce the dissolution ofcrystals in the filter 
cake. This was justified by recognizing that it more closely represented a continuous operation.) 

The results ofthe balances on total mass show that 101.6 g were lost in Stage 1, but that 47.6 g 
could be accounted for using the methods described in Section 2.0. This meant that the 
unaccounted for loss was 54.0 g; another way of saying this is that the balance on total mass was 
closed to within 0.9%. Addressing Stage 2 (trial 2): there was a loss of 80.0 g, of which 25.4 
were unaccounted for; in other words the total mass balance closed to within 2.0%. Similar 
results were obtained and are shown for the initial Stage 2 trial. 

Samples of each stream were obtained and sent to Galbraith Laboratories for chemical analyses 
(Appendix €1). The samples were of the feed solution, filtrate, spent wash, unwashed crystals, 
washed crystals, and accumulation. All samples except for the final crystals were sent for 
analysis in liquid form in order to give a homogeneous sample. Results obtained from Galbraith 
were tabulated in a spreadsheet and the mass of each ionic species was calculated at each sample 
point in the process. 

Table 16 gives inputs, outputs, and closures of mass balances around the entire process for each 
species. Details of the stage-wise species mass balances are given in Tables 17 and 18. For 
species analysis it was assumed that the total amount of filtrate from Stage 1 was used as fecd for 
Stage 2. In reality, only a portion ofthe filtrate from Stage 1 was uscd as the feed for Stage 2. It 
was also assumed that the relative amounts of each output stream in Stage 2 would remain 
constant when using the total filtrate from Stage 1. 
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Table 15. Balances on Total Mass for Each Unit in Run 27 (SST Late Feed Solution). 
e 
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Species 

cs* 

Na* 

AI’+ 

a 
Input (g) Output (g) Closure (%) 

I.OlE-03 9.62E-04 4.4 

498.61 476.84 4 A 

6.60 6.23 5.6 

Table 16. 

a 

Species Mass Balances for SST Late Feed Solution Run 27. 

m,= 10.12 9.56 5.5 J 
10.60 11.06 - 4.4 

16.53 15.17 8.2 

828.48 825.96 

23.78 21.16 

79.96 73.43 

4.32 4.1 I 4.9 
I I 

152.17 148.18 2.6 

6463.81 I 6191.97 14.2 I 
11.94 1 8.05 132.6 I 
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Accum/Stage 2 

3.2.5 Comparison to Minimum and Desired Targets 
a 

90.84 

As described in Section 2.0, Stage 2 was operated using only a fraction of the total filtrate 
produced in Stage 1. In the calculations to evaluate the approach to the process criteria, 
the mass balances shown in Tables 16,17, and 18 were scaled as if all of the filtrate had 
been used in the process. This is a standard approach for scaling up or scaling down 
process flowsheets.6 Specifically, the sodium balance for Stage 2 sodium was scaled 
according to the amount of filtrate from Stage 1 that was used to feed Stage 2. It was also 
assumed that the sodium collected in the accumulation from each stage would be found 
as crystal mass in an ideal process. Results of these calculations are given in Table 19 and 
show that the sodium recovery was 74.7%, which significantly exceeds the minimum 
target. 

Recovery 

Table 19. Sodium Balance and Recovery for SST Late Feed Solution Run 27. 

I Stream I Unit Value (E) I Totals (E;) I 

I 74.7% I 

Input I I 307.66 
Crystals/Stage I I 58.30 I 
AccudStage 1 2.10 
Crvstals/Stane 2 I 78.62 

I 

I Outuut I I 229.86 I 

Cesium activity was calculated directly from the chemical analyses performed by 
Galbraith Laboratories on the washed crystals obtained from Stages 1 and 2. Table 20 
shows the analytical results for sodium and cesium and the calculated activities expected 
for dissolution of each of the filter cakes and for the combined filter cakes. It is assumed 
that 50% of the cesium in IIanford waste is in the form of "'Cs, and that the activity of 
"'Cs is 86.58 Ci/g. As shown, the values for the combined solids is significantly better 
than the minimum value of 0.05 C i n  and even exceeds the desired target of 0.0012 CVL. 
The estimated decontamination factor associated with blending the two products of 
washed crystals from Stages 1 and 2 is 14.5. This value is above both the minimum and 
desired value of 14 given in Section 1.G 

R. M. Feldcr and R. W. Rousseau, Elementary Principles of Chemicol Processes, 3" Ed., John Wiley & 
Sons, Inc., New York, p. 94. 

a 
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Combined I 15.22 0.64 

e 

0.0100 
e 

Table 20. Compositions of Washed Crystals from SST Late Feed Solution Run 27 
with Estimated Activities and Decontamination Factors. 

mass (9) I wt % Na I ppm Cs I CUL I DF 
I Staae 1 I 202.26 I 30.9 I 0.042 I 0.0007 I 24.1 

1 I I I 
~~ - 

Stage2 I 294.79 I 25.8 I 0.077 I 0.0015 I 11.0 
I Combined I 497.05 I 27.88 I 0.063 I 0.0011 I 14.5 I 

The sulfate-to-sodium molar ratio in the filtrate streams from Stages 1 and 2 were 
calculated using the relative amounts of the two ions in the filtrate streams as determined 
by Galbnith Laboratories. The results given in Table 21 show the minimum requirement 
of 0.01 mole sulfate ion per mole sodium ion as matched in this run. 

Table 21. Compositions of Filtrate Streams from SST Late Feed Solution Run 27 
and Associated Sulfate-to-Sodium Molar Ratio. 

I I 

3.3 DST FEED SOLUTION CERTIFICATION RUN 

The Certification Run was performed using a feed solution that had been prepared 
according to procedures provided by CIUM HILL'. The procedures led to formulation 
of a solution having the composition given in Table 22. 

'Communication C112M-0403873 by Dan Herting to E. A. Nelson, December 10,2004. 
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Chemical h1W Molarity - 
NLIAIO~.~II~O 118.0 0.80 

NaOlI 40.0 2.80 

NaGI 1,01.31120 

NaF 
Na,Cr,O7.2€L0 

136.1 0.056 

42.0 0.01s 

298.0 0.002 

I CSNO~ I 194.9 I 0.0168 g L  I 
3.3.1 Operating Conditions 

The two-stage crystallization was conducted using the 1-L crystallizer for Stage 1 and the 
300-mL crystallizer for Stage 2. The procedures in performing the crystallizations 
followed the semi-batch approach outlined in Section 2.0. Each stage was operated under 
a variable evaporation-rate profile to reduce formation of fines, as shown in Figure 36. 
Carbonation was performed prior to each evaporation step to increase sodium recovery 
and to avoid the problem ofgel formation described in the Introduction. Details of 
carbonation development and use are contained in Appendix E. 
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a Figure 36. Mass of Condensate Generated as a Function of Run Time for Stage 1 
and Stage 2 of Run 31 (DST Feed Solution). 
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The two carbonation steps were performed in the I-L crystallization vessel using the 
experimental setup and procedures described in Section 2.0. The initial carbonation was 
performed on four I-L batches ofDST solution and the four liten were mixed together to 
give a solution with an estimated 26.65 g CO2 per 1000 g ofpure DST feed. The second 
carbonation step involved adding 34.2 g of COr to the diluted filtrate from Stage 1. The 
gas flow rates used during the two carbonation steps were 140 mumin and 97 mUmin, 
respectively. 

The evaporation rate during crystallization was controlled by varying the temperature 
difference between the heating medium and the slurry. This was done by adjusting the 
temperature of the heating fluid and the pressure inside the vessel. In thc more rapid 
evaporation step of Stage 1, vapor was generated at a rate of 230 gh by adjusting the 
temperature of the heating fluid to 85 "C. The pressure in the crystallizer during this step 
was maintained around I10 mm Hg and the slurry temperature increased from 50°C to 
53OC. This evaporation step lasted for 2.0 h, which is when crystals began appearing in 
the system. The addition of simulant feed returned the level in the crystallizer to its initial 
position and re-dissolved all crystals that had been formed. After this point, the 
evaporation rate was reduced to 50 gh by reducing the temperature of the heating fluid to 
65 OC. The temperature ofthe solution in the crystallizer was maintained near 6OoC by 
manipulating the regulating valve on the vacuum pump. Evaporation proceeded for over 
31.4 h, at which time the sluny was drained from the crystallizer. The final slurry 
temperature was 58.4OC and the pressure was 75 mm Hg. The condensate-to-feed ratio 
for the first stage was 0.468, while the target ratio was 0.48 (Appendix C). The 
simulation files DST2SCC.xls and DST2SCC2.xls were provided by COGEMA, Ine. and 
used as guidelines for this run. 

a 

e 
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The filtrate from the first stage was diluted with water and carbonated with 34.2 g of 
COz. The 300-mL crystallizer was used in the second stage since the volume of filtrate 
from the first stage was substantially less than that available for operation of the first 
stage. The target condensate-to-feed ratio obtained from the abovetited simulations was 
adjusted to 0.52 to account for the dilution water added. Because the volume of the 
second-stage crystallizer was 300 mL, only a fraction of the diluted filtrate (50%) was 
required for its operation. The evaporation rate for Stage 2 followed the same pattern as 
was used for Stage 1; evaporation rates were 83 gh and 16 gh in the fast and slow 
regimes, respectively. The slurry temperature at the end of the run was 59.7 "C. the 
pressure was 93 mm Hg, and the actual condensate-to-feed ratio achieved was 0.427. 
Evaporation was terminated early due to the fact that the slurry viscosity appeared to be 
increasing, which had been identified as a warning sign for gel formation. 

a 

3.3.2 Balances on Total hlass 

The means used to satisfy mass balances were described in Section 2.0. The objectives of 
this process are ( I )  to determine the fate of species entering the process and (2) to use 
mass balances to identify potential problems with the operating procedures. 

The schematic diagram in Figure 37 illustrates an overall mass balance around Stage 1 of 
Run 31. Included in the figure are definitions of quantities used in closing mass balances 
around each of the units in the stage. As shown in Table 23. the difference between input 
and output for each ofthese units was as follows: evaporation, 0.32%; filtration, 2.24%; 
washing, 3.24%. 

Stage I .  Evaporative crystallization in Stage 1 is represented schematically in Figure 37. 
The figure shows the masses of vapor generated and either recovered in the condensate 
receiver or the cold trap protecting the vacuum pump, crystals that accumulated on the 
walls of the vessel, material that adhered to the vessel and was lost in the transfer process, 
and the recovered slurry. 

The slurry recovered from the evaporative crystallization was filtered as shown 
schematically in Figure 37. The unwashed crystals leaving the filter correspond to the 
mass of solids recovered at the end of the filtration. The filtrate was collected inside the 
vacuum flask, and the funnel loss corresponds to the loss recovered alter filtration by 
washing the filtration funnel with a known amount of water and using a dry paper of 
known mass to collect the water accumulated on the wall of the apparatus. The slurry 
beaker loss for the DST run was excessive because the slurry began to form a gel alter it 
was removed from the crystallizer and started to cool. 
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The unwashed crystals were washed as shown schematically in Figure 37. The mass of 
unwashed crystals entering the washing step correspond to the mass coming from the 
filtration step, alter subtracting the amount lost in the intermediary beaker and the amount 
removed as a sample. The beaker loss was small because the solids recovered are 
relatively dry and do not stick to the glass wall of the beaker. The crystals leaving the 
washing step are the product from Stage 1, while the other streams leaving are as 
previously defined. 

Sruge 2. Figure 38 is a schematic diagram for Stage 2 of Run 31. Each process unit 
functioned as described in the discussion of Stage 1, and the methods of closing total 
mass balances also were the same. The results of these analyses are shown in Table 23. 

a 

Table 23. Mass Balances Around Proeess Units of Run 31 (DST Feed Solution). 
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3.3.3 Characterization of Crystal Products 
e 

Polarized Light Microscopy. Samples of crystals removed from the slurry produced in each 
stage were examined using polarized light microscopy (PLM). Images obtained from the 
examinations are given in Figure 39. The major crystals expected from the first stage were 
sodium carbonate monohydrate, sodium nitrate, and sodium nitrite, while trisodium fluoride 
sulfate and sodium oxalate were expected in trace amounts (as predicted by simulation files 
DST2SCC.xls and DST2SCC2.xls). Sodium carbonate monohydrate (rainbow patterns and 
yellowhlue random shapes in Figurcs 39A-D), sodium nitrate (Figure 39A), and sodium nitrite 
(crystals with shadow edges like that superimposed on the sodium carbonate monohydrate in 
Figure 39C) were observed in this stage as expected. Sodium oxalate (yellow needles in 
Figure 39D) was also observed as predicted, but the common six-sided habit of trisodium 
fluoride sulfate was not seen in these images. However, a different shape likely belonging to this 
crystal was noticed as a twinned plate (upper right of Figure 39A). Additional crystals that were 
observed include aluminum hydroxide (low contrast needles and particles in Figure 39D) and 
burkeitc (cluster of small crystals in Figure 39D). 

The major crystals expected from the second stage were sodium nitrite, sodium nitrate and 
sodium carbonate monohydrate, while potassium nitrate and trisodium fluoride sulfate were 
expected in smaller quantities. The three major crystal types were seen during PLM imaging and 
sodium nitrite crystals were clearly distinguished from sodium nitrate from the appearance of 
rainbow patterns at their edges (Figure 39E vs. Figure 39F). Trisodium fluoride sulfate was not 
explicitly seen and potassium nitrate is a crystal that the group is not familiar with. The only 
other crystal type identified from the second stage was sodium oxalate (bludyellow needles in 
Figure 39E). 

@ 
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Sievehalyses. A fraction of crystals obtained at the end of each stage of Run 31 was washed 
with acetone as described in the previous Section and allowed to air dry overnight. A 15- to 20-g 
sample from each stage was sieved as outlined in Section 2.0. Sieve results obtained on crystals 
from both stages are presented as histograms in Figures 40 and 41. 

Figure 40. Crystal Size Distribution of DST Run Stage 1. 
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Figure 41. Crystal Size Distribution of DST Run Stage 2. 
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Stage 2 

Species 
DST 
co2 
H I 0  

a solution was saturated with respect to these two solutes so as to reduce the dissolution ofcrystals 
in the filter cake. This was justified by recognizing that it more closely represented a continuous 
operation. Sodium hydroxide was added to the wash solution for the DST run to maintain 
alkaline conditions during the washing procedure.) 

Input (n) Output (9) Loss (n) 
Washed Spent 

Feed Wash Condensate Solids Filtrate Wash Accum. 
687.9 
17.1 

493.1 86.9 511.6 

Table 24. Overall Mass Balance of DST Feed Run. 

Mixture 
Total 

Combined 

I I 76.9 I 515.0 I 126.5 I 11.7 
1198.1 I 134.7 511.6 I 76.9 I 515.0 I 126.5 I 11.7 91.2 

1332.8 1241.7 91.2 

Na2COl I I 6.6 I I I I I I 
NaNOl I I 21.3 I 

Yo Loss 
Aecounted loss (g) 
?” Corrected Loss 

6.8% 
51.1 

3.0% 
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The results ofthe balances on total mass show that 240.3 g were lost in Stage 1, but that 140.1 g 
could be accounted for using the methods described in Section 2.0. This means that the 
unaccounted for loss was estimated to be 100.2 g; another way of saying this is that the balance 
on total mass was closed to within 2.1%. Addressing Stage 2, there was a loss of91.2 g, of 
which 51.1 g were unaccounted loss; in other words the total mass balance closed to within 
3.0%. 

