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SUMMARY

A pilot scale facility was designed and built in the Thermal Fluids Laboratory at the
Savannah River Technology Center to test ion exchange resins for removing technetium
and cesium from simulated Hanford Low Activity Waste (LAW). The facility supports
the design of the Hanford River Protection Project for BNFL, Inc. The pilot scale system
mimics the full-length of the columns and the operational scenario of the planned ion
exchange system. Purposes of the testing include confirmation of the design, evaluation
of methods for process optimization and devel oping methods for waste volume
minimization. This report documents the performance of the technetium removal resin.

The BNFL Inc. design for the plant-scal e technetium ion exchange system assumes 100
bed volumes of LAW solution can be processed before the concentration of pertechnetate
reaches 50% of the influent pertechnetate concentration (the so called 50% breakthrough
point). Additionally, the BNFL Inc. design assumes that, on average, 80% of the total
technetium can be removed from LAW solution. Theion exchange resin selected by
BNFL Inc. for separating technetium from LAW solutions will only separate the
pertechnetate (TcO,’) form of technetium.

The Hanford LAW solutions are classified by and grouped into three envelopes, A, B,
and C. The pertechnetate is about 99% of the total technetium in LAW Envelope A and
B solutions. However, LAW Envelope C solutions contain relatively high concentrations
of chelating organic compounds (e.g., EDTA, HEDTA) and the pertechnetate is only 25
to 30% of the total technetium. Thereforein practice, the ion exchange columns will
separate ~98% of the total technetium from LAW Envelope A and B solutions and only
about 25 to 30% of the total technetium from LAW Envelope C solutions.

To date, SuperLig” 639 resin from IBC Advanced Technologies, Inc. has been used to
remove rhenium (as perrhenate ReOy), a non-radioactive surrogate for technetium (as
pertechnetate), from simulated LAW. Eleven test runs with durations ranging from five
to seven days were performed. Test run #2 was repeated because of hardware failures
during the first attempt. A valve leaked during Test Run 1, leaving nine usabl e test runs.
The testing has been highly successful at demonstrating the removal efficiency of
perrhenate and confirming the overall design parameters. However, numerous technical
problems that are unigue to the pilot-scale system were encountered and addressed during
the first test runs. These problems were mechanical equipment issues, such asvave
failures, sampler failures, computer software conflicts, ion selective electrode
calibrations, and flow rate meter drift. No significant mechanical or chemical
degradation of the resin was observed during these runs.

Each test run consisted of the following steps; a LAW simulant (Simulant A designed to
simulate Envelope A waste) containing sodium perrhenate was pumped through the two
ion exchange columnsin series, partially loading the columns with perrhenate, a0.1 M
caustic (sodium hydroxide) solution was used to displace the simulant from the lead
column while the lag column was alowed to remain full of ssmulant, eluent (usually
water) was pumped through the lead column to remove perrhenate from the resin and a
1.0 molar caustic solution was used to regenerate the lead column. For the next test the
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lead and lag columns were interchanged. Note that the new lead column usually started
the next test run partially loaded from the previous test run unless an additional elution
was performed. Liquid samples were collected throughout each test run and
subsequently anal yzed.

During the loading step the first column typically removed 72% of the rhenium, the
second removed 24% and the remaining 4% passed through both columns to the simulant
collection tank. Loading was always conducted in downflow. The rhenium
concentration in the simulant exiting the lead column was initially low and increased with
time. For the loading steps, breakthough was defined as the point at which the exit
rhenium concentration from the lead column was equal to 50% of the simulant rhenium
concentration. The number of column volumes to reach breakthrough was correlated
with the following equation, valid for rhenium loading with Simulant A at 18°C.

V, =199-156L —14.5Q (1)

In Equation 1, V: is the number of bed volumes of simulant that result in breakthrough,
L isthe pre-loading of the column expressed as the number of bed volumes of simulant
that contain as many grams of rhenium as was initially on the lead column and Q isthe
simulant flowrate expressed in BV/hr. Each resin bed occupies avolume of 1.2 liters.
For one test the nominal feed concentration of rhenium was changed from 12.8 mg/L to
6.0 mg/L. This change made no difference in the normalized loading curves for the two
columns indicating that adsorption occurred over alinear portion of the adsorption
isotherm.

The loading step was followed by displacement of simulant and then elution. Most of the
runs were eluted in downflow, however test runs 7 through 10 were conducted in upflow.
For approximately the first five bed volumes of eluate exiting the lead column, the
concentration of rhenium increased with time. Thereafter, the concentration of rhenium
in the eluate decreased in a semi-logarithmic fashion. Also, the mass of rhenium
remaining on the column during elution decreased in a semi-logarithmic fashion. For
eluent at atemperature of 18°C, typically 12 BV of eluent were required to decrease the
remaining rhenium on the resin by afactor of ten. For eluent at atemperature of 55°C,
4.7 BV of eluent were required to decrease the remaining rhenium on the resin by afactor
of ten. Also, warming the eluent from 18°C to 55°C reduced the required amount of
eluent to extract 99% of the rhenium by afactor of two. The direction of flow, upflow or
downflow, made no noticeable difference in the elution profiles.

During each run different fluids were pumped sequentially through the columns.
Assuming plug flow through the columns, it should have required atime equal to the
column liquid volume (CLV = 2.0 liters) divided by the liquid flowrate for the boundary
between the different process fluids to reach the outlet of the columns. Observation of
the output of conductivity probes showed that the conductivity began to change at the
time predicted assuming plug flow. However, the conductivity continued to change for
additional time. The differenceis attributed to mixing effects in the column; axial mixing
or dispersion, interstitial mixing and resin pore mixing. For downflow, and the
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transitions from simulant to 0.1 M NaOH and from 0.1 M NaOH to water, the total
amount of liquid necessary to complete the transition was 2.3 CLV instead of the plug
flow assumption of 1.0 CLV. For the upflow transition from water to 1.0 M NaOH, the
total amount of liquid necessary was 1.35 CLV instead of 1.0 CLV.

