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Summary

This report describes laboratory experiments performed to examine the feasibility and rate of isotopic dilution of uranium-
235 in Tank 43H supernatant liquid. The isotopic dilution was accomplished by adding an alkaline depleted uranium
solution to simulated or actual Tank 43H waste solutions having enriched U-235 compositions. The laboratory testing
results indicated the following:

We observed rapid dilution of the U-235 enrichment in the supernatant liquid to less than 0.5 percent upon addition
of an alkaline solution containing depleted uranium.
The depleted uranium delivery mode and addition rate were not important parameters affecting isotopic dilution in
the supernatant liquid.
Mixing is an important parameter affecting isotopic dilution in the supernatant liquid.
Under appropriate mixing conditions, isotopic dilution of uranium-235 is faster than precipitation of depleted
uranium.
With effective mixing, isotopic dilution to an acceptable level occurred in minutes.
Where there is limited or no effective means of mixing the depleted uranium solution with the supernatant liquid
containing enriched uranium, instantaneous bulk addition of the depleted uranium appears more effective in ensuring
appreciable isotopic dilution than a slow measured delivery of depleted uranium.
Slower addition of the depleted uranium solution is beneficial for isotopic dilution only when it is accompanied by
effective mixing.
Precipitated solids formed upon addition of depleted uranium solution are micron size particles, which are easily
suspended in solution with minimal stirring.

1.0 Introduction

Analyses of Tank 43H supernatant samples indicates that the supernate has an average total uranium concentration of 15.0
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± 2.9 mg/L and an average uranium-235 enrichment of 3.12 ± 0.63 weight percent. Because of this high uranium-235
enrichment in Tank 43H, which serves as a feed tank to the 2H-evaporator plans are to add depleted uranium (DU) as a
uranyl carbonate solution to Tank 43H to reduce the U-235 enrichment in the supernatant liquid. Reducing the U-235
enrichment below that of natural uranium abundance ensures that the 2H-Evaporator can be operated safely without risk of
criticality. The target uranium-235 enrichment for the Tank 43H supernate is less than 0.96 weight percent.

To ensure adequate mixing of the uranyl carbonate solution with the tank supernate, plans are to install a Flygt mixer,
positioned about 3.3 meters from the sludge and pointed up at an angle. The uranyl carbonate solution will be introduced at
the Flygt mixer.

This report documents experimental results conducted at the Savannah River Technology Center (SRTC) to examine the
feasibility, extent and rate of isotopic dilution of uranium-235 resulting in the addition of an alkaline depleted uranium
solution to Tank 43H supernate simulant and to the real waste supernatant liquid currently stored in Tank 43H. The sludge
at the bottom of Tank 43H storage tank is not taken into consideration in the simulation and actual waste tests.

This work complies with the work scope defined in the following plans: D.T Hobbs and L. N. Oji, " Task Technical and
Quality Assurance Plan for Testing Methods to Reduce 235Uranium Enrichment in Tank 43H supernatant Liquid," WSRC-
RP-2000-0097, Rev.0, Sept. 20,2000 and Technical Task Request HLE-TTR- 2000-063 from B.L. Lewis titled
"Development of process to reduce the Uranium Enrichment in Tank 43H," August 17, 2000.

Keywords: Uranium-235, Uranium enrichment, Fissile material, 2H-Evaporator

2.0 Experimental

2.10 Approach

The test plan, summarized in section 2.3.0, features the use of an alkaline DU solution to obtain the desired isotopic
dilution of U-235 in both the enriched Tank 43H simulated supernate and in the real waste. In these tests, 4 ml DU solution
(10 g U/L), an amount needed to reduce the U-235 enrichment well below 0.96 weight percent, was added to 100 ml of the
simulant or real waste under various delivery and mixing conditions. An inductively coupled plasma- mass spectroscopic
technique was used to quantitatively measure the uranium isotopic distribution.6 Efficiency of the supernate isotopic
dilution process was based on the differences, if any, in the magnitude of experimental isotopic distribution data obtained
versus the expected values. How good the isotopic dilution process worked experimentally was also judged on changes in
the equilibrium uranium-235-to-uranium-238 ratio with mixing time and visual observations related to the behavior of
uranium precipitates formed.