Samples of each stream were obtained and sent to Galbraith Laboratories for chemical analyses 
(Appendix H). The samples wen: of the feed solution, filtrate. spent wash, unwashed crystals, 
washed crystals, and accumulation. In addition. a sample was taken of the carbonated filtrate 
from Stage 1. which was used as the feed for Stage 2. All samples except for the final crystals 
were sent for analysis in liquid form in order to give a homogeneous sample. Results obtaincd 
from Galbraith were tabulated in a spreadsheet and the mass of each ionic species was calculated 
at each sample point in the process. 

Table 25 gives inputs, outputs, and closures of mass balances around the entire process for each 
species. Details of the stage-wise species mass balances are given in Tables 26 and 27. For 
species analysis it was assumed that the total amount of filtrate from Stage 1 was used as feed for 
Stage 2. In reality, only a portion of the filtrate from Stage 1 was used as the feed for Stage 2, so 
the output streams from Stage 2 were scaled accordingly. It was also assumed that the relative 
amounts ofeach output stream in Stage 2 would remain constant when using the total filtrate - - 
from Stage 1. 

DST Feed Solution Run 31 includcd two carbonation steps and dilution of the filtrate from Stage e 
1. In order to account for the second carbonation step in the overall species balances, the 
following chemical equation was used: 

COz + 2 0 H  9 COT + HzO (3-1) 

The amount ofCO2 added to the solution was scaled to account for the total filtrate from the first 
stage. From the calculated moles of COz added to the solution, the corresponding changes in 
moles (and mass) for the species OH; COF, and € 1 2 0  were estimated based on the above 
equation. The species mass balance for Stage 2 did not use these calculations for the input stream 
since a sample of the carbonated feed was taken directly. 
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Table 25. Species Mass Balances for DST Feed Solution Run 31. 

I Species 

AI’+ 

I Po.= 

SO? 

GO:- t co,” 

14.79E-02 

1 629.03 
86.69 

1.32 

0.09 

261.95 

402.33 

2.16 

3.02 

output (9) 

3.97E-02 

568.59 

75.45 

1.16 

0.20 

211.95 

Closure (%) 

17.2 

9.6 

13.0 

12.1 

-1 17.8 

19.1 

347.28 

1.82 

13.7 

15.8 

2.77 I 8.4 
1.05 1 .ox -3.1 

I I 
233.22 1243.81 I -4.5 

4334.99 I 4106.15 5.3 

156.96 126.10 19.7 
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Recovery 

- 
3.3.5 Comparison to klinimum and Desired Targets 

43.9% 

As described in Section 2.0, Stage 2 was operated using only a fraction of the total filtrate 
produced in Stage 1. In the calculations to evaluate the approach to the process criteria, the mass 
balances shown in Tables 25.26, and 27 were scaled as if all of the filtrate had bccn used in the 
process. This is a standard approach for scaling up or scaling down process flowsheets? 
Specifically, the sodium balance for Stage 2 sodium was scaled according to the amount of 
filtrate from Stage 1 that was used to feed Stage 2. It was also assumed that the sodium collected 
in the accumulation from each stage would be found as crystal mass in an ideal process. Results 
of these calculations are given in Table 28 and show that the sodium recovery was 43.9%, which 
falls short of the minimum target. 

Table 28. Sodium Balance and Recovery for DST Feed Solution Run 31. 

Stream I Unit Value (g) I Totals (g) 

Input I I 514.07 
I 

~~ 

I ~ ~ t a ~ s / ~ t a r e  I I 164.05 I 
I I AccumlStage 1 1.21 I I 

CrystaldStage 2 I 49.50 
AccudStaee 2 5.1 I I 

I OUtDUt I I 225.87 I c I 

The DF relating to cesium activity was calculated from the chemical analyses (performed by 
Galbraith Laboratories) of the washed crystals obtained from Stages 1 and 2 and also from the 
feed solution. Table 29 shows the analytical results for sodium and cesium and the calculated 
decontamination factors expectcd for dissolution of each of the filter cakes and for the combincd 
filter cakes. The calculations were based on the mass of cesium in each stream after dilution to 
5 M sodium. As shown, the value for the combined solids exceeds the minimum requirement of 
7.0 for the DST solution. but is well below the desired requirement of292. It is possible that thc 
DF achieved was affected adverscly by gel formation on the crystals, which could have 
prevented effective washing. 

' R. M. Felder and R. W. Rousseau, Elementary Principles of Chemicalhocesses, 3d Ed., John Wiley & Sons, Inc., 
New York, p. 94. 
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Carbonated Feed 

Stage 1 Crystals 

Table 29. ComDositions of Washed Crvstals from DST Feed Solution Run 31 with 
a 

11.8 I I  

511.90 30.5 2.7 0.044 10.5 

Estimated Activities a n i  Decontamination Faetors. 

Combined Crystals 

I I mass (9) I wt % Na I ppm Cs I CIlL DF 1 

669.09 30.22 3.3 0.054 8.6 

I StageZCrystals I 157.19 1 29.3 I 5.1 I 0.087 5.41 

The sulfate-to-sodium molar ratio in the filtrate streams from Stages 1 and 2 were calculated 
using the relative amounts ofthe two ions in the filtrate streams as determined by Galbraith 
Laboratories. The results given in Table 30 show that the combined filtrates from Run 31 exceed 
both the minimum requirement of 0.01 and the desired target of 0.0022 moles of sulfate ion per 
mole sodium ion. 

Table 30. Compositions of Filtrate Streams from DST Feed Solution Run 31 and 
Associated Sulfate-to-Sodium Molar Ratio. 0 

I Stage I I 21.05 I 0.054 I 0.0006 I 
I Stage2 I 19.37 I 0.040 I 0.0005 I 
I Combined I 20.33 I 0.048 I 0.00056 I 
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4.0 CERTIFICATION RUNS 

The purpose of this Section is to review the key findings from the study and to put them in 
context relative to the phenomena that control fractional crystallization. In doing so, the 
outcomes from the certification runs will be assessed relative to factors that could be altered to 
improve the performance relative to the process criteria. 

4.1 GENERAL OPERATING PROCEDURES 

Crystallization is a process whose success relies on the formation and segregation of a solid 
phase from a solution containing solvent and primary and secondary solutes. The primary solutes 
are those that nucleate and grow as crystals, while the secondary solutes are those that remain in 
solution or contaminate the crystalline product. In the fractional crystallization process explored 
as part of this study, water was the solvent, the primary solutes were sodium species (nitrate, 
sulfate, nitrite, oxalate, etc.), while cesium species were the secondary solutes. 

Fractional crystallization can be broken down into the following five steps, each ofwhich may 
be dependent on thc other four: 

1. Evaporation ofwater and generation of supersaturation. The driving force for 
nucleation and growth of crystals of sodium salts is created when water is 
evaporated, leaving the remaining solution more concentrated in the solutes. In a 
batch operation of the type used in the present study, the rate at which evaporation 
occurs can influence nucleation and growth kinetics of the crystals produced in 
the operation. 

Formation of a crystal product whose mass at equilibrium is determined by the 
fraction of the water that has been evaporated and the temperature of the system. 
In a batch operation, the nucleation kinetics will determine the number of crystals 
ofeach species across which that mass is spread and the growth kinetics will 
determine how long it takes the system to come to equilibrium. The purity ofthe 
generated crystals depends strongly on the kinetics of growth and the solid-liquid 
equilibrium behavior involving the solvent and all the solutes in the system. 

Separation of the crystal mass from the bulk of the solution by filtration or other 
solid-liquid processing. The key product characteristic influencing this step of the 
process is the crystal size distribution, which, as described above, is determined 
by the prevailing nucleation and growth kinetics. In essence, solid-liquid 
separation requires that the mother liquor flow relatively freely, with assistance 
from vacuum or centrifugal force, through the bed ofcrystals. 

* 
2. 

3. 



RPP-RPT-27239 Rev. 0 

4. Washing the mass of recovered crystals to remove entrained liquid. This means 
that solvent and solutes from the mother liquor that are held by the crystals 
through capillary and/or adhesive forces must be displaced or flushed from the 
solids. 

5. Drying and subsequent disposition of the recovered solids 

In the research conducted, the evaporation rates were controlled so as to balance two objectives: 
(I)  to rcduce nucleation rates so that crystals produced were as large as possiblc and (2) to 
minimize run times. As shown in Section 3.0 for each ofthe certification runs, the evaporation 
was run relatively rapidly until crystals were observed in the system. A that point, the 
evaporation was stopped and additional feed solution was added to return the operating level in 
the crystallizer to its initial location and, very importantly, to re-dissolve all crystals that had 
been formed. Without re-dissolution, the characteristics of the crystal population would be 
influenced by the initial rapid evaporation, which is expected to enhance nucleation kinetics. 
Instead, once the level in the crystallizer had been returned to its initial value and initially formed 
crystals re-dissolved, the evaporation was restarted, but this time at a much lower rate than 
initially. The purpose of the slow evaporation was to generate supersaturation slowly, and 
thereby produce larger crystals than would be the case with more rapid generation. 

To illustrate the effect on run time of using the two different evaporation rates, consider the 
operation of Stage 1 on the SST Late Feed Solution as described in Section 3.2. Thc first part of 
the Stage 1 operation lasted 3.7 h with an evaporation rate of 330 glh, while the second part 
lasted 35 h with an evaporation rate of74 glh. The total run time, therefore, was approximately 
39 h. If the entire run had been with the final evaporation rate, the run time would have been 52 
h. Given the diffmlty of maintaining a batch operation for that length of time, accelerating the 
evaporation in a way that nucleation kinetics were unaffected seemed a wise course of action. 

The design of each of the certification runs was based on an operating temperature for each stage 
in the run and a final solids fraction in the sluny from each stage. The solubility of key salts was 
a key factor in selccting the operating temperature; on the other hand, selection of a target for 
solids fraction was based on maintaining good mixing and flow characteristics of thc slurry. Thc 
target solids fraction was generally betwecn 0.3 to 0.4. 

The mass of crystals produced in each stage of a given run, as well as the composition of that 
mass, was estimated from modeling based on the ESP (Environmental Simulation Program) 
software with the MSE (Mixed Solvent Electrolyte) supplement, obtained from OLI Systems, 
Incg, and implemented by COGEMA, Inc. With this model, the amount of water that had to be 
evaporated in order to obtain that crystal mass was determined and used as a guide in operating a 
run. For example, in Stage 1 of the SST Early Feed Solution Run, 3215 g of feed were supplied 
to the semi-batch crystallizer. The simulation that guided the run (SSTISIM.BIN/SSTlSIM.xls) 
stipulated a final solids fraction of 0.4, which led to a condensate-to-feed ratio of 0.332. 
Applying these results to the actual run means that with a feed of 3215 g, 1067 g of condensate 
should be recovered. In the actual operation of Stage 1. only 1057 g of condensate was 

@ 

OLI Systems, MO~T~SIOWII, NJ, htto:Nwww.olisvstems.coml 
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recovered, which means that the expected yield should be slightly lower than projected by the 
simulation. In case it is not apparent, it should be pointed out that thc mass produced from the 
batch crystallizer should correspond to what could be expected from a continuous unit. In other 
words, if the total mass fed to the batch crystallizer were fed to a continuous unit at a specific 
rate, then the production rate of condensate divided by the feed rate should be the same as the 
condensate-to-feed ratio from the batch operation. The solids fraction of the product (or, in casc 
selective removal has been implemented, the value resulting if all product streams are combined) 
would correspond to that in the batch unit. 

Irrespective of the rate of evaporation, the compositions and amounts of the resulting phases are 
fixed if the solid-liquid slurry is allowed to reach equilibrium. However, as already pointed out, 
the nucleation and growth kinetics of each species formed determine the respective crystal size 
distributions and therefore the handling characteristics of the product. Hence the last three steps 
(separation, washing, and drying) are greatly influenced by the kinetics and can vary 
substantially from one run to the next of a batch operation. 

4.2 

There were several assumptions made in handling the data from the Certification Runs that 
should be clear. These are covered here and apply to the results from all the runs. We also 
discuss the effect of washing on decontamination factors, illustrate how species amounts are 
determined from thc chemical analyses done by Galbraith Laboratories, and demonstrate the 
calculations resulting in the determination ofdecontamination factors for both Cs and Cr. 

Assumptions in Analyses of Run Results 

4.2.1 

Encrustations on the walls of the batch crystallizer are thought to result from thc following 
sequence of events: ( I )  slurry from the active volume (well-stirred slurry in the crystallizer) 
splashes onto the crystallizer wall in the free space above the active volume; (2) a large fraction 
of such slurry drains back into the active volume, but some adheres to the wall; (3) the wall is a 
heated surface and liquid is evaporated from the adhering solution, which leaves behind a mass 
ofcrystals that are tightly agglomerated so as to exclude any significant amount of mother liquor. 
This scenario means that the accumulated crystals are contaminated by all of the residual solutes 
left behind as water evaporated. 

Results from Stage 1 of Run 26, which used SST Early Feed Solution, can bc used to illustrate 
the point. The Galbraith analyses of the water-diluted and dissolved accumulation from this 
operation found it to contain 0.28 ppm Cs and 470 ppm Cr. Since the sampled accumulation 
mass of 33.82 g had been diluted and dissolved in 112.08 g of water, the actual accumulated 
solids contained 1.21 ppm Cs and 2,027 ppm Cr, as demonstrated in the following equations: 

Formation and Composition of Accumulated Solids 

0.28 ppm Cs x (33.82 + 112.08) = 1.21 ppm Cs 
33.82 

470 ppm Cr x (33.82 + 112.08) = 2,027 ppm Cr 
33.82 
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On the other hand, the water-diluted and dissolved unwashed crystals recovered by filtration 
from the product slurry from Stage 1 were found to contain 0.08 ppm Cs and 136 ppm Cr. The 
sample of 9.6g of unwashed crystals was dissolved in 93.7 g of water prior to the analyses, which 
means the actual unwashed crystals contained 0.86 ppm Cs and 1,463 ppm Cr. 

The fact that the accumulated solids were richer in contaminants than the crystals produced in 
the crystallizer is evidence that the mass of liquid retained in the accumulated solids was 
relatively small. This is consistent with visual observations during the runs and with the 
experience of collecting solids from the walls of the crystallizer. 

4.2.2 Effect of Washing on Crystal Purity 

As emphasized earlier in this report, the mechanisms by which impurities remain with the 
product crystals fall into two major categories: those that can be removed by crystal washing and 
those that cannot. Those that cannot be removed are retained internal to the crystal structure, 
either through the formation of inclusion or through lattice substitution. Because of their 
location. washing has little impact on their presence in the final crystals. Impurities in mother 
liquor that adheres to the crystals in a filter cake can, theoretically. be removed with an efficient 
washing. 

Significant effort was expended in designing a device that facilitated washing and uniform 
distribution of wash liquor over the collected filter cake. Successful washing in this device 
requires that the wash liquor flow through the filter cake and flush contaminated mother liquor 
from the system; if there are dead zones, resulting from agglomeration or other irregularities in 
the filter cake, the result can be channeling ofthe wash liquid and ineffective washing. 