INTRODUCTION

As part of the Hanford River Protection Program, BNFL Inc. has contracted to treat LAW
and High Level Waste from underground storage tanks at the Hanford Sitein
Washington[1]. After solids are removed from the LAW, the LAW will be passed
through ion exchange columns to remove cesium and technetium (in the form of
pertechnetate). The LAW will be vitrified and stored at the Hanford Site. The cesium
and technetium eluted from the ion exchange columns will be mixed with tank sludge,
vitrified as High Level Waste, and eventually stored at afederal repository. Once loaded,
the ion exchange resins will be eluted to remove the ions and then the resin will be
regenerated. BNFL, Inc. subcontracted with SRTC to perform pilot scale tests of the two
ion exchange processes using a simulated LAW having a high concentration of sodium.
The primary activities of thistask areto: (1) design and construct apilot scaleion
exchange test facility; (2) perform ion absorption, elution, and regeneration with two
different ion exchange resins; (3) measure pressure drop across the resin bed; (4) measure
swelling or contraction of the bed; and (5) optimize the process by minimizing chemical
additions. The major objectives of the task are to collect data that could allow
improvements to the BNFL flow sheet and establishment of plant operating conditions.

[2][3][4]

EXPERIMENTAL

Description of Hardware

Thetest facility is shown in Figure 1 and is documented in Drawing EES-22696-M 6-001.
Theion exchangeresin is contained in two columns hydraulically connected in series.
Each column has an inside diameter of 1.01” (25.7 mm), atotal length of 15’ 1.6” (4.61
m), and an approximate swelled resin height of 7 6” (2.30 m). Therefore, the top half of
the column contained only liquid. The total length and the swelled resin height were
chosen to duplicate the design of the full-scale facility. The presence of the large liquid
filled space affects the transition between different process fluids. For downflow, a
transition from a more dense fluid such as smulant to aless dense fluid such as water is
expected to produce a sharp transition zone that moves down the top half of the column.
The transition from less dense fluid to more dense fluid is expected to produce a wide
transition zone as fingers on the dense fluid fall through the less dense fluid.

The inside diameter of the columns was chosen to satisfy the criterion given by
Helfferich [5] that the diameter of an ion exchange column be at least 30 times as large as
the average resin particle diameter (0.03” or 0.75 mm for SuperLig” 639) to eliminate
any significant bypass flow at the wall. The transparent columns are double walled for
safety. Theinner tubeis transparent PV C, which has good chemical resistance to the
simulant and other liquids involved in the tests. The outer wall is glass, which has
excellent transparency, is only used to contain the resin and ssmulant in the event of
leakage of the PV C tube.
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Theliquid pump for the facility isan FMI1 Labpump model QV piston pump for which
the stroke length is manually adjustable and the frequency may be controlled an by
external current signal. It had been anticipated that the pump would act as a positive
displacement pump. However, prior to testing it was observed that its flowrate depended
on pressure. Therefore, the pumping rate was controlled by the system computer using
feedback from the flow meter. The control computer compared the flow set point that it
had been provided with the measured flow and calculated the required magnitude of the
control signal. The computer generated this control signal, which was sent to the pump
controller.

Simulant was stored in a 55 gallon fiberglass tank that had atight, but not sealed, lid. An
in-line cartridge filter was used to remove insoluble solids. Simulant was collected in a
plastic 55 gallon drum that rested on a 1000 Ib. scale. Other liquids were contained in 15
and 50 liter polyethylene carboys. Liquids entered and left tanks or carboys via
polyethylene tubes that passed through slightly oversize holesin the lids that allowed gas
venting. All other connections in the facility were made with ¥4’ 0.d. stainless steel
tubing. Pressurerelief valves set at 50 psig were connected to the tops of both columns.

The piping for the facility included thirty five diaphragm type solenoid valves that were
controlled by the computer and fourteen manual valves. By opening and closing the
appropriate valves, either the left hand column (#1) or the right hand column (#2) could
be the lead column and flow could be either upward or downward in the columns. Liquid
flowing out of the lead column can be directed through the lag column or directly to the
collection tanks. For most of the steps in the process, flow was downward in both
columns. However, for the resin post-elution rinsing and regeneration steps, the direction
of flow was upward. It was discovered that the solenoid valves occasionally leak.
Therefore, after Run #2, every solenoid valve was checked for leaks before every run.
After Run #2R the seat on solenoid valve 11 was found to be badly corroded. A
metallurgical evaluation determined that the solenoid valves were made of 304 stainless
steel, although the vendor had advertised them as 316 stainless steel. Corrosion was
attributed to the fact that the position of the valve in the piping allowed it to repeatedly
wet with caustic solution and then dry, forming very concentrated solutions. Dryingis
possible even though the facility piping is not open to the atmosphere because some
sections have air pockets. Air pockets result from the fact there isinsufficient liquid flow
to purgetheair. No other valves were affected.

Liquid samples having a volume of 5 mL were collected using a Sampling Systems
automatic sampler. Asmany as forty empty sample vials were placed in acarousel. The
sampler collected a sample each time that it received a signal from the control computer.
An intermittent failure to advance the sampler carousdl during Run 2R caused two
samples to mix together on four occasions. The problem was finally determined to be a
software error in the controller that was supplied as an integral part of the sampler. The
sampler worked well after the vendor corrected the error.
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System instrumentation is listed in the following table. Note that everything except one
rotameter (item #3) had an electronic output that was connected to the data acquisition
system (DAYS).

I nstruments

Krohne type DK 37E rotameter flowmeter

two McMillan model 111 paddle wheel type flowmeters

rotameter flowmeter with no electronic readout, manual readout only

thermocouples located near the liquid sampler and in effluent line from lag column

Rosemount model 1144 pressure transducer P1 at top of left column (column #1)

Rosemount model 1144 pressure transducer P2 at top of right column (column #2)

Rosemount model 1144 pressure transducer P3 downstream of pump and upstream of

inlet filter

Rosemount model 1144 pressure transducer P4 at bottom of left column (column #1)

Rosemount model 1144 pressure transducer P5 at bottom of right column (column

#2)

10. 1000 Ib. capacity scae

11. conductivity probes located near the liquid sampler and in effluent line from lag
column

12. pH probe

13. nitrate ion-selective electrode probe

NouokrwdrE

© ©

The nitrate, pH and conductivity probes were calibrated before every run using standard
solutions. The pressure transducers were calibrated at the start and end of the testing. In
addition, zero-flow readings were recorded for the pressure transducers at the start of
each run to determine if any of the transducer readings was drifting. The two
thermocouples were calibrated at the start and end of testing. The McMillan flowmeters
and the manual rotameter were calibrated at the start of testing, but were not used for
long and were not calibrated at the end of testing. The 1000 Ib. scaleis calibrated with an
annual frequency. The calibration of the Krohne flowmeter was checked during each run
by calculating the rate of change of mass of the simulant collection tank, as measured
using the 1000 |b. scale, and dividing by the measured simulant density. Fluid densities
were measured once per run by weighing a 100 mL volumetric flask both empty and
filled to the mark.