Test conditions were defined to monitor for the effects of DU delivery rate, mixing rate, and variation of U-235/U-238
ratio with addition of DU on the efficiency of isotopic dilution of the supernate. Upon addition of the large quantity of DU
the following approximation (Other uranium isotopes are present in low concentrations prior to the addition of DU and subsequently fall below
detection levels for the ICP-MS analytical method upon the addition of DU and preparation of the samples for the ICP-MS analysis.) holds:

U-235/U-238 » U-235/U-total.

The real waste work was performed in the SRTC shielded cells and the simulant work in a radioactive hood. The
temperature in the radioactive hood and in the shielded cells were, respectively, 22 ± 0.5 and 22 ± 1° C. All results in this
report are given in terms of U-235/U-238.

2.20 Materials and Solutions

The composition of the Tank 43H simulant used in this study featured the most recently reported values from dip samples
taken from Tank 43H (see Table 1). Appendix A provides complete details of the Tank 43H simulant preparation. The
target U-235 enrichment for the simulant of 4.37 percent is based on the average U-235 enrichment from several samples
measurements plus two times the standard deviation of this data set. Similarly, the target total uranium concentration is
based on the average total uranium concentration of 18.95 mg/l plus approximately one times the standard deviation. The
density of the Tank 43H simulant is 1.21 g/ml.
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The depleted uranium solution used in these tests was prepared as follows. Uranyl nitrate (UO2 (NO3)2.6H2O, 21.1 g)
dissolved in approximately 5 ml of 1.5 M nitric acid was added to a one liter volumetric flask containing 500 ml of a 0.37
M sodium carbonate (Na2CO3.H2O) solution . The flask was then filled to the mark with additional sodium carbonate.
Analysis of this alkaline DU solution for uranium-238 concentration gave a value of 10.0 mg/ml and U-235/U-238 ratio of
0.30 ± 0.02 percent. The measured density of this DU solution was 1.04 g/ml.

Due to insufficient archived Tank 43H supernate samples, the real waste used was a composite of filtered real waste from
Tank 43H and Tank 38H. Tank 38H material was chosen since this tank is the concentrate receipt tank for the 2H-
Evaporator and thus contains concentrated waste originally present in Thank 43H. Based on volume measurements, 71% of
the composite sample came from Tank 43H and 29% from Tank 38H. It is worth noting that the 2H-Evaporator processes
radioactive waste from tanks 43H (feed tank) and Tank 38H, with Tank 38H acting as the concentrate waste receipt tank.
Therefore, we assumed that the supernate from the two tanks is similar in composition.

The mixing of depleted uranium with Tank 43H simulant or real waste carried out in capped transparent 250-ml Teflon
with receiving holes on each cap as shown in Figures 1 and 4. These holes held rubber tubing directly connected to a
syringe pump.

Table 1. Tank 43H Simulant Composition.

Component Concentration ( M)

Free NaOH 1.25E+00

Total NaNO3 6.15E-01

NaAl(OH)4 1.00E-01

NaNO2 4.05E-01

Na2SO4 9.00E-03

Na2CO3 2.50E-02

Na2C2O4 3.45E-03

Na3PO4 3.20E-03

U-235 0.766 mg/l

Total uranium 18.95 mg/l

Total sodium concentration 2.45

2.30 Test Design

The total uranium U-238 concentration in the depleted uranium soloution used was 10 mg/l with an average U-235/U-238
ratio of 0.30 ± 0.02 percent. Similarly, the measured uranium-238 for Tank 43H simulant was 18.95 mg/l with a U-235
concnetration of 0.766 mg/l. Based on these uranium the addition of 4 ml of the DU solution to 100-ml of the simulant
solution provides a theoretical U-235/U-238 ratio of 0.00469 (0.1966/41.895).