The results of the washing steps performed in each of the Certification Runs are shown in 
Table 31. Shown are the amounts (mass) of wash solution and unwashed and washed crystals. 
Also shown are the concentrations of two impurities identified in the chemical analyses done by 
Galbraith Laboratories; both Cs and Cr are expected to be significantly below their solubility 
limits in the solutions encountered. Defining a purification ratio as the concentration of an 
impurity in the unwashed crystals divided by the concentration of that impurity in the washed 
crystals, produced values ranging from 1.3 to 6.5 for Cs and 1.3 to 5.8 for Cr, excluding the 
results for Cr that were obtained for the DST feed. The values of the purification ratios for Cs 
and Cr are in reasonable agreement for each run, but surprisingly there was no direct correlation 
of these values with the mass ratio of wash liquid to unwashed crystals. This leads to two 
possibilities: either a significant fraction ofthe impurities were trapped in the internal crystal 
structure and/or the washing was not as effective as hoped. Clearly, this result suggests that morc 
study of the washing process is needed. 

The Cr results that are associated with washing the crystals recovered in the DST run are 
peculiar. It is possible that the DST results were affected by gel formation, which could have 
impacted Cr and Cs in different ways or the observations could have been affected by other 
factors. For example, in Stage 1 the data show more Cr in the washed crystals than in the 
unwashed, which clearly cannot be the case. It could be that this result is a manifestation of 
working with the difference between two small numbers (Le., the precision ofthis analysis is 

@ 
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System 

insufficient) or it could be that the sampled solids were not uniform. A second unusual aspect of 
these results is that the purification factor achieved for Cr in Stage 2 is an order of magnitude 
higher than for any of the other washings. This could have been caused by the same factors 
described for Stagel. 

Unwashed Crystals Wash Washed Crystals 

Stage Mass cs Cr Solution Mass Cs Cr 
(9) (ppm) (%I (g) (SI ( P P 4  (%I 

Table 31. Effects of Washing on Removal of Cs and Cr From Crystals 

SST-EF 1 749.99 0.865 0.147 1069.04 699.47 0.643 0.114 

2 104.92 1.48 0.267 733.77 79.31' 0.547 0.205 

DST 

I SST-LF I I I 239.29 I 0.254 I 0.071 I 534.99 I 202.26 I 0.039 I 0.020 I 
2 159.80 0.540 0.188 299.41 110.40' 0.080 0.032 

1 674.02 10.70 0.003 505.00 511.94 2.84 0.004 

2 85.90 10.2 0.137 134.70 76.94' 5.48 0.007 

4.2.3 Calculations of Species Amounts from Chemical Analyses 

The chemical analyses provided by Galbnith laboratories were essential in completing mass 
balances associated with each Certification Run. Converting from the analytical results to species 
amounts in each of the streams rcquired knowledge of how the samples of the streams were 
handled; in other words, all but the washed crystals were sent to Galbnith as aqueous solutions. 
(This was done to insure that the analyses were performed on a uniform sample of the sample.) 
The mass of water added to each sample sent to Galbnith is given in Appendix C2.0. The 
calculations performed are illustrated in Figure 45, which uses the analyses on the filtrate from 
Stage 1 of the SST Late Feed Certification Run 27 as an example. 
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Figure 45. Calculation of Species Amounts from Chemical Analyses of the Filtrate from 
SST Late Feed Stage 1 

4.2.4 Calculation of Values of DF 

The analytical results obtained from Galbraith were used to estimate the cesium decontamination 
factor (DF) for each stage of each Certification Run. Because chromium is more abundant and is 
expected to behave similarly to Cs, the calculations were extended, where possible, to estimate 
decontamination factors (DFo) based on its behavior. For the SST Late Feed and DST 
Certification Runs, values were calculated based on the product and feed analyses. 
Unfortunately, there was no analysis done for the SST Early Feed, and so decontamination 
factors for the Certification Run were calculated based on the feed recipe given Table 4. The 
calculations are given in Figure 46. Note that the decontamination factors of the final product 
were based on mass-averaged values impurity content from each stage. It is also relevant that 
there was fairly good agreement between the decontamination values for Cs and for Cr. 
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Figure 46. Estimation of Decontamination Factors for SST Early Feed Run 26 

SST Early Feed Solution 

riaAlO,.W,O 
NaOH 
Xa,CO, 
Xa2C20, 
LO, 
%NO, 
XflO2 

Na2S0, 
Xa3PO,.12H~O.0.2SSa0H 

XaC1 
XaF 
Xa2Cr207.2H20 
c s s o ,  
total 

Feed Contamitution 0 FctdContamination 

Crystal Product (Sngc 1) 
Crystal Product (Snge 2) 
Crystal Product (Combined) 

moleR h'a (moleL) Na (gZ) Cs (BZ) Cr (mo1c.L) Cr k.2) 
0.48 0.48 11.04 
1.65 1.65 31.95 
0.58 1.16 26.68 
0.01 0.02 0.46 
0.03 

3.81 3.81 89.01 
0.82 0.82 18.86 
0.14 0.28 6.44 
0.04 

0.13 2.99 
0.08 0.08 1.84 
0.015 0.015 0.34s 
0.04 0.0s 1 .&I 0.08 

0.0035 R~ 0.00239 
8.585 197.455 

121E-05 g Cdg Na 
0.121 ppmCshvt?iNa 

Mxss (8) Cs (ppm) Na (w%) DF Cr(wr%) 
699.47 0.64 28.4 5.36 0.113 
113.66 0.54 272 6.09 0.202 
813.13 0.63 28.2 5.46 0.13 

4.16 

0.02 g Cr!g Xa 

DFCI 
5.29 
2.84 
4.95 

As mentioned above, decontamination factors achieved in SST Late Feed Run 27 and DST Run 
31 were estimated using the compositions ofthe feed streams determined in the Galbraith species 
analysis. A spreadsheet showing how decontamination factors were calculated is given in 
Figure 47. The total feed to the SST Late Feed Run 27 was comprised of an initial 3,443.95 g 
from the mixture provided by CH2M Hill followed by 2,254.42 g of solution synthesized at 
Georgia Tech. Hence, the decontamination factors are based on mass average cesium. sodium, 
and chromium compositions, as shown in the figure. Agreement between DF and DFo is 
excellent for both the SST Late Feed Run 27 and DST Run 31. 

0 
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@ Figure 47. Estimation of Decontamination Factors for SST Late Feed Run 26 and DST 
Run 31 

SST Late Feed Feed1 Feed2 TotalFeed 
Na (wt %) 5.57 5.27 5.45 
cs (ppm) 0.21 0.13 0.18 
cr (PPW 021 777 803.59 
mass (g) 3443.95 2254.42 5698.37 

product 
Stage crystal mass (g) wt% Na ppm Cs DF ppmCr DFc, 

1 202.26 30.9 0.042 24.1 215 21.2 
2 294.79 25.8 0.077 11.0 311 12.2 

total 497.05 27.9 0.063 14.5 272 15.1 

DST Feed 
Na (wt %) 11.80 
cs (PPm) 1 1 .oo 
cr ( P P N  136 

product 
Stage crystal mass (9) wt% Na ppm Cs DF ppmCr DFc, 

1 51 1.90 30.5 2.7 10.5 36 9.8 
2 157.19 29.3 5.1 5.4 65 5.2 

total 669.09 30.2 3.3 8.6 43 8.1 

4.3 

How each certification run was conducted and the details of the outcomes of each were provided 
in Section 3.0. Table 32 summarizes comparisons of the process criteria with expcrimcntally 
determined (actual) values. As shown, essentially all of the actual values exceed those required, 
but fall short of those desired. 

There are two types of criteria to be. met by the process: one type has to do with the exclusion of 
species (Le., Cs) from the crystals produced while the other is related to the fractions of sodium 
and sulfate in the feed solutions that are removed in the crystalline product. In essence, the Cs is 
supposed to go with the filtrates from each stage, while the sodium and sulfate go with the 
crystals. Hence, the cesium requirement is based on crystal purity while the sodium and sulfate 
requirements are based on yield. 

The mechanisms by which Cs could become part of the crystalline product include the formation 
of inclusions through overgrowth of mother liquor by the crystal surface, entrapment of mothcr 
liquor in either the irregularities of individual crystals or in the crystal cake, or lattice 
substitution. Because cesium has such a high solubility in the feed solutions, it is unlikely that it 
would be captured by lattice substitution, which leaves the possibility of inclusions and 
entrapment. 

Comparison of Results to Process Requirements 
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Table 32. Comparison of Required and Desired Outcomes to Experimental Results. ' a  

Inclusions typically are formed when crystal growth occurs at high supersaturations. In the 
certification runs, attempts were made to control the supersaturation at which nucleation and 
growth occurred, but it is highly likely that some inclusions were formed. This is obvious in 
some of the PLM images taken of product crystals. For example, there appear in Figure 34 what 
could be either inclusion in or agglomerates in Images E and G. Should future work identify 
inclusions as a difliculty in batch operations, seeding could be used to do a better job of 
maintaining low supersaturation and good crystal growth. Moreover, it is important to add that 
the operation of a continuous crystallizer would undoubtedly maintain a significantly lower 
system supersaturation, and there should be less possibility of forming inclusions. 
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Entrapment of mother liquor in the irregularities of individual crystals or in the void spaces of 
multi-crystal agglomerates or cakes formed during filtration present problems quite different 
from inclusions. In principle. mother liquor can be flushed from crystal surfaces provided wash 
liquid flows through all void spaces. An excellent example of the effect of washing was provided 
in the experiments described in Appendix I. In that work, crystals produced from SST Early Feed 
Solution were subjected to a series of washing steps and the color of the crystals was used as a 
measure of how well the washing had been performed. The yellowish color of the freshly 
produced crystals, which was attributed to the presence of chromium, was gradually eliminated 
each successive wash until after four washing stages the crystals were white. The washing done 
in this experiment involved mixing the crystals in a saturated wash liquid, so that there was no 
issue of flow through a filter cake, and filtering the resulting sluny. 

It is unlikely that an operation like that described in the preceding paragraph would be possible 
in a full-scale unit, and that is why so much effort went into developing the washing-filtration 
appantus described in detail in Appendix A. The objective of this device was to induce plug 
flow of the wash liquid through the filter cake. In addition, as with all instances of flow through 
packed beds, an objective of the design was to provide uniform distribution of the wash liquid 
across the top of the filter cake. 

There was no evidence of significant agglomeration of crystals during crystallization; both visual 
observations of the vessel contents and PLM images of crystal samples taken from the sluny 
were free of agglomerates. Some agglomeration occurred during washing and filtration, as was 
noted in preparing samples for sieving and in some of the PLM images of sieved crystals. In any 
case, agglomeration does not seem to be a significant dctriment to obtaining the desired crystal 

a 
purity. 

The formation of encrustations on the walls of the crystallizer was an issue in almost all of the 
crystallization runs performed as part of this research. It is related to agglomeration and is likely 
to present a future problem. Note that in reporting mass balances for the certification runs, there 
was a term referred to as "Accumulation" that appeared as an output stream for each stage. That 
term represented the mass of material that remained adhering to the crystallizer at the end of a 
run. It could only be removed by scraping it away from the surfaces to which it adhered, and it 
was not considered in reporting product purity. 

Although substantial effort was made to reduce encrustations during crystallization (e.g.. by 
reducing the evaporation rate and trying to wash the surfaces with feed solution), little success 
resulted. It is thought that part of the problem with encrustations is due to the way heat was 
supplied to the evaporating solution: namely, through the walls of the crystallizer. The salts in 
the system that exhibit reduced solubility at elevated temperature would be more likely to 
crystallize on the walls and there is a tendency to evaporate to dryness any solution that splashed 
onto regions of the wall that are not regularly irrigated. In continuous operations, the enhanced 
heat-transfer coeficients that result from forced circulation should reduce wall temperatures at 
the heat source and thereby reduce the formation of encrustations from both of these possible 
mechanisms. 
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' This problem was due to the fact that the vacuum could not be maintained at the desired value. 
Increasing the vacuum pump capabilities and/or decreasing the temperature in the vapor 
Condenser would mitigate this difficulty and increase the yield. 

The DST feed solutions present special problems in addressing the process criteria. Both purity 
and yield of crystals are greatly impacted by the tendency to form gels. The primary means of 
increasing the cesium decontamination concerns avoiding gelation that occurs during the 
filtration step due to the cooling of the slurry. 

The sodium recovery from the DST Feed Solution was only 43.9 %,which does not meet the 
required target of 50 %. Improvement on this value requires better understanding and utilization 
of carbonation or a similar procedure to address the gelation issues. This should be an interesting 
and useful extension of the work already performed during the first phase of the project. 

4.4 

Table 33 gives a comparison between the predicted and analyzed compositions of the final 
crystals for each certification run. The predicted values were calculated from the corresponding 
simulation file provided by COGEMA, Inc. and the chemical analysis was performed by 
Galbraith Laboratories. Values in italics indicate that the exact chemical composition could not 
be determined due to sensitivity limitations of the analysis equipment. 

Several interesting points arise from Table 33. The first is that the discrepancy in the cesium 
content for the SST Early Feed crystals can be explained by the simulation file. Simulation 
SSTlSIM used an initial cesium concentration of 100 times the actual concentration. Taking this 
into account, the cesium concentrations for the crystals of each stage closely agree with the 
predicted values. The experimental cesium concentrations are still slightly higher than predicted, 
likely from inclusions and/or occlusions. 

A similar point regards the presence of contaminants in the crystal product for the SST Early and 
SST Late Feed runs. Aluminum and chromium, for example, are species not expected to 
crystallize during either operation. Thesc species appear in the final products in greater 
proportions than the sirnulation predicts. This could possibly be improved upon by washing the 
crystals more efficiently or by reducing the evaporation rate to minimize crystal inclusions. 

The final points relate to the DST comparison. Due to the fact that the DST simulation did not 
include final crystal compositions, the simulation values displayed in the table correspond to the 
crystals predicted in the slurry. As seen in the table. several cells contain zeroes. This is because 
the simulation divided the slurry up into solid and liquid streams, so the solid stream does not 
include the mother liquor adhering to the crystal surface. 

Lastly. the actual DST composition is much different than those of the SST Early and SST Late 
Feed runs. One main difference is the water content of the DST products. This likely arises from 
the gelation problems encountered during the filtration steps, which effectively trapped water in 
the product. The second main difference is the amount of carbonate in the crystal product. The 
amount of carbonate is supposed to be much higher than in either the SST Early or SST Late 

COMPARISON OF LAB RESULTS TO FLOWSIIEET PREDICTIONS 

a 
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Feed runs due to the carbonation step, but the surprising point is that the percentage of carbonate 
is higher than that predicted by the simulation file. This is odd because the simulation used here 
carbonated the original feed at a rate of 30 g of CO2 per 1000 g DST, while the experiment only 
used 26 g of CO2 per 1000 g DST feed. While the relative amounts of carbonate and water were 
higher than predicted, the amounts of nitrite and nitrate were significantly less than in thc 
simulation file. 