The simulant seems to have an adhesive quality based on the following observations.

1. With water or caustic solution all three types of flowmeter operated well with no
noticeable drift or hysteresis.

2. With simulant, the floats in both rotameters (instruments 1 and 3 in above list) had a
tendency to stick to the inside of the rotameter tube. Tapping readily freed the float, so a
mechanical vibrator was attached to the flowmeter.

3. With simulant, the calibration of the paddle wheel type flowmeters tended to shift.
Because of concerns about the flowmeters when used with simulant, the output of the
scale under the simulant collection drum was monitored. Also, all supply jugs and
collection jugs were weighed both before and after each run.
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The McMillan flowmeters were connected in parallel because the individual flowmeters
did not have sufficient range. Because of the observed drift with the McMillan
flowmeters, a Krohne rotameter type flowmeter was installed in series with the McMillan
flowmeters after the end of Run #2R (repeat). The Krohne flowmeter has significantly
different calibrations for different fluids, primarily because of viscosity differences.
Calibrations were performed with different fluids and the control spreadsheet was
instructed which calibration equation to use for each step of the process.

Control Computer

A Déell Optiplex GXIP computer using LabView Version 5.1 software was used to
control the tests and to display and record experimental data. The inputs to the computer
were the outputs from the thirteen instruments listed above. The outputs from the
computer were 110 volt signals to the thirty five solenoid valves and a current signal (4-
20 mA) to the pump controller. The LabView program read atest file, which contained
instructions for the duration of each step in the run, which valves were to be open for that
step, the flowrate for that step, which flow calibration curve was to used and the initial
delay and time interval between collection of samples.

Probes

Nitrate, pH and conductivity probes were installed in the facility. The commercialy
obtained conductivity probe was not adequate so conductivity probes were fabricated in
the laboratory. The in-house conductivity probe worked well and data from them appear
as Figures 29 through 32 later in thisreport. The pH probe did not function correctly
with the original pH controller, so the controller was replaced. The nitrate probe
demonstrated significant drift for all runs. Unfortunately, the data collected from the pH
probe and the nitrate probe do not appear to be usable because of instrument drift.

Safety

Testing follows awritten procedure [6]. The primary safety hazards were the high and
low pH solutions, which could cause serious tissue damage. There are spill detectors
located on the floor of the catch basin and in the jug that catches overflow from the
pressure relief valves. The spill detector shuts down the pump when a spill is detected.
Also, the computer shuts down the pump when any of the pressure gages exceeds 45
psig. During testing there were shutdowns for both spills and high pressure. A spill
occurred when areceiving jug was inadvertently overfilled. High pressure occurred
when a solenoid valve became plugged or failed to open on demand. The computer
alarms but takes no other action when any pressure exceeds 35 psig. Personnel wear
safety glasses, face shield, plastic apron, safety shoes and rubber gloves whenever
handling simulant, caustic solutions or acid solutions. The resin columns are double
walled. Nearly all of the tubing containing liquids under pressure is stainless steel.

Facility Shakedown

To perform facility shakedown, different colored water was put into each of the supply
jugs. The control computer was programmed to configure the actual flows of the process,
but with abbreviated durations for the steps. Visua confirmation was made that the
correct color liquid was flowing in the appropriate column in the appropriate direction,
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upflow or downflow. During the facility shakedown avalve inadvertently closed because
of abad electrical connection at the valve. This closure deadheaded the pump and the
resulting pressure increase caused the pressure relief valvesto open. Flow was diverted
to a collection jug located outside the laboratory building, as designed. This verified that
the pressure relief system was operating correctly.

Properties of Solutions

Hanford Envelope A waste from Tank 241-AN-105 was simulated using the formulation
listed in Table 1. lonic constituents for that formulation are also listed in Table 1. The
concentrations were 5.0 M [Na'] and anominal 12.8 mg/L of rhenium for all tests with
the exception of Test Run 10, for which the rhenium concentration was a nominal 6.0
mg/L. Nominal means calculated based on the simulant formulation as opposed to
measured analytically after the fact. The measured density and viscosity for the simulant
at 20° C and 5.0 M [Na'] are 1.225 g/mL and 2.94 cp, respectively. The measured
densities for 0.1 molar NaOH solution, 1.0 molar NaOH solution and 0.5 molar nitric
acid solution were 0.997, 1.023 and 1.017 g/mL, respectively. The CRC Handbook lists
the viscosity for 0.1 molar NaOH at 20° C as 1.02 cp as compared with 1.0 cp for water.
Densities were measured by weighing a 100 mL volumetric flask, both empty and full.
Simulant viscosity was measured using Cannon Fenske viscometers.

Pretreatment and L oading of SL-639 Resin into | X Columns:

SuperLig” 639 resin came from two batches, 640.57 g (1.3 L dry) from batch
981015DHC720011 and 624.0 g (1.3 L dry) from batch 990420DHC720067. King[7]
discusses the physical properties, batch contact, and smaller scale simulant column tests
that were conducted with this mixture of SuperLig” 639 resin. These batches of resin
were mixed dry and as-received. The dry resin exhibited a tendency to cling to the walls
of the polypropylene bottle, presumably due to electrostatic forces. Theresin was
soaked in deionized water for one hour. The deionized water was decanted from the resin
and replaced with 1 M NaOH, and the resin-caustic mixture was intermittently mixed
over a 2-hour period.

The top retaining screen and valve assemblies were removed from each of the two ion
exchange columns and replaced with 8" diameter funnels. A bottle containing resin-
caustic mixture was manually agitated while the slurry was poured into the columns,
dividing the resin approximately evenly between the two columns. This was done by
visually observing the amount of resin in each column during loading. Significant
bridging occurred during loading which dissipated as more slurry was introduced. Once
loaded into the columns, the resin was allowed to settle under gravity overnight. The
following morning, the height of the resin bed in each column was measured. The heights
were found to be 90.75” (230.5 cm) in Column #1 and 90.5” (229.9 cm) in Column #2.