Tables 34,35, and 36 present comparisons of mass balances for each Certification Run and the 
corresponding simulation file. The values recorded for the experimental unwashed crystals and 
final crystals are of the wet crystals; therefore the simulation values used are also of the wet 
products. Each solids fraction was calculated using the unwashed crystal mass and thc slurry 
mass. 

Table 34. Mass Balance Comparisons between Experimental Results and Simulation 
Predictions for SST Early Feed Run 26 

Temperature ("C) 
Feed (9) 
Condensate (g) 
Accumulation (g) 
Slurry (g) 
Slurry Solids Fraction 
Filtrate (9) 
Unwashed Crystals (g) 
Wash Solution (g) 
Final Crystals (g) 

Experime 
Stage 1 

40 
3214.8 
1056.8 

56.3 
1862.0 
0.403 

1080.2 
750.0 

1069.0 
699.5 

al Results 
Stage 2 

52 
I 102.9 
496.9 

35.9 
535.5 
0.196 
414.1 
104.9 
733.8 
79.3 

Simulation 
Stage 1 

40 
3214.8 
1068.5 

0 
2146.6 
0.501 

1071.7 
1074.9 
1074.9 
1054.7 

iT1SliWxls 
Stage 2 

40 
1102.9 
491.8 

0 
611.1 
0.270 
446.3 
165.0 
190.8 
79.6 

The slurry mass displayed for the first stage of the SST Early Feed Run does not include the 
estimated 200 g that was lost due to the spill described elsewhere. The solids fraction was 
calculated using the remaining slurry mass and the unwashed crystal mass that was gathered 
following the filtration step. There is discrepancy of over 30% between the final crystal mass 
predicted and that experimentally determined. The difference can be explained by a combination 
of factors: ( I )  the slurry spill, which led to a significant loss in unwashed solids mass, (2) the 
amount of wash solution used, which was greater than the mass of unwashed solids recovered, 
and led to significant crystal dissolution, and (3) the loss of unwashed crystals due to the solids 
accumulated on the walls of the crystallizer and referred to in the table as accumulation. 

Stage 2 of the SST Early Feed Run produced 35 % less unwashed crystals than predicted by the 
simulation. This can be explained by the difference in operating temperature for the second stage 
(52 "C instead of 40 "C). This temperature difference increased the solubility of sodium nitrate 
and other solutes in the crystallizer. Although the unwashed crystal mass was bclow the 
predicted value, the mass of final crystals was nearly identical to the simulation value. The wash 
solution used was saturated in the primary solutes to minimize crystal dissolution. 
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The results for the SST Late Feed Run 27 shown in Table 35 show that the experimental 
condensate-to-feed ratio for Stage 1 was identical to the simulation target. The mass of final 
crystals obtained from the first stage was the same as that predicted. This is directly related to the 
small amount ofaccumulation obtained for the first stage. The washing step for this stage led to 
partial crystal dissolution, which may indicate that the wash solution used was slightly under- 
saturated. 

The second stage of Run 27 produced less product crystals than predicted. It should be noted, 
however, that the mass of wash solution was nearly twice the mass of unwashed solids. It is 
probable that this excess led to partial crystal dissolution. Another difference between the 
simulation and the experiment was the ratio of filtrate to unwashed crystals. The experimental 
results show that over half of the slurry mass was collected as unwashed crystals following the 
filtration process. This may partially be explained by the lower temperature during the 
experiment. The other major difference for the second stage was the 160 g ofaccumulation that 
formed during the run. 

Table 35. Mass Balance Comparisons between Experimental Results and Simulation 
Predictions for SST Late Feed Run 27 

a 
Slurry Solids Fraction 

In the DST results shown in Table 36, the condensate-to-feed ratio for the first stage of the 
experiment was 0.467, in comparison to the target of 0.487 given by the simulation file. This is 
because it was necessary to stop this run early to avoid gel formation. 

It is difficult to compare the experimental outcomes for each stage with simulation predictions 
because of the absence of simulation values. Another difficulty arises due to the use of amounts 
of COz used for carbonation that were slightly different from those of the simulation. With these 
caveats, it can be seen that there is good agreement of the experimental values of the slurry, 
filtrate and unwashed solids masses with the corresponding predicted values. The mass of 
unwashed crystals produced in the first stage is lower than the predicted value because the target 
condensate-to-feed ratio was not achieved. 

100 



RPP-RPT-27239 Rev. 0 

Table 36. Mass Balance Comparisons between Experimental Results and Simulation 
Predictions for DST Run 31 e 

Condensate (9) 2006.5 511.6 
Accumulation (g) 32.3 11.7 
Sluny (g) 2210.5 660.1 
Slurry Solids Fraction 0.305 0.130 
Filtrate (g) 1405.3 515.0 
Unwashed Crystals (9) 674.0 86.0 
Wash Solution (g) 505.0 134.7 
Final Crystals (g) 511.9 76.9 

Simulation 
DST2SCCZ.xls 

4290.2 1198.1 
2090.5 

2199.7 587.9 
0.375 

1373.7 
826.0 
NIA 
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4.5 TRANSLATING THE OUTCOhIES IN SUPPORT OF FHASE 11 

The results obtained in performing the Certification Runs described in Section 3.0 and in the 
supporting activities leading up to those runs provide guidance on important activities that 
should be performed in support of future research on FC from the Henford wastes covered by 
this study. The purpose is to support the development of process flowshcets and the design of an 
operation that can be used to accelerate the treatment ofHanford waste. 

As shown in Table 32. the required outcomes related to the purity of the crystals (Le., the Cs 
decontamination factor) and sodium recovery were achieved in all but the certification run on 
DST Feed Solution. However, none of the desired outcomes for these criteria were satisfied. 
The required outcome involving sulfate-to-sodium ratio was satisfied in all runs, and the desired 
value was achieved or nearly achieved in all but the run involving SST Late Feed Solution. 
These results are quite promising, and it is believed that with further work on the crystallization 
protocols, FC can come significantly closer to or perhaps achieve the desired outcomes. 
Accordingly. the Georgia Tech team recommends that one of its avenues of additional research 
in Phase I1 address factors that would contribute to meeting the desired outcomes. 

Increasing the cesium decontamination factor requires crystal washing and reducing inclusions in 
product crystals through better control of crystal growth. The two avenues to be investigated 
include control of evaporation rate and seeding. Figures 19,27, and 36 show evaporation rates 
that were used in both stages of the certification runs on the three feed solutions. In all cases the 
evaporation rates were constant. The run times were determined by evaporating water from the 
feed solution until the specified condensate-to-feed ratio was attained. Even though this resulted 
in lengthy run times, we propose extending them even further; i.e. using even lower evaporation 
rates. By extending the run times, the quality of crystal growth should improve and the 
probability of inclusions forming should be minimized. 

The introduction of seed crystals to a batch run is often done to control nucleation rates. In 
essence, seed crystals grow and reduce supersaturation as it is generated, which often can 
eliminate excessive nucleation. By limiting nucleation rates. the resulting distribution of crystal 
sizes is easier to wash and the formation of inclusions is reduced. Implementation of this strategy 
in fractional crystallization is complicated by the formation ofcrystals of several species. In 
other words, rather than seeding with a single species, it may be necessary to seed with all 
species. We propose to explore such strategies by careful analysis ofproduct crystals from 
fractional crystallization to try to determine if crystals of specific species contribute more 
significantly to impurity capture by inclusions, and if so, to develop seeding strategies involving 
those species. If all species contribute to inclusion formation, attention will be on seeding with a 
crystal population involving all species. 

As described earlier, poor washing of impurities external to the crystal contributes to the 
contamination of crystal products, and the size distribution is the single most important 
characteristic of the crystal product determining washing effectiveness. Variables such as 
evaporation rate and the use of seeding that were described above also affect crystal size 
distribution. However, predicting their actual impact on size distribution is again complicated by 
the fact that several crystal species are produced in FC. 

e 
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Each species is characterized by a crystal size distribution determined by species-specific 
nucleation and growth kinetics and flow characteristics in the crystallization system that are 
species-independent. For example, in the first stage of a process to which SST Early Feed is 
introduced, crystals of sodium carbonate monohydrate, burkeite, sodium nitrate, and other 
sodium salts are produced and exhibit unique crystal size distributions. It is also anticipated that 
implementation of fines- and course-removal functions can be used to tailor the overall crystal 
size distribution to one that results in a mixture ofcrystals that can be easily separated from the 
residual mother liquor. 

Considerable effort has gone into developing models for batch, semi-batch, and continuous 
crystallizers that have the removal functions imposed by classified-fines or coarse-product 
removal systems, but none ofthe work with which we are familiar has addressed systems 
involving multiple solutes. Quantitative analysis, leading to rational scale up requires that such 
models be developed and tested on the systems of relevance. We recommend continuation of 
work that would facilitate such model development and testing. 

We believe that doing so would contribute greatly to the improvement of protocols being used in 
our research and provide great insight in the design and operation of a scaled up, continuous 
operation. In fact, it could provide the direct link among Phase I, Phase 11, pilot studies, and full- 
scale operations. Given the nucleation kinetics and the solubilities of the key species being 
crystallized, the problems can be formulated as follows for the batch and continuous systems: 

1. As water is evaporated at a specific rate and feed is introduced to maintain a 
constant level in the batch crystallizer. what is the progression of the crystal size 
distribution as different species come out of solution with increasing amounts of 
water being evaporated? 

Given a steady-state continuous operation where the solids fraction in the product 
and the operating temperature are specified, what is the crystal size distribution 
produced? If various removal functions are implemented, what is the impact on 
crystal size distribution and the fates of individual species? 

a 
2. 

Despite the qualitative rclationships described from work in Phase I, additional effort is needed 
to relate the effect of supersaturation on nucleation and growth kinetics of individual species. To 
do this precisely would take much greater effort than can be accommodated in the project 
schedule, but further refinement of the present knowledge is essential. 

Sodium recovery is the second process objective that needs work. As pointed out earlier in this 
section, sodium recovery is tied directly to the fraction of water that is evaporated. In the batch 
and semi-batch operations, this means that higher yield requires increasing the solids content of 
the product slurry. This should be possible in the second stage of the batch operations, but 
further experimentation will be needed to confirm that prospect. 

There are additional operational issues that should also be investigated. One ofthcse is the 
formation of encrustations on the crystallizer walls. As mentioned earlier. this is likely to be a 
problem in Phase 11. and in scale-up, unless means of minimizing or eliminating it are developed. a 
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l e It may be that simply reducing the evaporation rate still further, as will be explored for other 
reasons, will mitigate the problem. 

It should be pointed out that the difliculties encountered with the formation of encrustations on 
the walls of the crystallizer during batch operation made it necessary to switch to semibatch 
operation. The level of the slurry was maintained constant during a run and problems with 
encrustations were reduced substantially. However. semibatch operation required the continual 
addition of feed and meant that as much as 5 L of solution was fed to the Stage 1 crystallizer. 
Clearly this exceeds the amount of actual waste solutions that are available for Phase 11 hot-cell 
work. One possible way around this problem is to scale down the operation further; in other 
words, using a smaller vessel instead of the 1-L Stage 1 crystallizer. An additional run was 
performed to evaluate the feasibility of obtaining useful data on such a scaled-down system. The 
300 ml vessel previously used as the Stage 2 crystallizer, was uscd as the Stage 1 crystallizer and 
a new 100 ml vessel was obtained for Stage 2. The run was performed on SST Early Feed 
solution to (1) demonstrate operating characteristics that are similar to those described in Section 
3.1, and (2) produce product crystals with physical characteristics similar to those obtained when 
using larger vessels. Results of the scaled-down sample testing are contained in Appendix J. 

To obtain the required yield of sodium from DST solutions, the concentration of aluminum ions 
is increased during evaporation to levels that have been shown to lead to gel formation. This 
problem was recognized prior to the initiation of Phase I, and led to the treatment of DST 
solutions with carbon dioxide, which had adjustment of the hydroxide ion concentration in 
solution as its objective. With this trcatment, solubility limits ofgibbsite, AI(OH)>, and sodium 
aluminate, NaA102, could be adjusted and problems of gel formation mitigated. The promise of 
this step was verified in Phase I, but relatively little is known about the robustness ofthe 
operation and about means of recovery when gel limits have been exceeded and a gel has formcd 
in the system. 

Before proceeding with Phase 11 (radioactive) testing of DST waste, it is recommended that more 
effort be applied in simulant tcsting to map the variables that: 

I) 

a. Enhance sodium yield; 

b. 

c. 

Minimize problems with gel formation; 

Quantify the relationship between the rates of addition and total amount ofcarbon 
dioxide added to the solution and sodium yield and gel formation; and, 

Identify means to redissolve gel formed during either carbonation or evaporation. d. 
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APPENDIX A 
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Figure AI. Illustration of the Custom Designed Washing-Filtration Apparatus as per 
Chemglass Drawing. ~ e 

I Manual input of 
wash snliilinn 

Upper Part 

0-Ring and Clamp 

Lower Part 
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Figure A2. Detailed Components of the Filtration and Washing Apparatus. 
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Table Al.  Itemized List of FiltrationlWashington Apparatus Components According to 
Figure 2. 

Item I DescriDtion 1 Provider 
1 I Funnel I GATcch 

I I 

Jacketed Duchner Funnel, 9Omm Diameter 
Pcrfontcd Plate. 0-IZmm Chcm-Vac Valve 
on top. l Oomm ID Schott Flat Flmge on Ihe 
bottom l h m  OD Hose Conneetion@O" 
located between Ihe Jacket and Flange per 
Chemglm Draaing 

* Chemglass 

3 tnain Chemglass Clamp for DuranSI reaction PER Quote# JS- .""." I 

4 I O-rine. Viton@. IOomm Flanee 

Jacketed Buchncr Funnel, 9Omm Diameter I Medium Frit, IOomm ID Schott Flat O-ring 

- I a m g l a s s  Flange on the top, IOmm OD llore 
5 1  ConneetionE9O0 located between the Jacket 

and FIangc,%4" OD Lower Drain, per I Chcmglass Drawing 

6 

I VWR Heating bath 131 programmable I157P VWR 

8 Ileatins? fluid LX 200 5 cs Ashland GA 

Tygon Tubing, In" OD x 318 ID, loft GA Tech 

9 I Vacuum Filtration flask, 1000 mL I GATcch 
10 1 Vacuum Iubing. 5/16" ID I Fisher 
11 I Dry pressudvacuum pump, Welch 1 Fisher 

Cataloe No. 

SpeciaVGT-0507- 
OllJS 

CG-141-02 

CG-147-21 

SpeciaVGT-0507- 
0121s 

1327 1-1 06 

3311089600 

14-17SD 
01-051-1c 

Notes 

Special design 

Special design 
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8 
9 

11 
10 

Table A2. Itemized List of Crystallizer Components According to Figure A3. 