Retaining screens and valve assemblies were installed on both columns. Then, theresin
bed in Column #1 was backflushed with 1 M NaOH at aflow rate of 2 L/hr. Theresin
was quasi-fluidized as large air bubbles worked their way through the resin bed. Bubbles
were caused by air trapped in the feed lines, and their size was comparable to the 1”
column diameter. As the large bubbles moved up the column, they tended to pack the
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resin above them into plugs. The resin below the plugs tended to settle into definable
beds, but were not tightly packed as motion of individual particles in the bed was
observed.

The large bubbles carried the resin plugs to the top of the column and packed the
uppermost plug against the screen. Liquid channeled around the air bubbles, through the
resin, and out of the screen. At thistime, the flow of caustic was switched to downflow
at 2 L/hr, which caused some of the uppermost resin plug to flow downward. All resin
plugs showed some signs of breaking up asthe air bubbles worked their way out of the
resin and up the column. Alternating upflow and downflow allowed for removal of al air
bubbles in the column. The same aternating flow procedure was then used to remove
trapped air from Column #2.

Experience showed that the resin was repacked most easily by beginning with upflow at a
moderate flow rate (approximately 2 L/hr), and then increasing the flow to about 6 L/hr.
When the resin plug begins to pack against the top screen, the flow should immediately
be switched to downflow at approximately the same flow rate until the resin packs at the
bottom of the column. This procedure should be repeated until all air isremoved. The
final step is downflow to pack the resin bed in the lower section of the column.

RESULTS AND DISCUSSION

Pressure Drop M easurements

Pressure drop was measured for both columns for arange of flows and for both 0.1 molar
caustic solution and simulant. Note that 0.1 molar caustic solution has a density and
viscosity close to that of water. Results for downflow pressure drop measurements with
dilute caustic and 5.0 M Nasimulant are shown in Figure 2. Aswas expected, pressure
drops are nearly the same for the two columns and are linear functions of liquid
superficial velocity consistent with Darcy Flow through a packed bed. Superficial
velocity is defined as the volumetric flow divided by the cross sectional area of the tube
that holds the resin. The measured pressure drop for the simulant is higher than for the
0.1 molar caustic solution because simulant is more viscous. The permeability, K, of a
packed bed is defined by equation 2.

U uAz
AP

K =

)

U =liquid superficial velocity, volumetric flowrate divided by cross sectional area
of the column
K = liquid viscosity
Az =resin height
AP = pressure drop
For all flowrates and both fluids the permeability was 5.2 x 10° cm? +10%.

Tests were run with the columns in upflow to characterize fluidization. Results for runs
with 0.1 molar caustic are shown in Figure 3. The resin bed expands with increasing
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flow and the height of the resin bed is proportional to liquid superficial velocity. When
the upflow test was run with 1.0 molar caustic the bed was fluidized at aflow of 19
cm/min but the resin was not uniformly dispersed so that the resin concentration was
visibly greater near the bottom of the column. The upflow test was also run with
simulant. At the lowest measurable superficial velocity of 1.6 cm/min, all of theresin
was pressed against the upper screen. Therefore, it appears to be relatively easy to
fluidize resin with ssimulant due to the similarity of densities of the liquid and resin. In
some runs resin floated when there was downflow or no flow. Details are given in the
section “Observations on Individual Rhenium Runs”.

Sequence of Individual Test Runs

Prior to atest run, the used simulant from the previous test was analyzed for rhenium
concentration. Thisanalytical result was used to reconstitute the rhenium concentration
to the desired amount, usually 12.8 mg/L. Solutions of caustic and nitric acid (for Runs 1
and 2 only) were prepared, placed in jugs and weighed. Control instructions for the DAS
were prepared and input to the DAS. These instructions specified what valves would be
open for every step in the process, the duration of the step, what flowrate would be used
and what flowmeter calibration curve would be used. Paper filters were weighed and
placed in the lines leading from the column outlet to the various collection jugs. The
filter papers were used to collect any resin fragments that passed through the column
screens or precipitates that formed in the test solutions.

Listed below are the stepsin atypical test run.

a. Pump simulant through the lead and lag columns in series.

b. Pump 0.1 M NaOH through the lead column to displace the ssmulant from the resin
without causing solids to precipitate.

¢. Pump deionized water through the lead column to displace the 0.1 M NaOH and then
to elute theresin.

d. For thefirst two runs the previous step was divided into three steps; displacement with
deionized water, elution with 0.5 M nitric acid solution and displacement with deionized
water.

d. Pump 1.0 M NaOH through the lead column in upflow to regenerate the resin.

e. At the conclusion of the run the lead column contained 1.0 M NaOH and the lag
column contained simulant.

Table 2 below summarizes the test variables.
Table?2 Test Matrix

Run Lead Simulant Water Eluentand  Eluent Sim. and
# column # displace. displace. regen.rate  volume  displace-

(BV) (BV) (BV/hr) (BV) ment rate
(BV/hr)
3 1 3.3 3.3 1.0 32 3.0
2R 2 3.3 1.7 11 45 18
4 1 3.3 3.3 13 26 1.8
5 2 3.3 3.3 11 38 2.6
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51E 1 0 0 11 47 0.

6 1 3.3 0 11 38 18

7 2 3.3 3.3 11 42 2.7

8 1 3.3 17 11 43 17

8IE 2 0 0 11 25 0

9 1 3.3 0 11 47 3.3

91E 1 0 0 11 49 0

10 1 3.3 0 11 39 3.3

Bed Volume (BV) (1.2 liters) is defined as the height of the packed resin column
multiplied by its cross sectional area. The Column Liquid Volume (CLV) (2.0 liters) is
the total liquid volume consisting of the volume of liquid over the top of the resin plus
the volume of liquid between resin particles plus the volume of liquid in the pores of the
resin particles. In Runs 1 and 2 the elution step was conducted with 0.5 molar nitric
acid. However, bench scale test results indicated that water (pH = 7) was the preferred
eluent. Therefore, water was used for all subsequent elutions, the eluent flowrate was
adjusted to 1.0 BV/hr, and the duration of elution was increased beyond the volume
specified in the test plan to remove more rhenium from theresin. The“Lead Column #’
refers to which column was in the lead position for the test, as the design planisto only
elute the lead column and place it in the lag position when the pair of columns return to
service.

Solids Collected on Filters

Each of the collection tank inlet tubing was equipped with afilter to remove particul ates.
Particulates could be broken pieces of resin or precipitation products. Table 3 liststhe
amount of dried solids collected on each filter for Runs 1 through 6. Filters were not
used for Runs 7 through 10. At the end of arun the filters were removed from their
holders, air-dried and then placed in an oven at 80°C for one hour. Note that the greatest
mass of solids collected for any run was 0.26 grams. The masses of solids on the filters
were small compared with the more than 1 kg of resin held by the columns. The solids
were light tan in color and the filter paper had the appearance of fine sandpaper.