Thermocouple, Hastalloy G276. Type Chemglass CG-3498-302 
T.I18'.12'kJlw 
Thermocouple Adapter. 24/40,1/8* Chemglass CG-1042-E-01 
Analog Temperature ContmlierlDisplay Omega CNi3253 

Stirrer ShaR, 555 mm Chemglass CG-2075-8-03 
Stirrer motor, IKA Model RW 16 Fisher 14-260-31 

12 Stirrer Bearing, Chemvac', Tenor@, Chemglass CG-2077-G-01 
24/40,10mm 

1 3 ~  C h e m g I a s s CG-2091-02 Agitator. TFE. 10 mm Stir ShaR. 4 
Blades, 45'. 75 mm Diameter 

13b 

14 

Agitator, TFE. 10 mm Stir ShaR. 4 Chemglass CG-2091-01 
Blades, 45'. 50 mm Diameter 
Heating fluid DC 200 5 cs Ashland. GA 3311089600 ~_____ 

15 

16 

17 

18 

19 

ustom 
Thread sealed In between lhe Jts.. I Chemglass I GT4505062JS I designed I 

1 2 5  I supplied complete wilh W 2 8  Tefzel 

~ 

W R  Heating bath 131 programmable W R  13271 -106 
1157P 
Offset Adapter, 24/40 joint size Chemglass CG-1033-01 

250 mL Graduated separatofy funnel, Chemglass CG-1734-03 

Adapter, Distiilation. 75'. 24/40 Chemglass CG-I 010-01 

Reflux Condenser. 175mm Coil Lenglh. Chemglass CG-I 21 3-L-21 
3 A l A n  

2mm Teflon stopcock, 24/40 bin1 size 

20 

21 

22 

A-6 

Inlet adapter. straight, 24/20 joint. hose Chemglass CG-1062-01 
connection 
TYGON Vacuum Tubing, 3/8"ID x 
1/6*0D 
Adapter, 24/40 Outer Jt. to 24/40 Outer 
Jt. with a %--28 Thread sealed In 
between the Jts.. supplied complete wilh 
W 2 8  Tefzel Union 

Cole-Parmer EW-06413-30 

Custom Chemglass GT-0505-061 JS designed 

23 

24 

Inner adapter. 24/40 Inner Joint. 86mm Chemglass CG-1012-01 
Height 

Nalgen 980 Braided Clear PVC Tubing, Fisher 14-1 69-1 OA 
114' ID 
Inlet Adapter. Top Hose Conneciion. 
Lower 24/40 Inner Jt. wilh a X-28 - ~. 

26 
27 

Union I I I 
Teflon Tubing. .062' ID x .125'OD, 10 R. I Chemglass 1 CG-1164-02 
Flat Bonom Flask, 24/40, 1000 mL I Chemglass I CG-1500-07 
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Item 
28 

2ga 

29b 
30 

Description Provider Catalog No. Notes 
Balance PB1502-S. MetUer Toledo WVR 11274-918 

Omega PX30505OAI Pressure Transducer, 0-50 psia, 
Current Output) 

Process Meter and Controller Omega DP25B-E 
Snubber Swagelok SS-4-SA-EA 

31 

32a 
32b 
33 

Swagelok ss-42s4 Stainless I-Piece Ball Valve, 1/4 In. 
Tube Fitting 

Regulating Valve for Welch Pump Fisher NC9186594 
PTFE Tubing.118' ID x 114' OD Cole-Parrner EW-0660113 

Two-stage Welch Vacuum Pump Fisher 01-129-4 - 

34 

35 

36 

A-7 

316/316L Seamless Stainless Steel Swagelok SS-T4-S-O35 

Teflon Coated Cable, 10 ft Omega TECTIO-11 
Tubing 

RS-232 Serial Port PCI-COM232/4-9 Measurement 
Camautina 

37 

3a 

Measurement PMD-1208FS 
Computing USB Based Data Acquisition Module 

LabView software on a PC 
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APPENDIX B 

OPTICAL SETUP AND ILLUllllNATION ADJUSTMENT FOR THE PLllI 
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B1.0 OPTICAL SETUP AND IIALURIINATION ADJUSTMENT FOR THE PLM 

This procedure is supplementary to the description of the use of the PLM given in Section 2.0. 

1. 

2. 

3. 

4. 

5.  

6. e 
7. 

8. 

9. 

IO. 

Turn on the illuminator and place the slide on the microscope stage (1 1) and fix it with 
the clamp. Slide out the analyzer (16) and compensator (21 placed in 14) plates from the 
light path then rotate the 1OX objectives into position for focus. 

Move the substage condenser up to its top position using the substage focusing control 
(7). Check to make sure that both the field iris (34 and the aperture iris (3b) are fully 
open. 

Focus down on the specimen slide (9) without bombing the objective into the slide until 
details can be seen in the eyepiece (18). Adjust the light brightness using the intensity 
control knob (6). 

Adjust thc distance between the two binocular eyepieces (18a and 18b) to fit the 
observer’s eyes. 

Fine focus (9b) to get n sharp image in the right eyepiece (18b) using your right eye. 

Using your left eye, adjust the diopter adjustment collar on the left eyepiece (l8a) (not 
the fine focus) to get the sharpest image. 

Now turn the field iris adjustment ring ( 3 4  until the field iris is seen. 

Raise or lower the substage condenser (7) to focus the field iris sharp in the plane of the 
specimen. Then open out the field iris until it is just outside the field of view. 

Remove one of the eyepieces (18) and reduce the intensity of the disc of light coming 
from the back of objective to about 75% using the aperture iris (3b). 

Similar adjustments should be repeatcd for each objective. 

All numbers in parenthesis correspond to element numbers appearing in Figure 14. 
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B2.0 PLM OBJECTIVE CENTERING PROCEDURE 

This procedure is supplementary to the description of the use of the PLM given in Section 2.0. 

The objectives should be precisely seated in the optical axis. If it is even lightly off the axis the 
specimen image will stray from the center of view upon rotation of the stage. If this happens then 
the objective needs centering using two hexagon keys supplied with microscope as follows: 

1. Remove the analyzer and compensator plates from the light path and swing in the 1OX 
objective which is mounted in the non-centerable opening. All other objectives are 
mounted in floating centerable nosepiece holes. 

Focus down on the specimen and memorize the pinpoint appearing on the eyepiece cross- 
line center (18b). 

Turn the nosepiece (13) and bring the higher power objective to position and focus then 
see if the memorized specimen pinpoint is located at the CMSS mark. If not. insert the two 
centering screws into the key holes on the nosepiece ring above the objective and turn to 
move the pinpoint to the cross point. 

Repeat the same procedure for the remaining objectives. 

2. 

3. 

4. 

All numbers in parenthesis correspond to element numbers appearing in Figurc 14. 
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B3.0 OBJECTIVE SCALE CAIJBRATION 

This procedure is supplementary to the description of the use of the PLM given in Section 2.0. 

1. Turn on the illuminator and place the standard micrometer slide on the stage (1 1). Slide 
out the analyzer (16) and rotate desired objective, e.g., lox, into position for focus. Turn 
on the Digital camera and start the Image-Pro Plus soflware and the live preview. 

Focus down on the micrometer slide (9) and adjust the light intensity (6) until the 
graduated micro-ruler appears clearly on the live preview. Record the image of the micro- 
ruler by pressing “Snap.” 

On the Image-Pro Plus main menu, select Measure + Calibration -. Spatial sequence 
where the Spatial Calibration window is displays. This window is linked to the active 
image of interest. Press “New” to create a new set ofcalibration value or to edit current 
ones. Edit the name to desired Objective power value, e.g., IOX; and then select the 
desired unit from the Unit list, preferably microns. This will be the unit ofmeasurement 
that will appear on the graphs. On the “PixelsRlnit” group box press the “Image” button, 
where a scaling dialog box opens, and draw a straight horizontal line on the recorded 
micro-slide reference image between two grids of known length, e.g., 25 pm. Then write 
this value in the scaling dialog box and press OK to close the box and return the Spatial 
Calibration menu. Keep other values un-changed and press OK. 

Repeat steps 1-3 for all other objectives to calibrate them. 

All numbers in parenthesis correspond to element numbers appearing in Figure 14. 

2. 

3. 

4. a 
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APPENDIX C 

CONDENSATE-TO-FEED RATIO, IDENTIFICATION AND DILUTION OF SAblPLES 
FOR THE CERTIFICATION RUNS, TEMPERATURE AND PRESSURE PROFILES 

FORTIIE CERTIFICATION RUNS 
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C1.0 CONDENSATE-TO-FEED RATIO 

Each certification run followed the corresponding simulation file provided by COGEMA, Inc. 
(shown in parenthesis in the table) and the endpoint for the operation of each stage was 
determined by the amount of condensate collected. Table C1 gives the target condensate-to-feed 
ratios along with the actual experimental results. Since the laboratory experiments involved 
adding dilution water to the filtrate from the first stage, the target ratios had to be adjusted for the 
second stage of each run. The feed to the second stage of each run was a portion of the diluted 
filtrate from the first stage. An example of the adjusted target ratio calculations is given for the 
SST Early Feed Solution Run 26. 

Example calculation of the revised condensate-to-feed ratio for the SST Early Feed Solution 
certification run: 

(Filtrafex OldRatio + Dilutionll'afer) 
(Filtrate + Dilution Water) 

AdjustedRatio = 

= 0.446 
(1080.25 x 0.1 83 +500.33) 

(1080.25 +500.33) 
AdjiisfedRatio = 

c-2 
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0 C2.0 
CERTIFICATION RUNS 
The following tables give the sampling information necessary to accurately calculate the species 
balances. Each table identifies the samples taken and gives the amounts of pure sample and water 
added to each sample container. As shown in the tables, the only samples sent in solid form were 
the final crystals from each stage. 

Early Feed 

IDENTIFICATION AND DILUTION OF SAMPLES FORTIIE 

Early Feed S 

0 

Late Feed 

Late Feed St 

‘ e  
C-4 
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Code Name Pure samplc Water added Total mss 
DST.5-STI-I filmre 32.88 23.59 56.41 
DSTSSTI-2 spent wash 103.45 19.64 123.09 
DST5-STI-3 final crystals 15.22 0 15.22 
DST.5-STI-I accumulalion 8.4 1 93.69 102.1 

State 
L 
L 
S 
L 

DSTS-STI-6 I carbonated feed I 67.07 

c-5 

0 I 67.07 I L 
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APPENDIX D 

SST EARLY FEED SPILL 
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D1.O DETAILS ON THE SPILL IN TIlE SST EARLY FEED SOLUTION 
CERTIFICATION RUN 26 

Closure of the mass balances on the SST Early Feed Solution Certification Run 26 was 
considered an important component of the analysis of that run. Since there was a slurry spill 
during the run, considerable effort went into estimating the quantity and characteristics of the 
lost material. Here is a summary of how that estimation was performed. 

The slurry loss can be estimated in two ways: 1) by a rough estimate of the volume lost, and 
2) from the detailed mass balance. 

1. Volume Lost 

The volume processed during the filtration step corresponded roughly to 1200 mL (750 
mL for the new filtration-washing apparatus and 450 mL for the other medium frit filter). 
In order to estimate the mass of slurry lost from the spill, the simulation file SSTISIM.xls 
was used to approximate the slurry density. The simulation file predicts a slurry density 
of 1.67 for the first stage. The actual slurry density is expected to be lower than that 
predicted by the simulation file due to the fact that the achieved condensate-to-feed ratio 
was slightly below the target value. 

The volume that was lost during filtration corresponded to almost 113 of the volume scnt 
to the medium frit filter, which would be 150 mL. This corresponds to a mass of 250 g. 
Since the actual density should be less than 1.67, the mass ofsluny lost by first 
approximation is expected to bc between 200 and 250 g. 

2. Detailed Mass Balance 

The total input to the evaporative crystallizer is 3214.81 g. 

The total output from the evaporative crystallizer, including condensate, accumulation, 
vessel loss, and recovered slurry is 3000.4 g. 

Therefore, there is a loss of 214.41 g in transporting material from the evaporation step to 
the filtration step. Because the vessel loss was estimated to be 25.23 and this value has 
been as high as 35 g, the mass lost in the spill was estimated to be 200 g. 

The stirrer in the crystallizer was left on during drainage of the slurry to assist in maintaining its 
flow characteristics. Moreover, the heating jacket maintained the temperature constant during 
this process so as avoid cooling and further crystallization. For these reasons, the slurry in the 
vessel and in the 600-mL beaker into which the slurry flowed was homogenous. As the filtration 
step was completed rapidly, the suspended solids had no opportunity to settle and, therefore, the 
material spilled was assumed to have the same composition as the slurry that was filtered. 

D-2 





RPP-RPT-27239 Rev. 0 

APPENDIX E 

DST CARBONATION 
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Exoerimental Program 

As described in Section 1.0, carbonation (the reaction ofCOz with hydroxyl ions) is expected to 
minimize the possibility of gel formation during evaporation of DST solutions. It was also shown 
in Section 1.0 that to achieve the specified sodium recovery, carbonation may have to occur in 
stages. Early experiments in the prcsent work gave indications that the gel formed at low pH 
could be re-dissolved by addition of sodium hydroxide. Hence, the effects of surpassing the 
desired level of carbonation may be reversed by simply adding sodium hydroxide. Such a 
possibility could have great utility should gel ever be formed in the processing of waste 
solutions. Clearly, the kinetics of carbonation and gel formation are complex phenomena that 
necd rationalization so that operating variables such as the total amount and the rate of COz 
addition can be related to the onset of gel formation. 

The first Carbonation experiment was to obtain a general idea of operating issues likely to be 
encountered with the process. It was carried out in a simple beaker by bubbling COz through a 
DST Feed Solution that had been provided by CH2M HILL. The COz entered the solution 
through a piece of perforated tubing immersed in the beaker. The experiment was conducted at 
ambient temperature and open atmosphere. Mixing was by a magnetic stirrer and the COz flow 
rate was very slow (bubble by bubble). The slow carbonation rate ensured that the total amount 
of COz introduced was used in carbonation since the bubbles were found to disappear before 
reaching the surface. No solid precipitate was observed during this expcriment; but a 
discontinuous gel phase formed at the surface after 215 minutes of carbonation. The droplets of 
gel grew from the center of the beaker and expanded until they covered the entire surface of the 
liquid, building an impermeable gel layer. The gel then expanded downward from this layer, 
until it reached the bottom of the beaker. 

The following figure shows how the pH and temperature of the solution changed with timc near 
the end of the experiment. The figure is divided into two parts, the first of which is associated 
with carbonation and the second with gel formation. The primary phase ended after 215 minutes: 
Le., when the first gel appeared. The decrease in pH with time was nearly linear until gel 
formation; after that point, there was a much more rapid decrease in pH. The addition of COz and 
concomitant gel formation was continued for 10 minutes before proceeding to the addition of 
1 M NaOH solution. Addition of the NaOH solution caused the gel to dissolve. 
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Figure El. Carbonation of DST Feed Solution in an Open Beaker. 
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A schematic diamam of the aooaratus used e 
I .. 

for more refined carbonation experiment is 
shown in the following figure. The C02 
necessary for the reaction is provided by a gas 
cylinder and the flow is measured with a 
bubble flow meter. A three-way valve is used 
to allow the flow to be switched between the 
sealed crystallization vessel and the bubble 
flow meter. The pH and temperature are 
measured inside the vessel and the outflow of 
gas is measured using a switching valve 
connected to the bubble flow meter. The 
mixing conditions have also been improved 
by adding a mechanical impeller, This 
agitation is intended to improve the 
distribution of C02  by breaking the bubbles, 
thereby leading to greater interfacial area 
between the two phases. 

Figure E-2. Schematic of the Carbonation 
Apparatus. 

The first run using the appantus had an input flow rate of 54.2 mL /min (determined from the 
average of 15 flow measurements). This flow rate was verified by comparing the input and 
output flows of the empty vessel with the bubble flow meter. The input and output flows agreed 
within 0.2 %. The following figure shows how pH and temperature evolved during the run. The 
first gel appeared after 180 minutes ofcarbonation. After this point, the temperature remained 

0 
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a Addition of CO2 was stopped when a gel formed; at that point the pII in the system was 
approximately 12.6. This was followed by the slow addition with mixing of 5M NaOFI to the 
heterogeneous mixture. The gel was completely dissolved after addition of 60 mL of the NaOH 
solution; at the point the pII was approximately the same as that in the system when the gel had 
originally formed. 

Figure E4. Evolution of pH and Temperature at a C02 Flow Rate of 200 mL/min 
Carbonation Rate. 
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Carbonation of DST Feed Solutions 

In preparation for the experiments on DST Feed Solution, eight bottles of simulant were 
prepared and their contents were subjected to carbonation. The apparatus and procedures 
followed were described in Section 2.0. Details for each of the eight carbonation runs are shown 
in Table El. 
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Table El. Results from the Eight Carbonation Runs. 

' Final Mass ofSolution - Initial Mass of Solution 

Estimated From Volumetric Flow Rate and Ideal Gas Law 

Bottles 1 through 3 were mixtures of solutions provided by CH2M HILL and prepared at 
Georgia Tech, Bottles 4 through 6 were solutions prepared at Georgia Tech, and Bottles 7 and 8 
were solutions provided by CH2M HILL. The table shows the initial weight of DST in each 
bottle, the mass of CO2 addcd, the run time, the approximate volumetric flow rate of COz to the 
solution bcing carbonated, the amount of COz fed to the system per 1000 g of solution, and the 
amount of COz absorbed per 1000 g of solution. COz is added to the system by a reaction with 
free hydroxide ions, as shown below: 

C 0 2 + 2 O H  + COj*-+HrO (E-1) 

The amount of CO2 added for each run was determined by simply taking the weight of DST 
bcforc and after the carbonation process. 

The first two bottles of carbonated DST were used in batch trial runs. The third bottle of DST 
was carbonated with a ratio ofabout 30 g CO2 per 1000 g DST simulant, resulting in the 
formation o f a  white precipitate after the resulting solution was allowed to equilibrate overnight. 
The pH at the end of this run reached 12.56, by far the lowest value observed during any of the 
runs. This bottle was filtered in order to separate and study the precipitate. Separation of this 
precipitate was difiicult, as it tended to plug the filter. The solid product obtained from filtration 
resembled a paste and after oven drying it hardened into a substance thought to be gibbsite 
(AI$OH)3). The basis for this asscrtion is that carbonation shifts the DST composition on the 
[AI '1 vs. [OH1 phase diagram toward the gibbsite region. PLM images shown below confirmed 
the substance to be agglomerated gibbsite crystals. 

As shown in Table El. the COz absorbed and reacted in each ofthe bottles of feed solution 
diKered. For example, 29.7 g COZ per 1000 g of feed solution were absorbed in carbonating the 
solution in Bottle 3. This is despite the fact that an estimated 45.4 g ofC02 per 1000 g of feed 
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APPENDIX F 

SEEDING 
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The addition ofseed crystals is a well-accepted procedure for controlling nucleation and the 
resulting crystal size distribution produced in batch crystallization; on the other hand, seeding is 
unnecessary, except in special circumstances, when the operation is of a continuous nature. It is 
thought that burkeite is the most suitable candidate for seeding for the following reasons: (I)  it is 
one of the major species and it grows relatively slowly, and (2) crystals larger than 20 pm may 
facilitate solids separation. 

Seeding was examined in experiments involving a 3-salt solution of sodium nitrate, sodium 
carbonate and sodium sulfate. The main purposes of these experiments were to study the efTect 
of seeding on product properties and to investigate potential modifications in procedures that 
would reduce the amount of crystal accumulation on the walls of the crystallizer. Because it was 
difiicult to obtain pure burkeite seed crystals, seeding in Runs 17 and 18 was pcrformed with a 
mixture of sodium sulfate, sodium carbonate, and burkeite crystals. 

Run 18 used seeding with crystals obtained from an earlier burkeite run that had been performed 
according to the simulation Lab1B.xls. The product from that run was sieved, and the crystals 
retained on the smallest sieve (35 to 58 pm) were used as seed crystals. Unfortunately, after 
performing the run, some question as to the actual composition of the seed crystals arose and it 
remains unclear whether they were burkeite or a mixture of the three salts. 

The amount of seed crystals added in Run 18 was 10% of the expected mass of burkeite crystal 
yield as predicted by the simulation. The majority of the seed crystals appeared to be 
agglomerates comprised of constituent fine crystals whose shapes were similar to that of sodium 
sulfate. These agglomerates were close to 35 pm in size. The addition of seed crystals was 
expected to lead to larger product crystals. Since it was thought originally that the seed crystals 
were burkeite, larger crystals of this species were expected. PLM observations of the product 
from this run showed larger sodium carbonate and sodium sulfate crystals than in previous non- 
seeded 3-salt crystallization runs. There appeared to be little efTect of the seed crystals on the 
size of the burkeite crystals in the product, and it was this observation that threw the composition 
of the seed crystals into question. 

The product from Run 18 was washed with acetone, dried, and sieved to give the results shown 
in the following figure. The distribution is quite uniform and exhibits no significant post-washing 
agglomeration. 
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Figure F1. Size Distribution of the Seeded 3-Salt Experiment (Run 18). 
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APPENDIX G 

CRYSTALLIZATION RUNS 
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e Table G1. List of Crystallization Runs Performed 
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Run# I Stages 1 Date Solution Comments 
27 I Late Feed I Slowed evaporation rate for 
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APPENDIX I1 

GALBRAITII LABORATORIES SAMPLE ANALYTICAL RESULTS 
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e 111.0 

Identification of Samples from Crystallization from SST Early Feed Solution 
Certification Run 26, SST Late Feed Solution Certification Run 27, and DST Feed 
Solution Certification Run 31 Scnt to Galbraith Laboratories for Analysis 

CHEhlICAL ANALYSES FROM GALBRAITII LABORATORIES 
~ 

Sample ID 
EF2-STI -1 
EFZ-STI -2 
EF2-STI -3 
EF2-STI -4 
EF2-ST1-5 
EF2-STI -7 
EF2-ST2-1 
EFZ-ST2-2 
EF2-ST2-3 
EF2-ST2-4 
EF2-ST2-5 
LF3-STI -1 
LF3-ST1-2 
LF3-ST1-3 
LF3-STI-4 
LF3-STI -5 
LF3-ST1-6 
LF3STI -7 
LF3-ST2-la 
LF3-STZ-Za 
LF3-ST2-3a 
LF3-ST2-la 
LF3-ST2-Sa 
DSTS-STI-I 
DSTS-STI -2 
DSTS-STI-3 
DSTS-STI-4 
DSTS-STI-5 
DSTS-STI -6 
DSTS-STZ-O 
DSTS-ST2-I 
DSTS-ST2-2 
DSTS-STZ-3 
DSTS-ST2-4 
DSTS-ST2-5 

Description 
Filtrate from Stage I 
Spent wash from Stage I 
Washed crystals from Stage I 
Accumulation from Stage I crystallizer 
Unwashed crystals from Stage 1 
SST Early Feed Solution (CH2M Ilill) 
Filtrate from Stage 2 
Spent wash from Stage 2 
Washed crystals from Stage 2 
Accumulation from Stage 2 crystallizer 
Unwashed crystals from Stage 2 
Filtrate from Stage I 
Spent wash from Stage I 
Washed crystals from Stage I 
Accumulation from Stage I crystallizer 
Unwashed crystals from Stage I 
SST Late Feed Solution (CIIZM HILL) 
SST Late Feed Solution (Lab) 
Filtrate from Stage Za 

Spent wash from Stage 2a 
Washed crystals from Stage 2a 
Accumulation from Stage 2a crystallizer 
Unwashed crystals from Stage 2a 
Filtrate from Stage I 
Spent wash from Stage 1 
Washed crystals from Stage 1 
Accumulation from Stage 1 crystallizer 
Unwashed crystals from Stage 1 
Carbonated DST Feed to Stage I 
Carbonated Filtrate from Stage 1 
Filtrate from Stage 2 
Spent wash from Stage 2 
Washed crystals from Stage 2 
Unwashed crystals from Stage 2 
Accumulation from Stage 2 crystallizer 

Condition 
Liquid 
Liquid 
Solid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Solid 
Liquid 
Liquid 
Liquid 
Liquid 
Solid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Solid 
Liquid 
Liquid 
Liquid 
Liquid 
Solid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Liquid 
Solid 
Liquid 
Liquid 

€1-2 



RPP-RPT-27239 Rev. 0 

LAOORATORY REPORT 

Dr Ronald W Rcuueau Reana@is Request: 09/23/05 
Georgia Instilute of Techcdcgy Previous Lab IO#: X-3191-3225. X-M)51-62.X-3191- 
School of Chemical & Biodecular Ewineeriw R e m  Date: 09/23/05 
311 FenIOrive 
AllanlaGA 303324100 

- - 
Einal Addresses: EANelxwr@ccgema-eng corn 

FRRenrQcogemaang can  

SAMPLEID W I D  ANALYSIS RESULTS DUPLICATE MATRIX 
RESULTS SPIKE RECOVERY 

DSTSST1-1 X-1834 Oxalale <m ppm 
Sodium 11 7 K 
Alumnum 261 x 
Chmmum 190 ppm 
Cevurn 15 ppm 

Nmte as N m p n  1 80 
N m e  n Nnrogen 2 33 x 
Sulfate as Sulfur <l@l ppn 
Cabnae 0 14 x 
Hydroxde 4 05 K 
Karl Fecher Wale1 61 19 x 
PhosphatenPhaphciur 2M) ppm 

Y FLmde <7 

1 313 pL 
X-3191 LmicnDrymg 55534 

OST5ST2-3 X-1835 Oxalale .a Sodium 
Aluminum 
Chmmium 
Cesium 

<1@l ppm 
29.3 K 
0.957 K 
65 ppm 
5.1 D m l  .. 

F*onde 76 ppm 
Nmle  as N m p n  122 K 
Nme as Nnmgen 0 859 K 
SuHa!e a i  Sulfur <loo ppm 
Cabmale 290 x 
Hydroxide 321 K 
Karl Fscher Waler 760 K 
Phcsph;lteasPhospb 105 ppm 

X-3192 LosscnDrvmq 22 25 K 
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LABORATORY REPORT 

Dr Ronald W Rousseau 
Georgia Institute olTechnobgy 

Repofl Date: 09RM5 
Lab ID#: XJ191-3225 

SAMPLE ID LAB ID ANALYSIS RESULTS DUPUCATE MATRIX 
RESULTS SPIKE RECOVERY 

DSTS-ST1-3 X-1836 Oxalate 819 Fm 
Sodium 30.5 x 
Aluminum 0.429 x 
Chmmium 36 Fm 
Cevlm 2.7 Fm 
Fkd.3 MI Fm 
Nmte as Nm 1.35 x 
Nitrile as M i e n  0.443 x 
sunale as sulfur ea5 Fm 
caftmate 31.4 x 
Hydrmae 2.61 x 
Karl Fscher Water 4159 x 
PhosphfeasPhapbms 4 0  Fm 

X-3193 L c s s c n D m  22.3 x 

DSTS-STl-2 X.1837 Oxahle 234 Fm 
Sodium 14.0 x 
Aluminum 118 x 
Chnnnium 96 Fm 
Cesium 7.4 Fm 
Fkd.3  13 Fm 
Nmle a Ntmgen 3.04 x 
Nmile as Nwen 120 x 
%Kale as Sulfu 273 ppm 
cnbaule 0.84 x 
Hydmae 4.93 x 
Kul Fschw Water 61.83 x 
Phosphate as Fkuphorus 123 Fm 

1.379 gJmL 
X-3194 LosscnDrvina 46 01 X 46.29 ’’ K 
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LABORATORY REPORT 

Dr Ronald W Rousseau 
Georgia InrtiMe of Technow 

Report Dale: 09RM5 
Lab ID#: X-31914225 

RESULTS DUPLICATE MATRIX 
RESULTS SPIKE RECOVERY 

SAMPLE ID LAB ID ANALYSIS 

DST5ST1.4 X-1838 Oxalate 
Sodium 
ALRlnn 

ppm 
aKI 1.81 x 
0.177 x 

Chmium 13 ppm 
Cesium 0.94 ppm 
F M e  11 ppm 
Nmte as Nilrcgen 0.143 x 
Nllrile as Nmen 0.155 x 
Sulfate as Sulfur 4 0 0  ppm 
CaIkmIe 1.50 x 
Hydroxide 0240 x 
Karl Fhcherb'ater 96.29 x 
Phosphate as Phosphmu 4 0 0  ppm 

X-3195 LossonDrVirm 94.59 x 
DSTSST1-5 X-1839 Oxalate 

Sodium 
A c m i  

eo0 ppm 
3.04 x 
0202 x 

Chromium 2 9  ppm 
Cewum 1 1  ppm 
Fbnde 35 ppm 
Nmte as Nitrogen 0 268 x 
N i W  u Nibpgen 0 175 x 
Sulfate as Sulfur 105 ppm 
CarlnWuIe 2 67 x 
Hydroxde 0348 x ox9 *' x 
Karl Facher Water 92 a7 x 
Pholphate u P b p h o ~  e100 ppm 

X-3196 Losson DMW 91 70 x 
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LABORATORY REPORl 

Dr Ronald W Rouueau 
Georgia Insliute of Technology 

Repurl Dale: 09RM5 
Lab ID#: X-3191-3225 

SAMPLE IO LAB IO ANALYSIS RESULIS DUPLlCAlE MATRIX 
RESULTS SPIKE RECOVERY 

DSTSST1-6 X-1840 Oxable 24 I ppm 
Sodium 11.8 x 
A!umium 1.99 x 
Chromium 136 Dpm 
Cedum 11 pp” 
M e  21 ppn 
Nmte as Nilrogen 1.63 x 
Nltrite as Ntmgen 1.83 x 
Sunale as Sulfu 231 ppm 
CarboMte 3.72 x 
Karl FMher Water 64.43 x 
k p h a t e  as Phmphonn 162 ppm 

1.331 @mL Denwty 

DSTSST20 X-1841 Oxable Gmo *I ppm 
Sodium 11.6 x 
Aluminn 2.68 x 
O l m i u m  186 ppm 
Cesium 14 ppm 
Fluonde <7 ppm 
Nmte as Nilrogen 1.81 x 
NmileasNtmgen 227 x 
sunale as Suthr <loo ppm 
Carbaule 2.75 x 
Hydroxide 2.56 x 
Kad Fscher Water 61.15 x 
Phosphate as P h m p h m  186 ppm 
&nun/ 1.335 @mL 

X-3198 Lor$ on Dwha 53.37 x 

Hydroxide 3.13 x 3.09 b’ x 

46.89 x X-3197 Lops on Dlyirg 
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Repal Dale: 09RY05 
Lab IDI: X-319 1-3225 