Chemical Analyses

The carousel sampler was used to collect liquid samples. In addition, samples were
manually collected from the effluent of the lag resin column, from the simulant tank prior
to each run and from each collection tank after the run. Tanks were stirred prior to
collecting samples. Samples were analyzed by the Analytical Development Section
(ADS) of SRTC. Resultswill be discussed in sections that follow. Tables 4 through 12
are Excel spreadsheets containing the results of the chemical analyses for each test run.
Analyses listing concentrations for more than a dozen elements were Inductively Coupled
Plasma Emission Spectroscopy (ICP-ES). Anayseslisting only rhenium concentrations
were Inductively Coupled Plasma Mass Spectroscopy (ICP-MS). Detection limits may
be inferred whenever aresult islisted as less than some number, e.g. <0.7. ADStypically
claims an accuracy of +5% although some analyses appear to be less accurate, based on
the following table. Thefirst eleven lines of the table are a comparison of rhenium feed
concentration based on the measured mass of sodium perrhenate added to the known
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volume of simulant and ADS analyses by ICP-ES. The units are mg/L and the number of
significant digitsis asreported by ADS. Discrepancies are as large as 24%. Thelast two
lines are a comparison of the analysis of the same samples of spent simulant by ICP-ES
and ICP-MS. The largest discrepancy between the two methods was also 24%.

Run formula ICP-ES1 ICP-ES 2 ICP-MS1 ICP-MS 2
1 13.6 13.2 13.3

2 12.8 10 10

3 12.8 11 11

2R 12.8 9.8 10.1

4 12.8 114 11.7

5 12.8 12 12

6 12.8 115 114

7 12.8 114 11.7

8 12.8 12.7 12.8

9 12.8 11.2 11.0

10 6.0 5.0 5.2

1 3.54 4.46 3.99 3.87
2 2.5 2.6 3.06 3.42

Samples collected with the sampler have sample numbers of the form Re-4-12, meaning
this was the twelfth sample collected downstream of the lead column with the sampler
during Rhenium Run 4. Here are some abbreviations used in Tables 4 through 12.

lag sample of simulant collected after the lag column

efcmp sample of the mixed (composite) simulant that was run through both
columns

fdemp sample of the mixed simulant before the run was started

elucmp sample of the mixed eluate

reg sample of the mixed regeneration solution

fddsp sample of the mixed 0.1 M NaOH displacement solution

wtrdsp sample of the mixed water displacement solution

M ass Balances

Data from the chemical analyses and flows were used to prepare Table 13, which
contains mass balances as well as other information. The columns of data are described
below.

1 Run the run number

2 simulant pumped pounds of simulant pumped

3 simulant density measured density

4 Reconcin feed rhenium concentration in feed based on analysis

5 mass Re in feed calculated from columns 2, 3 and 4

6 Re conc spent rhenium concentration in simulant that flowed through both
columns

7 mass Re spent calculated from columns 2, 3, and 6

8 eluate vol 1 the volume of eluate in the first eluate collection jug
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9 eluatevol 2 the volume of eluate in the second eluate collection jug

10 elucmpl mixed rhenium concentration in the first eluate jug

11 elucmp2 mixed rhenium concentration in second eluate jug

12 vol reg volume of regeneration solution collected

13 Rereg concentration of rhenium in regeneration solution

14 vol fddsp volume of 0.1 M NaOH solution

15 Re fddsp concentration of previous solution

16 lead column

17 mass Re in feed same as column 5

18 mass Re spent sim.  same as column 6
19 integral mass exiting graphical integration of plot of Re concentration exiting

lead lead column during loading vs. BV
20 integral mass exiting graphical integration of plot of Re concentration exiting
lag lag column during loading vs. BV
21 lead col. elution, numerical integration using Simpson’s Rule of Re
Simpson concentration exiting lead column during elution
vs. BV
22 lead col. elution, numerical integration using Trapezoidal Rule of Re
Trapezoid concentration exiting lead column during elution
vs. BV
23 mass elucmp mass of Re in the mixed eluate calculated from columns
8 through 11

24 mass added tolead  column 17 minus column 19

25 mass added to lag column 19 minus column 20

26 breakthrough number of BV to simulant Re concentration exiting lead
column to equal 50% of feed concentration

27 simulant flowrate

28 eluent flowrate

29 mass fraction on lead column 24 divided by column 17

30 mass fraction on lag column 25 divided by column 17

31 mass fraction column 20 divided by column 17

32 final lead concen- final Re concentration in simulant during loading
tration normal of lead column divided by feed Re concentration

33 final lag concen- final Re concentration in simulant during loading
tration normal of lag column divided by feed Re concentration

34 parameter x axis x axis of Figure 13

35 preloading of lead  column 25 for previous run, zero when lag column
was eluted prior to run
36 preloading of lead  column 36 expressed as equivalent BV of feed
37 decontamination reciprocal of column 31
factor

Column L oading Results

Breakthrough data for rhenium loading are plotted in Figures 4 through 12. The rhenium
concentrations in the column effluent samples were measured and normalized by dividing
by the rhenium concentration of the simulant pumped to the lead column. For
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consistency both the numerator and denominator were measured by ADS using ICP-ES.
The abscissais cumulative bed volumes of simulant. The rhenium concentration exiting
the columns starts low and increases with time. Naturally, rhenium concentrations
exiting the lag column are much lower than for the lead column. Simpson’s Rule was
used to numerically integrate the mass of rhenium exiting both the lead and lag columns
for each test run. Simpson’s Rule for numerical integration for pairs of x and y values
and afixed value of deltax is expressed as the following equation.

AX
J'y O|x:?Zyl+4y2+2y3+4y4+2y5+....+yn 3

Theresults are listed in Table 13, which contains mass balance information. The
simulant feed concentrations of rhenium listed in the table were those measured by ADS
rather than based on the formulation of the simulant. For each loading plot, breakthough
was defined as the point at which the exit rhenium concentration from the lead column
was equal to 50% of the simulant rhenium concentration. The number of bed volumes of
simulant to reach breakthrough was determined graphically. The number of bed volumes
for breakthrough was expected to decrease with both increased rhenium pre-loading of
the lead column and increased simulant flowrate. Pre-loading occurred because the lead
column was previously the lag column and for most of the test runs the lag column was
not eluted. Asamethod of evaluating the consistency of the experimental results, the
number of bed volumes for breakthrough was correlated with pre-loading and simulant
flowrate using the following equation, valid for rhenium loading from Simulant A at
18°C.

V,, =199-156L-145Q 4

In equation 4, Vy is the number of bed volumes of simulant that result in 50 %
breakthrough, L isthe pre-loading of the column expressed as the number of bed volumes
of simulant that contain as much rhenium as was initially on the lead column and Q isthe
simulant flowrate expressed in BV/hr. The data and the correlation are plotted in Figure
13. The datafor Test Run 3 were not used in the correl ation because the pre-loading for
Run 3 was not well known. Equation 4 is not appropriate for predicting the absorption of
technetium from actual radioactive waste.

Column Elution Results

Data from eluate samples are plotted in Figures 14 through 25. The rhenium
concentration in the column effluent samples was measured and normalized by dividing
by the rhenium concentration of the simulant pumped to the lead column. The
concentration of rhenium in the eluate initially increases for roughly 5 BV, then decreases
in asemi-logarithmic fashion. After Runs 5, 8 and 9 special elutions were performed so
that both columns would be nearly free of rhenium for the start of Runs 6, 9 and 10.
These special elutions were called Runs 5 IE, 8 IE and 9 IE. Elution profilesfor the
special elutions are alsoincluded. For Run 9, Figure 23, the concentration of aluminum
isalso plotted for comparison. Unlike rhenium, aluminum is not chemically bound to the
SL-639 and so it washed quickly off theresin.
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For one of thetest runs, Run 8, the eluent was at an average temperature of 55°C rather
than the usual 18°C. Figure 26 shows that estimated temperature profile in the lead
column for Run 8. The computed profile took into account temperature measurements at
the bottom and top of the column. The temperature decreases because of heat |osses.
Figure 27 is a comparison of the rhenium concentrations during elution for Run 8 at an
average 55°C and Run 5 at 18°C. At the higher temperature the initial rhenium
concentrations are larger but then decrease faster. Figure 28 shows the mass of rhenium
left on the lead column during elution for Runs 5 and 8. The masses were calculated by
using Simpson’s Rule to integrate the mass of rhenium removed during elution. (The
calculations are based on the composition of the eluent, and not on direct analysis of
resin. If rhenium remains on the resin, this technique would not identify it. Other work
with technetium on SuperLig” 639 showsthat thisisvalid [8]). To achieve afactor of
ten reduction in the mass of rhenium remaining on the resin at 18°C required about 12
BV of eluent. Increasing the average eluent temperature to 55° C decreased the required
amount of eluent to about 5 BV. Therefore, warming the eluent appears to be desirable.

Elutions were performed in both upflow and downflow. Inspection of the elution
profiles did not show a significant difference between the downflow profiles (Runs 3 — 6)
and the upflow profiles (Runs 7 — 10).

Feed Displacement and Regeneration Steps

Composite samples were collected for the feed displacement with 0.1 molar caustic and
regeneration with 1.0 molar caustic. Table 13, the Mass Balances, shows the mass of
rhenium in these samples. The maximum amounts of rhenium in the displacement
solution and in the regeneration solution were 30 mg and 4 mg, respectively. These are
small masses compared to the 1.8 to 2.5 grams of rhenium in the feed for these test runs.
The 3.3 BV of 0.1 M NaOH solution appears to adequately displace the feed solution, as
evident by the 100 to 1000-fold reduction of feed components (e.g., Al) in the
displacement solution and the first eluate samples. The flow rate at which the 0.1 M
NaOH solution was transferred through the column does not seem to affect the
displacement of feed, at the two superficial velocities studied. The 1.0 M NaOH
regeneration solution also appears to be adequate for conditioning the column before
introduction of feed to prevent aluminum precipitation.

Conductivity Probe Results

Conductivity probes were placed in the piping downstream of the two ion exchange
columns. These were useful in showing the progress of the different fluids through the
columns and piping. For example, ssmulant, 0.1 molar caustic and deionized water have
conductivities of roughly 100, 50 and 1 mS/cm (millisiemens per centimeter),
respectively. The conductivity probes have alimitation for tracking different solutions
because conductivity is afunction of temperature as well as concentration.

Figures 29 through 32 show the output of the conductivity probe at the outlet of the lead
column during Runs 9 and 10. The response of the conductivity probe was nearly the
same in those two runs as will be discussed. The figures aso plot a square wave to



Savannah River Technology Center 15 WSRC-TR-2000-00302
Westinghouse Savannah River Company SRT-RPP-2000-0008
Aiken, SC 29808 Revision 0

identify the fluids being pumped to the inlet of the lead column at different times. For
Figures 29 and 30 there is atransition from simulant to 0.1 M NaOH and a subsequent
transition to deionized water. For both transitions the flow isin downflow and aless
dense liquid is being pumped on top of amore dense liquid. Therefore, the interface
between liquidsis expected to remain stratified. The caustic solution was being pumped
at about 4.5 L/hr and the liquid volume of the lead column was 2 liters so using an
assumption of plug flow the caustic solution was expected to penetrate the column 0.44
hours after first being pumped in. Those plug flow penetration times are marked on the
figures. At those timesin Figures 29 and 30 the conductivity actually initially increased.
Thiswas the result of atemperature (TC1) increase at that time as shown in the graph.
The temperature increase most likely represents the heat of mixing of simulant and dilute
caustic. According to the International Critical Tables conductivity typically increases
3% for every °C. Thetemperature increased by 2° C and the conductivity increased by
6% so the observations are consistent. The conductivity then decreased, but atotal of
about 2.2 CLV dilute caustic flow were required to reduce the conductivity to about 55
millisiemens per cm (mS/cm) instead of the plug flow requirement of 1.0 CLV.

Figures 29 and 30 also show the transition to water flow. The plug flow time for
deionized water to reach the conductivity probe was also marked. There was a decrease
in conductivity at that time but atotal of 2.4 CLV of water flow was required to reduce
the conductivity to less than 5 mS/cm rather than the plug flow prediction of 1.0 CLV.
The additional flow required is attributed to mixing effects in the column; axial mixing
(dispersion), interstitial mixing and pore mixing.