SAMPLE10 Wu) ANALYSIS RESULTS DUPLICATE MATRIX 

DSTESTZ-1 X-1842 Oxalate 151 ppm 
Sodium 114 x 
Alumrum 327 x 
ChrOmlWn m ppm 
cevw 17 ppm 
Fluoride 4 ppm 
Nmle pll Nltrcgen 220 x 
Nltnte a$ Nltrogwr 2 75 x 
Suthte as SUmn 79 ppm 
calborute 0 27 x 
Hydroxide 3 07 x 
Karl FMher Wafer 57.13 x 
PhospbteasPhcephom 191 ppm 
b w t y  

RESULTS SPIKE RECOVERY 

PL 1 357 
57 15 X319!l L m s o n D m  

DST5sI2-2 X-1843 Oxah? -200 ppm 
SodlUn 12 4 x 
Alumrum 0 575 x 
Chmnium 41 ppm 
c e w u n  3 1  ppm 
F M  4 ppm 
Nmle as Nltrcgen 2 23 x 
Nltnte n NltroQen O S 4 4  K 
Sulfaae as Sulrur <IO0 ppm 
Calborute 184 x 
Hydmxde 471 x 
Karl FscherWater 14 05 x 
Phosphate rsPhosphorus do0 

x.3200 1msonDrviw 63 96 x 
1299 ZL 1317 b’ g/mL 

€1-7 
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Dr Ronald W Rourseau 
Georgia InstiMe of Technology 

Report Date: 09RY05 
Lab ID#: X-319 1-3225 

SAMPLE IO LAB IO ANALYSIS RESULTS OUPUCATE MATRIX 
RESULTS SPIKE RECOVERY 

DST5ST24 X-1844 Oxalate 
Sodium 
Aluminum 
C h m h  
Cesium 

a 0  *I ppm 
2.57 x 
0.181 x 
121 ppm 
0.90 Dpn 

F M e  4 ppm 
Nitrate aq Nnmgen 0.137 x 
N~uite as Nilfogen 0.177 x 
Sulfate as Sulfur <loo ppm 
CarboMle 2.58 x 
Hydmdde 0.171 x 
Karl Facher Water 97.47 x 
Phosohate as Phosohom 4 0 0  DLm 

117 *I x 

105 e’ x 
101 *I x 
102 *I x 

108 *’ % 
x m i  LOSS’WD- ‘ 92 49 % 

DST5ST2-5 X-1845 Oxalate a 0  *I ppn 

loo E; :: Sodium 222 X 2.17 *’ X 
Aluminum 0.327 X 0324 ” K 101 
Chromium 23 p p m z  *I ppm 99 b’ x 
Cewm 1 7  ppm 1 7  ppm 95 x 
F M e  4 ppm 
Nitnte as Nnmgen 0225 x 
Nitrite as Nnmgen 0286 x 
sunare as sulfur <loo ppm 
CarboMte 145 x 
Hydmade 0344 x 
Karl Facher Water 95 49 x 
Phosphate as P h o a p h o ~ ~  4 0 0  ppm 

x-3202 LmsonDrymq 92 86 x 
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LABORATORY REPORT 

Dr Ronald W Rouueau 
Georgia InstiMe of Technology 

Report Dace: 09RM5 
Lab ID# X-31913225 

SAMPLE ID ue ID ANALYSIS RESULTS DUPLICATE MATRIX 
RESULTS SPIKE RECOVERY 

LFIsTl-1 X.0051 Cesium 0.45 ppm 0.43 y 122 bi x 
Sodium 8.93 x 8.97 114 ” X 
Ahnium 0237 X 0.237 K 99 0 )  x 
C h m M  0.169 x 0.170 x 1w b’ x 
F M e  15 ppm 
Nilnfe as N W  0.179 x 
Nxfrafe as N#frcgen 3 98 x 
PhosphafeasPhospbnn 0276 X 
Sulfate as Sulfur 997 Fm 
h l a f e  214 ppm 
CataufeasCarbm 0.374 x 
Karl Fndrer Wafer 6880 x 
Hydrnnde 0.384 x 

12% gJmL 
67.81 X 67.79 bl X 

b M y  
X-3203 LosscaDhiw 

LFIsT1-2 X a 5 2  Cewum 0032 ppn 
Sodium 8 57 x 
Ahnnnrm 185 ppm 
ovomum in ppm 
F M e  189 ppm 
NmfeaNmogen 122 ppm 
Ntfrafe as Nitrogen 3 a7 x 
Pbsphafe as Phosphonn 329 wm 
Sulfafe as S u b  97 1 ppm 
Omlab 145 ppm 
Catmnsie as C a h  0 604 x 
Karl Facher Water 71 W x 
Mydrnnde 0 035 x 0027 01 x 
b M y  1232 g n L  

71 od X-3204 Los!,mD+g 

LFIsT1-2 X a 5 2  Cewum 0 032 
Sodium 8 57 
Ahnnnrm 185 
ovomum in 
F M e  189 
NmfeaNmogen 122 
Ntfrafe as Nitrogen 3 a7 
Pbsphafe as Phosphonn 329 
Sulfafe as S u b  97 1 
Omlab 145 
Catmnsie as C a h  0 604 
Karl Facher Water 71 W 
Mydrnnde 0 035 

1232 
71 od 

b M y  
X-3204 Los!,mD+g 

ppn x 
ppm 
ppm 
ppm 
ppm x 

ppm 
ppm 
x 
x 

wm 

x 0.027 01 x 
g n L  
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LABORATORY REPORT 

Dr Ronald W Roumau 
Georgia InsMule of Technobgy 

Reporl Date: 09Ry05 
Lab Im: X-319 1-3225 

SAMPLE ID LAB ID ANALYSIS RESULTS DUPLICATE MATRIX 
RESULTS SPIKE RECOVERY 

L F I S T l J  XM)53 Cesium 0 042 ppm 
Sodium 309 K 
& m n n  682 ppm 
Ulmm 215 ppm 
F m  530 ppm 
N m  n N-en c170 *’ ppm 
Nitnfe as hltmgen 3 33 x 
Pbphafe as PMsphmn 0 2 3  K 
Sullafe as Sulfur 10 7 K 
Oxable 145 K 
C a m e  as C a h  2 14 K 
Karl Fscher Waer 1391 K 
Hydronde 0 107 K 

x-3m5 L w s m ~ r y n g  10 93 x 

L F I s T l d  Xm54 Cewm co 025 ppm 
Sodium 1 53 K 
A b m m  62 ppm 
chmmm 4 5  ppm 
Fluoride 0 426 si 
Nilnte n Nibugen 4 0 0  Ppm 
Nmfe as Hmgen 547 ppm 
Phosphafeas Phasphaus c1W Ppm 
Sulfate as SuMr 0 637 x 
Oxabfe 432 ppm 
Carbcmte as Carbon 0 016 x 
Karl Facher Wafer 98 65 K 
Hydmxde so 01 x 

X-3206 LosscnDryng 95 66 K 

H-10 
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LABORATORY REPORT 

Dr Ronald W Rouueau 
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Reporl Dale: 09RM5 
Lab ID#: X-31913225 

SAMPLE ID LAB ID ANALYSIS RESULTS DUPLICATE MATRIX 
RESULTS SPIKE RECOVERY 

LFSST1-5 Xm55 C e s h  
s o d i  
Alumi*rm 

4 024 ppm 
2.86 K 
117 ppm 

olmn*m 67 ppm 
F W  0 408 K 
Nilfd9nteNNibqpn e100 ppm 
W e  w N~hogen 0 286 K 
~ t e a s P h o s p h o r u s  M ppm 
%Haw as S u b  0 888 K 
O l a b  0 127 K 
C a M  as C a h  0 169 K 
Karl F d w  Water 93 00 K 
Hydmnde 0 026 K 

x.3m7 L B S ~ D W  91 65 K 

021 m 
5~57 K 
Oil9 K 
821 ppm 
0 In9 K .. - 

Nnnre as Nmen 905 ppm 
Nmle as N1-n 1.97 K 
Phosphate XI P b p h  0 137 K 
SuH& as SuMr 0.481 K 
Ola!ate 77 1 ppm 
CabnateasCabm 0246 K 
Karl Facher Wner 82.49 K 
Hydroxide 0216 K 
Den* 1.148 PrmL 

x 3 m 8  L B S ~ D -  8364 K 

€1-1 1 
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Repal Dale: 09R305 
Lab ID#: X-319 13225 

SAMPLEID LABID ANALYSIS RESULTS DUPUCATE MATRIX 
RESULTS SPIKE RECOVERY 

LFMT1-'I X-0957 Cesium 
Sodium 
A h n i m  
Chmurn 777 
Fluoride 

0.13 ppn 
527 x 
0.114 x 

ppn 
0.186 x 

NtVlte n Nltrogen 871 ppm 
Nmte as Nlbqlen 190 x 
Phosphate as Phosptmm 0 138 x 
Sullate n S u m  0 459 x 
Oxalate 759 
C a m e  as Carbon 0242 
Karl FMher Water 83.25 x 
Hydroxide 0205 x 
Densty 1.144 dmL 

XJXM LmsonDlying 81 8a x 

!r 

L F M l 2 4 A  XM)50 W m  
Sodium 

0.095 ppm 
1 .m x 

A!ummm 628 ppn 
C h m u m  449 ppn 
F W  4 ppn 
N i m  as "Dogen 4% ppn 
Nlmre n Nlb'ogen 0310 x 
Phosphate as Phosphonn 359 ppn 
Sutlate as S u m  27 1 ppn 
Oxable 4 0 0  ppn 
CarboMte as Carbon 0 056 x 
Karl Fscher Water 98.17 x 
Hydroode 0071 x 

X3210 LmsonDrvinq 96 45 x 1024 BlmL 

H-12 
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Repal Dale: 09123105 
Lab IM: X-3191-3225 

SAMPLE ID LAB IO ANALYSIS RE S U L 15 DUPLICATE MATRIX 
RESULTS SPIKE RECOVERY 

LFISR-2a X0059 Cesium 
Sodium 
Ahmiun 

0.11 ppn 

610 ppn 
8.60 x 

Chnnninn 454 ppn 
FhICiKb3 44 ppn 
Nilrile m Nibqlen 497 ppn 
Nmle as Nmogen 3.44 x 
phaphafea$Phoaphonn 994 ppn 
Sullate as Sulfu 276 ppn 
oubte <too ppn 
C;llimnalenC;lrbm 0.798 x 
Karl FscherM’aler 72.04 x 
Hydroxide 4.01 x 
b m n y  1240 grmL 1258 el grmL 

70.72 % 7074 X x-3211 L r n S o n D ~  

LFISSR-h X0060 Cesium 0.077 ppm 
Sodium 25.8 x 
Alumi*m 872 ppn 
Chrwnium 311 ppn 
FhICiKb3 237 ppn 
lvlbi!~ m Nioogen 4 0 0  m 
Ntmle as NlbPgen 12.4 x 
b h a : e r ~ ~ h p h o n n  02m x 
Sulhte as Sulfur m9 ppn 
oxalate 90 ppn 
C;rrbaulencarbm 1.16 X 
Karl FschwM’aler 6 00 x 
Hydroxide 0.322 x 

X-3212 L a ,  on O W  8% x 
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LABORATORY REPORT 

Dr Ronald W Rouswau Reporl Dale: 0 9 ~ 3 ~ 3 5  
G q i a  lnstitule of T e c h n o 4  Lab IDI: X-31913225 

SRMPLElD IABlD AtiALWS RESULTS DUPLKAIE MATRIX 
RESULTS SPIKE RECOVERY 

LF3SR-b X w 6 1  Cesium 0.052 ppm 
Sodium 1 .n x 
Alumium 321 ppm 
Chmmum 222 ppm 
F W  31 ppm 
NbitenNmogen 251 ppm 
b a t e  as Nbqpn 0.869 x 
Phosphate rs P k p h o m  427 ppm 
Suhla as SuKw 144 ppm 
Oubla < l W  ppm 
G h U b 3 O S w r b c n  0.054 x 
Karl Facher Wateer 98.65 x 
nydroxide 0.055 x 

X-3213 Lm~OnDryhq 93.69 u 
LFIST2-5a XM)62 &urn *).025 Fm 

Sodium 1.10 x 
Ahmium 134 ppm 
Cbmmum a1 ppm 
Fluwde 11 ppm 
Mle n NiDogen 121 
N m e  as NW+n 0.475 
Phosphate as P k p h o m  327 ppm 
W a t e  ~i SuKur 4 0 0  ppm 
Ouble 4 0 0  ppm 
Ghma!eascubon 0.061 x 
Karl Facher Water 98.50 x 
Hydmxide 0.035 K 0.035 *’ 5; 

X-3214 Loo, on OryM 96.20 x 

r 

€1-14 
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Lab IDY: X-31913225 

SAMPLEID  LAB^ ANALYSIS RESULlS DUPLICATE M I R I X  
RESULTS SPIKE 

RECWERY 

ER-ST1-1 W-9700 Cesium 
Sodium 
M i m  
Chromium 

2 7  ppm 
12.2 x 
1.76 x 
0.430 x 

F- 4 ppm 
Nltrire E) Malugen 1.31 x 
Nilnle as Nlbq)en 2.30 x 
FWc#valenPhosphaus 508 ppn 
Suifale E) Sullur 453 ppm 
Oralale <loo call 

110 x 
a7 x 
1M x 
105 x 
99 x 

&- 0.45 % 
Karl FMher Water 74.58 x 
H@VXiie 435 x 4.32 b’ W 

1.316 BlmL x b n v h l  

EFZ-STI-2 W-9701 Cesium 0.19 ppm 
Sodium 13.3 x 
Aluminum 0.127 x 
Chromium zea ppm 
F b n e  5 ppm 
NmitenNmqpn 957 ppm 
Nme as Nlbogen 5.19 K 
Phcdphafe as Phaphmn 4 0 0  ppm 
Sub@ as Sulfur 965 ppm 
Oxhle 97 ppm 
c a m  524 x 
Kat! Fether Waler 99.49 x 
Hdrodde 0374 x 

X-3215 Loss on Drha S . 1 7  

1.369 !p 
5658 

0l.W 
X-3216 Loss on D r h a  

H-15 
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Lab IDY: X-3191-3225 

SAMPLE ID LAB ID ANALYSIS RE S U L 15 DUPLICATE MATRIX 
RESULTS SPIKE 1 

ER.ST1-3 W-9102 C&um 0.64 ppn 
Sodium 28.4 % 
A k J M  0.462 K 
Chromium 0.113 x 
F h I l 0  91 ppn 
N m e  as Nnmgen 0 331 K 
Nmle as Nmogen 11 3 K 
PbsphateasPhphorur a ppn 
Sulfate as Sumn 0 966 % 
Oxalate 959 ppm 
Cartmute 10 85 K 
Karl Fmher Water 530 K 
Hydronde 4 01 K 