Figures 31 and 32 show the transition from water to 1.0 M NaOH for Runs 9 and 10.
Upflow was used for the caustic solution so that more dense liquid was being pumped
under less dense liquid. Therefore, the interface between liquids is expected to remain
stratified. The transition was completed when 1.35 CLV of caustic solution was pumped
instead of the plug flow prediction of 1.0 CLV. It isnot known why thistransition
required less liquid than the two previous transitions.

Observations on Individual Rhenium Runs
Theruns are listed in the order in which they were performed. Unique events, features or
observations are highlighted.

Rhenium Run #1

A layer of resin 8.5” thick was observed to be floating in Column 1 during the loading
phase. During Run #1, solenoid valve #12 |eaked, allowing some of the simulant to
bypass both resin columns and flow directly into the smulant recovery tank. The exact
flow rate profile through the column could not be re-created, so the Run 1 data were not
included.

Observations on Rhenium Run #2

A layer of resin 0.4” thick was observed to be floating in column 1 during the loading
phase. A solenoid valve leaked allowing simulant from the feed tank to bypass the lead
column (#2). Therefore, many samples contained a mixture of feed simulant and ion
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exchange column effluent. Since there is no way to recreate accurate flow rate
information, the test results were invalid. Both columns were backflushed, resettled, and
eluted at the conclusion of the cycle. The elution step may not have used sufficient
eluent to remove al of the rhenium.

Observations on Rhenium Run #3

The ssimulant recovery tank was placed on a scale to permit flow rate determination. On
the second day, the loading cycle was briefly stopped for less than 30 minutes to perform
software changes. Each column initially had 7” of floating resin at the top.

Observations on Rhenium Run #2R

Floating resin was mentioned in the lab book but the amount was not listed. Additional
simulant, 35 liters was prepared and added to the simulant feed tank. A diffuse quantity
of suspended resin was observed at mid-height of column #1 (lag). A quantity of resin 3”
thick was floating at the top of column #2 (lead).

Observations on Rhenium Run 4

A layer of resin 14" thick was observed to be floating in column 1 during the loading
phase. When water displacement was to begin avalve did not open and the run had to be
restarted. Run 4 had an intentionally short elution.

The lead column for Run 4 was the lead column during Run 3 and the lag column during
Run 2R. During Run 3, the lead column was only partially eluted with the Re
concentration in the eluate ~6% of the feed concentration. This column subsequently
served as the lag column during run 2R, where additional Re was loaded onto this
column. For Run 4, the effect of using this partially loaded column as the lead column
was seen almost immediately. The Re concentration in the first sample of effluent from
the lead column was ~11.6% of the feed concentration, due to the column being partialy
loaded. The 50% Re breakthrough occurred after processing only ~110 BV, which isless
simulant solution than processed in al other runs, except Run 5.

Observations on Rhenium Run 5

A layer of resin 1" thick was observed to be floating in column 1 during the loading
phase. No floating resin was observed in subsequent tests. Run 5 also experienced
similar early rhenium breakthrough due to using the partialy loaded lag column from
Run 4 asthe lead column during Run 5. The Re concentration in the effluent from the
lag column during Run 4 reached ~17% of the feed concentration at the end of the
loading cycle. When this column was used as the lead column during Run 5, the Re
concentration in the column effluent is approximately the same concentration as that at
the ending concentration during Run 4.

Observations on Rhenium Run 6

A special elution was conducted after Run 5 to ensure the lead and columns were fairly
free of rhenium before starting Run 6. Solids accumulated in the filter downstream of the
pump during the loading phase causing a high pressure trip at night. Ten hours later the
filter was cleaned and the run was resumed. During the run the decision was made to
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increase the volume of eluent from 10 BV to 40 BV. At the conclusion of Run 6
corrosion of the feed tank was noted. Apparently, some of the epoxy coating flaked off
allowing the caustic ssmulant to attack the fiberglass. These solids probably caused
fouling of thefilter.

Observations on Rhenium Run 7

A valve leaked causing 30 liters of ssmulant to flow from the lag column into another test
loop rather than the simulant recovery tank. The flow of simulant was stopped for 30
minutes to correct the problem.

Observations on Rhenium Run 8

Run 8 experienced early 50% rhenium breakthrough due to using the partially loaded lag
column from Run 7 as the lead column during Run 8. The Re concentration in the
effluent from the lag column during Run 7 reached ~10% of the feed concentration at the
end of the loading cycle. When this column was used as the lead column during Run 8,
the Re concentration in the column effluent was approximately the same concentration as
that at the ending concentration during Run 7.

The elution was conducted with 55°C water. Thermal expansion of the PV C column
caused it to warp permanently. Asaresult, no further warm elutions were run.

Observations on Rhenium Run 9
A special elution was conducted after Run 8 to ensure the lead and lag columns were
fairly free of rhenium before starting Run 9.

Observations on Rhenium Run 10

Feed rhenium concentration was intentionally decreased to 6 mg/L. For the loading
phase the first lead column rhenium concentration seems to be anomalously high. The
reason for thisis not known. A water leak into the catch pan shut down the test during
elution, after 8.5 bed volumes of eluent had passed. Theinlinefilter still contained about
50 mL of simulant with eluent, which was released into the eluent line by the pressure
surges caused by shutdown and restart. This release caused a spike in aluminum and
sodium in the eluent after that time. The increased ionic strength and rise or drop in pH
caused a decrease in rhenium concentration at that time. Because of this event, the
elution was incomplete and the eluate composite samples do not contain all of the
rhenium.

DISCUSSION

Numerous technical problems were encountered and overcome with the pilot scale ion
exchange facility. Almost all parts of the facility are currently operating well. Two
exceptions are the online probes for the measurement of nitrate and pH, which continued
to exhibit significant drift. The problems identified are not expected to cause operational
issuesin the BNFL Inc. designed facility, as they were largely equipment or computer
software related. However, some issues inadvertently identified should be considered.
The flow interruption during elution of the lag column in run #10 caused pressure surges,
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which caused simulant to be mixed with eluent. This caused a high ionic strength in the
incoming eluent, stopping elution. If the BNFL Inc. designed facility has dead-legs
containing feed, or if valve sequencing cause a mixing of high ionic strength solution
with in-flowing eluent, then the eluate could be contaminated with the high ionic strength
solutions. Also, heating of the column during elution caused warping of the column,
probably due to expansion. Allowance for expansion during hot water elution is needed.
No attempt was made in this test program to evaluate if the resin will survive multiple
thermal cycles.

Eleven test runs were completed. Runs 1 and 2 had enough hardware problems that the
resultsareinvalid. The test conditions designated for these runs were used for
subsequent runs (2R and 10). All runs exceeded the design criteriaof 100 BV to 50%
breakthrough. Decontamination factors, DF, were as high as 300. The DF was aslow as
12 in Run #5, but this was due to intentionally incompletely eluting the column in the
prior test to examine its effect on performance.

The procedure of interchanging the lead and lag columns after each test run worked well.
However, it isimportant to recognize that incomplete elution will diminish the overall DF
on the subsequent run. Examples of thisare shown in Runs4 and 5. The Re that remains
on theresin will cause early breakthrough. Similarly, running the lead column to high
breakthrough (70%) will cause early breakthrough in the lead column on the subsequent
run. Inthiscase, thelag columnis partialy loaded with rhenium (~10%), and the
subsequent run begins at about the same level. A correlation was devel oped to relate the
pre-loading of afull height ion exchange column containing SL-639 and the flow rate of
waste simulant through the column to the volume simulant that may be processed with
the column before breakthrough is reached. This correlation may be used to optimize the
process.

Normalized rhenium concentrations were presented in the report for al of the process
fluids exiting the columns. This allowed the determination of breakthrough for the
loading phase and fraction of the rhenium removed during the elution phase. The
material balance for most experiments is reasonably good.

Different process fluids are pumped through the ion exchange columns in sequence. Data
from conductivity probes indicate that the transition from one fluid to another is not
sharp. If the flow regime were plug flow, a sharp transition in conductivity at the outlet
of the column would be observed after one column liquid volume of the new fluid was
pumped into the column. Instead it requires about two column liquid volumesto
complete the transition. This effect is probably due to the liquid mixing zone above the
resin bed in each column. The BNFL Inc. designed full-scale columns are of asimilar
design and will probably experience non-plug flow of solutions. No fouling of theion
exchange beds or the post-column in-line filters was observed. The in-line pre-filter on
the columns indicated a high pressure drop during testing, but this was attributable to the
high viscosity of the simulant. The pressure drop across the filter decreased when dilute
caustic and water were pumped in.
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The fiberglass tank, which had been purported to withstand the simulant chemistry, was
observed to have deteriorated and was taken out of service after several tests. Other
polymeric components withstood the harsh chemical environment.

The only other element removed by the process was silicon. The initial simulant
composition contained ~250 mg/L silicon, which had dropped to ~100 mg/L by Run #4.
The silicon does not appear in the eluate or caustic displacement solutions. Apparently, it
was precipitating in the feed tank between runs and was removed by the cartridge filter.

CONCLUSIONS

The data contained in this report will be used to assess the VERSE ion exchange
computer model used to aid in design and optimization of the BNFL Inc. facility. Tests
conducted to date using Envelope A simulant support the BNFL Inc. design assumptions
for performance of the full-scale SL-639 technetium ion exchange system. Further
research is needed with other envelopes (B and C) and with alarger diameter column to
further reduce wall effects. Design modifications are needed to fully demonstrate the
benefit of heating the eluent.
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Table1l Simulant Formulation
Simple Envelope A Formulation

Total Volume of Simulant Feed = 159.9 L

To a 50 L Nalgene Carboy add

Mass, grams

|Water

30000

Transition Metals and Complexing agents

(ie.30L)

Compounds Formula Mass, grams
Boric Acid H3BO3 21.9
Calcium Nitrate Ca(NO3)2.4H20 17.7
Cesium Nitrate CsNO3 1.8
Magnesium Nitrate Mg(NO3)2.6H20 4.3
Potassium Nitrate KNO3 1442
Zinc Nitrate Zn(NO3)2.6H20 3.5
Glycolic Acid HOCH2COOH, 70 wt% 124.9
Sodium Chloride NacCl 1124
Sodium Fluoride NaF 315
Sodium Perrhenate NaReO4 3
Sodium Sulfate Na2S04 85.5
Potassium Molybdate K2MoO4 15.3
Ammonium Acetate CH3COONH4 38.5
Place solution in the Simulant Supply Tank

In a separate 50 L carboy mix the following

Add grams

Water 45000|(i.e 45 L)
Compounds Formula Mass, grams
Sodium Hydroxide NaOH 10340

WSRC-TR-2000-00302
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mole wt.
43.82
164.09
194.91
256.41
101.11
297.47
76.05
58.44
41.99
273.19
142.09
238.14
77.08

molarity
0.003126
0.000675
5.78E-05
0.000105
0.089191
7.36E-05

0.00719
0.120284
0.004692
6.87E-05
0.003763
0.000402
0.003124

40 1.616635

When ALL NaOH is dissolved and solution temperature is below about 60

deg. C add the following

Compounds Formula Mass, grams

Sodium Aluminate 2NaAl02.3H20 12030
Sodium meta-silicate NaSiO3.9H20 160.1
Sodium Acetate NaCH3COO0.3H20 289.9
Sodium Formate HCOONa 326.3
Sodium Oxalate Na2C204 69.7
Sodium Phosphate Na3P04.12H20 171.1

Mix thoroughly. Then add this solution to the Simulant Supply Tank.

217.94
284.2
136.08
68.01
134
380.12

0.345207
0.003523
0.013323
0.030005
0.003253
0.002815
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Add Formula Mass, grams
Sodium Carbonate Na2CO03 1661
Mix thoroughly.

Add Formula Mass, grams
Sodium Nitrate NaNO3 15730
Sodium Nitrite NaNO2 12490

Mix thoroughly and bring to a final solution volume of 159.9 L.

total molarity of sodium
total molarity of nitrate

4.99
1.248
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105.99 0.098007

84.99 1.157477
69 1.132048

Table3 Massof Solids Collected on Whatman Filters
masses in grams
Destination of filtrate Run1l Run2 Run3 Run2R Run4 Run5 Run6
simulant collectiontank 0.17 0.02 0.14 0.04 0.21 0.02 0.26
regeneration causticcoll. 0.1 0 0.03 0.05 005 002 0.01
acid water collection 0 001 na na na na na
dilute caustic collection 0.05 001 001 O 003 001 o0.01
caustic water collection na na na na 005 001 O
eluate collection 005 001 O 0.01 006 001 o0.01
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Figure 2
Downflow Column Pressure Drop with SL 639 Resin
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Figure 3
Collimn Height with SL 639 Resin and 0.1 M NaOH Solution
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