X.3217 LmronDwhq 3Bo x 

En-STl4  W-9703 Cewm om wm 
SodlMl 5 57 x 
AkJrnwrn 0 195 K 
Chmmum 470 ppn 
FlucMe 4 ppn 
Nme as Nitmgen 0 Is0 K 
Nmte as Nlbqpn 208 % 
Phcaphate as Phosphorus el00 ppm 
Wale  n SuMr 0 168 K 
Oxalate 182 ppm 
C a b l e  im K 
Karl Facher Water m 71 K 
Hydmnde 0 426 K 

X-3218 LmronDrFq 81 03 K 

€1-16 
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Reporl Dale: 0 9 R M 5  
Lab ID#: x-3191-3225 

SAMPLEID LADID ANALYSIS RESULTS DUPLICATE MATRIX 

ER.STl-5 W-97M C&um 0.08 ppm 
s o d i  2.44 x 
A b m h  571 ppm 
Chmiurn 136 ppm 
FLDnne 4 ppm 
Nmite as Nmgm 427 ppm 
Nllnle u Nmgm 1.07 x 
PhaphateaPlwspbNs e1w ppm 
Sulfate a9 Sulfur y15 ppm 
Oxable e1w ppm 
Cartonale 0.32 x 
Karl F~her Water 7.83 x 
Hydroxide 0.114 x 

x-3219 Loss M D m  91.56 x 

ER-STl-7 W-9705 Cairn 0.16 ppm 
Sodium 6.08 x 
A b m h  0.135 x 
Ovrmurn 844 ppm 
FLDnne 0.187 x 
NmitenNmogen 982 ppm 
Nttnte as Nmgen 1.96 x 
Phoaphteas PlwspbNs 0.135 % 
Sulfate a9 Sulfur 0.463 x 
O x a h  755 ppm 
Catmule 127 x 
Karl Ftacher Water 83.15 x 
Hydroxide 0.316 x 
Demn, 

RESULTS SPIKE RECOVERY 

1.155 p L  
80.11 X-It20 LossonDrvirq 

H-17 
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SAMPLE IO LAB IO ANALYSIS RE S U L T S DUPLICATE MATRIX 
RESULTS SPIKE 

RECOVERY 1 
ER-STZ-1 W-9706 h u m  2 7  ppm 

Sodium 10 5 x 
Iumm 192 x 
avDrmum 0 467 x 
FLanW 26 ppm 
Nmb as N~ogen 132 x 
Nitrare as NlDPgen 0 887 x 
Phosphate as Phoaphonn 565 ppm 
Sulhw as sulfur 249 ppn 
Oubte 4 C Q  ppm 
cabna!B 0 10 x 
Karl Fachef Water 59 24 x 
Hydmde 4 61 x 
b n M y  1257 #mL 

ER-ST2 2 W-9707 Cavlm 0053 ppm 

X-3221 LmrcmDrynq 64 43 K 6463 ” X 

Sodium 717 x 
Alumnm 393 ppm 
Chmum 90 ppm 
FLanW 5 ppm 
Nitrite as N~Qugen 505 ppn 
N m e  as N-en 2 89 x 
PhosphateasPphosphorw 4 0 0  wm 
SuHaw n SuMr 4 0 0  ppm 
Oxable <100 ppm 
cabnab 2% x 
Kail Facher Wrmr 77 37 K 
Hydmnje 0 729 x 
owny 1188 g n L  1197 ” g h L  

76 10 X-3222 LmsonOryng 
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SAMPLE ID LAB ID ANALYSIS RESULTS DUPLICATE MATRIX 
RESULTS SPIKE RECOVERY 

EF2-ST2-3 W-9708 Cesium 0.54 ppm 
Sodium 272 x 
Alumium 0.760 x 
Chomiurn o m 2  x 
F h n e  59 ppm 
NtnbnNlbogen 0 630 x 
Nlhate as NlbDgen 13.3 x 
Phosphate a Phosphonn a 0  ppm 
SuUale as Sulhr 0.133 x 
Oxable 121 ppm 
CnboMle 4 51 x 
Karl Facher Wakr 3 67 x 
Hvdmx.de 0622 x 

EF2-ST24 W-9709 W m  
Sodium 
Ahmiurn 

044 ppm 
538 w 
0325 x 

anwnum m ppm 
F h W J  4 ppm 
Nitrile as Ntmgen 0265 x 
Nmte as N1-n 226 x 
Phosphate 8 Phosphonn 133 ppm 
sunale u  SUM^ 194 ppm 
oubce <too ppm 
czrbarale 0 31 x 
Karl Facher WYtr 86 82 x 
nydrox.de 0.734 x 

x-3224 L m s o n ~ t p q  Bo 83 x 

a 
H-19 

http://Hvdmx.de
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Lab ID#: X-3191-3225 

SAMPLEID LABID ANALYSIS RESULTS DUPLICATE MATRIX 
RESULTS SPIKE RECOVERY 

EF2-ST2-5 W-9710 Cerium 
Sodium Y 0.087 

1.67 
Ahmmm 643 ppm 
Chmmum 157 ppm 
FLanne 9 ppm 
NiLMe as Ntvgen 893 ppm 
Nmta as N m  0 645 K 
~ p h a t e u P l w q h n n  <lo0 ppm 
Sutlale nSullur 114 ppm 
oxalale e100 ppm 
Ca&cf&e 0.19 K 
1011 Fschw Wnw 96 18 K 
tiydroade 0.133 K 
Lrn, on Drvna 94 19 K 

€1-20 
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TECHNICAL INFORMATION: 

"I We regrel lhal we are unable (0 achwe bwer quanlrtati h i t s  dun lo mamx mMerence. If you have m y  quesllons. 
plea- mnhcl our 1echns;ll rlalf. 

QUALITY ASSURANCE INFORMAllON: 
w Duplicate analyses were perhnned as part of our internal OuaIii Conkol Program. Them b I*) additional chrge Iw 
dq)IiUIe values. 

14 There was M d o e n t  saam~(e remaining to perform he LOSS cn mng onat&. 

Authonred R e l e a  of Data 

J e w  L. Dillener. Technical Manager 

pllc l9d 19 
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APPENDIX J 

SCALED-DOWN OPREATION WITH SST EARLY FEED SOLUTION 
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A semi-bateh evaporative crystallization experiment (Run 32) was conducted using SST 
Early Feed solution following procedures described in the submitted Final Report RPP- 
RPT-27239 Rev. A (the Report). The intention was to evaluate the process in a system 
that would allow operation with less than two liten of total feed. 

For the aforementioned purpose, a two-stage operation was planned in which the first 
stage was conducted in the 300-mL vessel described in Chapter 2 of the Report and the 
second stage used a newly purchased and installed 100-mL vessel. Because ofthe small 
dimensions of 100-mL vessel, it was not possible to install baffles. but mixing was 
considered satisfactory without them. The impeller used in Stage 2 was that shown on the 
leR in Figure 9 of the Report. 

The operation of the two-stage run followed procedures identical to those described in the 
Report, with the exception of t&ing samples for chemical analyses. 

a 

J1.0 EXPERIMENTAL CONDITIONS 

The evaporative process for Stage 1 of the run is shown in Figure 1. The rationale for the 
pattern was described in Section 2.2.1 of the Report. The pressures and temperatures 
during the operation of Stage 1 are shown in Figure 2. The increase in temperature is 
noteworthy and probably reflects the vapor-pressure lowering associated with increases 
in the concentration of solutes during evaporation. It is elear that maintaining the 
temperature at a constant value is going to require a vacuum pump that can further reduce 
the pressure in the system. 

The conditions at which evaporation occurred in Stage 2 are shown in Figures 3 and 4. 
The objective in choosing an evaporation rate for Stage 2 was to give the crystals 
produced a growth period that corresponded to Stage 2 of Run 26, which was the SST 
Early Feed Certification Run that used a 300-mL vessel for Stage 2. It is elear that the 
temperature increase during the run was greater than had been previously experienced. 

52.0 EXPERIMENTAL RESULTS 

Figures 5 and 6 are schematic diagrams of Stages 1 and 2, respectively. Figure 7 provides 
an overall summary of the operation of Run 32. The mass of each stream in the operation 
is summarized in Table 1. Table 2 shows closure of mass balances around each stage in 
the operation. ARer accounting for losses associated with each of the process units, 
closure was within 3.3% for Stage 1, but to within only 10% for Stage 2. Better closure 
was achieved in Run 26, but it is thought that this is because of the difference in total 
masses of material being handled. 

J-2 
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Table J-1. Mass Balances Around Process Units of Run 32 (SST Early Feed Solution). 

Unit Input (g) Output (g) Difference (g) YO Closure of 
Mass Balance 

Evaporator 1 1284.64 1255.77 28.87 2.25 

Washing 1 1091.83 1078.70 13.13 1.20 
Filtration 1 182.35 758.00 2435 3.1 1 

Evaporator 2 493.29 458.28 35.01 7.09 
Filtration 2 175.2 155.14 20.06 11.44 
Washing 2 194.8 1 187.96 6.95 3.56 

Table J-2. Balances on Total Mass around Each Stage in Run 32 (SST Early Feed Solution). 

Accounted loss (g) I 56.1 
% Corrected LOSS I 3.3 

J-8 
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a The crystal product from Stage 1 was 70 
+ 1s1 sievilg h n  32 

+2nd siwW iam 32 
prepared and sieved as described in the . 6o 
Report. The resulting crystal size 

50 

40 

distribution (CSD) is shown in 
Figure 5-12, along with the CSD from 
Stage 1 of Run 26. (Run 26 was the 
certification run on SST Early Feed 

as the Stage 1 crystallizer). The CSD 

crystals in the size range between 300 
to 500 pm. Sodium nitrate is expected 0 200 400 600 800 loo0 1200 

c) - 
530 

Solution, which used a 1000-mL vessel 

from Stage 1 of Run 32 is unimodal 
with most of the mass comprised of 

S- 
20 

10 

0 

Crystal Size (micrometer) to constitute most of the mass in the 
vicinity of the mode. Furthermore, a 
fairly small amount of fines was 
recovered in the pan and on the 
smallest sieve and the amount of 
crystals in the largest size range. Note that there was good reproducibility from one sieving run 
to the next. The CSDs produced from the two different SST Early Feed runs are similar, but 
there is a difference in the mode size; that for Run 26 was in the range of425 to GOO pm whereas 
Run 32 exhibited a mode size in the range of 300 to 500 pm. 

Figure 13 shows a comparison of the cumulative mass distributions of crystals from Stage 1 of 
Runs 26 and 32. It is clear that the distributions are quite similar, with the modest differences 
being inconsequential relative to the objectives of the present study. 

Finally, three samples from each size range 
were submitted to PLM image analysis. 
The size ranges investigated were: 0-53 
pm, 53-75 pm, 75-106 pm, 106150 pm, 
30W25 pm, and 425-600 pm. 

Figure 5-12: CSDs for Stage 1 of Runs 32 
and 26. 

a 
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0 0 to 53 pm: +Fun32 

The images shown in Figure 5-14 were of 
crystals taken from the pan. They show five 
types of crystals: sodium nitrate, sodium 

0 200 400 600 800 loo0 1200 
carbonate monohydrate, burkeite, sodium 

Crystal Sbe (micrometer) oxalate and trisodium fluoride sulfate. Both 
trisodium fluoride sulfate and sodium 
oxalate are seen in trace amounts in these Figure 5-13: Cumulative CSD comparison between 
samples. Sodium carbonate and nitrate are Runs 26 and 32. 
the main crystals. The amount of broken 
crystals is very low which validate partially the CSD obtained. 
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were found over the entire size range. Sodium carbonate monohydrate crystals were found in the 
50- to 70-pm size range, while burkeite was in the 30- to 50-pm range. Trace amounts of sodium 
oxalate, sodium phosphate, and trisodium fluoride sulfate were observed. Thesc results are in 
good agreement with the predictions from the simulation. 

53.2 Stage 2 

As with Stage 1,18 samples were taken from different locations in the sluny beaker after 
draining it from the vessel. These samples were examined under the PLM microscope. From the 
simulation SSTlSIM.xls, large fractions of sodium nitrate and sodium nitrite were expected in 
the crystalline product, as well as sodium aluminum oxide hydrate (2.5 €120)  and carbonate 
monohydrate in reasonable amounts, sodium chloride in fairly small amounts, and sodium 
oxalate in trace amounts. 

The use of PLM imaging resulted in the identification ofsodium nitrate. sodium nitritc, sodium 
chloride. and sodium oxalate in the product. Analysis of the images in Figure 20 show large 
quantities of sodium nitrate crystals. Sodium nitrite crystals were identified by their extinction 
position (parallel to the camera axis). Sodium chloride crystals were identified in the smaller 
range (10 to 30 pm). They have a cubic shape and appear the same color as the background. The 
sodium oxalate crystals (yellow-blue necdles) were present at small size ranges. No sodium 
carbonate monohydrate crystals were identified in the sluny images. Their absence may be due 
to the increase in temperature during the run. 

In addition, Figure 21 shows other crystals that were observed in thcse samples: six-sided 
crystals of the same color of the background that were thought to be trisodium fluoride sulfate; 
large quantities of small needle-shaped crystals in large amounts; an unidentified species (blue- 
yellow crystals) that is thought to be sodium sulfate crystals and that is likely to have formed 
upon cooling; sodium fluoride phosphate crystals with a pyramidal shape; and a non-typical star- 
like arrangement of blue and yellow needles. 
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5 0 -  a Sieve analysis ofcrystals from Stage 
2 of Run 32 resulted in the CSD in 
Figure 22. The CSD from Run 26, 
which was the Certification Run for 
the SST Early Feed Solution, is also 
shown in Figure 22. 

The CSD from Run 32 exhibits a 
mode in the range of GOO to 850 pm. 
The data also show that a significant 
fraction of the crystals mass was in 
the 425- to 600-prn size range, which 
was the mode in Run 26. PLM 
analysis found only sodium nitrate 
crystals in the size range of 425 to 
850 pm. Only a small amount of fines 
was recovered in the pan and in the 
smallest sieve, and the amount of 
crystals in the largest size range was 
also small. No agglomerates were 

to 850 pm). 

The modes ofthe two distributions 
in Figure 22 are different. Run 26 
had a mode in the range 425 to 600 
pm, whereas Run 32 has a mode in 
the range GOO to 850 pm. In 
addition, a comparison of the 
cumulative distributions (Figure 23) 
makes it clear that the crystals 
obtaincd in Run 32 wcrc larger than 
the ones from Run 26. It can also be 
seen that the fraction of smaller 

Run 26 than for Run 32. These 
Observations have be Figure 5-23. Cumulative Crystal Size Distributions 
with the fact that the evaporative 
crystallization has been stopped at a 
higher condensate-to-feed ratio 
(0.5) in Run 32 than in Run 26 (0.48) and that the growing phase was longer for Run 32. 

A PLM analysis of the product collected on the larger sieves was performed and the resulting 
images are shown in Figure 24. All images show large single sodium nitrate crystals. 
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Figure J-22. Crystal Size Distributions ofthc 
products from Stage 2 of SST Early Feed Runs 

26 and 32. 
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crystals was somewhat larger for 0 200 400 600 800 loo0 I200 
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of the products from Stage 2 of SST Early Fecd 
Runs 26 and 32. 

J-2 1 





RPP-RPT-27239 Rev. 0 

@ Therc has been only one run performed in the smaller unit. This means that further 
experimentation would likely result in improvement in its operation. 

J-23 
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