A comparison of the experimental value for U-235/U238 ratio in the filtrate with this theoretical value of 0.00469, along
with the time required to attain this equilibrium value, was used as a measure of the extent of isotopic dilution for tests
with simulants and real waste.

The test plan for the simulant work consisted of three principal test categories:
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Addition rate test: Designed to evaluate the effects of depleted uranium addition rate (instantaneous addition versus
slow addition at two rates: 0.267 and 0.013 ml/min.) under well-mixed and poorly mixed conditions.
Utility test: Designed to evaluate changes in U-235/U-238 ratio with increase in DU solution addition (incremental
test). Here, we maintained the volume of the simulant constant at 100 ml for nine different runs and increased the
volume of DU (0.5, 1, 2, 3, 4, 10, 15, 20 and 25 ml) to see if the desired U-235/U-238 ratio in the DU solution can
be attained. This test was performed in a well-mixed condition and with instantaneous addition of the DU solution.
Mixing test: The effects of mixing on the isotopic dilution experiments were evaluated by running experiments with
and without effective mixing using either a magnetic stirrer or an orbital shaker, or a combination of both mixing
devices.

Samples were collected at the following time intervals; 3, 9, 24, 48, 72, 96 and 120 hours after adding depleted uranium to
the simulant or real waste supernate. Typically, approximately 2 ml of the test mixture were withdrawn using a 10-ml
plastic syringe filter and filtered after connecting a syringe filter disc (0.45-micron membrane). In some case, an unfiltered
sample was submitted for analysis (see appendix B).

The filtered solution (1.0 ml) was delivered into a sampling vial containing 1.0 ml of dilute nitric acid (1.5M). All samples
were analyzed by ICP-MS for uranium isotopes.

3.0 Results

3.10 Simulant Testing

3.1.1 Addition Rate Tests

3.1.2 Instantaneous addition of depleted uranium

In a typical test, 100 ml of the simulant was measured and delivered into a Teflon bottle containing a magnetic stirring bar.
The magnetic stirrer was operated in a manner to avoid the introduction of excess air into the solution. While the simulant
solution was stirring, 4 ml of the DU solution was measured and delivered into the mixing simulant within 3 seconds.
Three hours after the introduction of the DU into the solution the 3-hour samples (filtered and unfiltered) were collected.
Six hours later the 9-hour samples were collected. Thereafter, samples were collected at 24-hour intervals after the
initiation of the test. Appendix B shows the analytical results for all samples collected and Figure 2 shows a typical
isotopic dilution profile for the instantaneous addition of DU solution into the Tank 43H simulant.

The average U-235/U-238 ratio from the seven post-DU addition samples obtained as part of this test was 0.458 ± 0.024
percent. The U-235/U-238 ratio for the filtered samples collected after 3 and 120 hours, respectively were 0.472 and 0.487
percent. These results compare favorably with the expected U-235/U-238 ratio of 0.469 percent.

Figure 1. From left to right (1) A continuously stirred mixture of 100 ml of Tank 43H 
simulant and 4 ml of DU solution, (2) Tank 43H simulant (U-235/U-238 = 4.32%), and (3) 
A continuously stirred mixture of 100 ml of Tank 43H simulant and 15 ml of DU solution.
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Figure 2. Isotopic dilution profile for instantaneous addition of 4 ml DU solution to 
100 ml of Tank 43H simulant under well mixed conditions.

3.1.3 Depleted Uranium Delivered at 0.267 ml/minute

We ran this test in duplicate as described in section 3.1.2 above, except that the 4 ml DU was delivered into the reaction
bottle at 0.267 ml/minute using a syringe pump. The syringe pump delivery orifice was coupled to the Teflon bottle via
rubber tubing connected to the Teflon cap as shown in Figure 3. The complete delivery of 4 ml DU into the simulant
solution took about 15 minutes. Figure 4 shows a typical isotopic dilution profile for depleted uranium delivered at 0.267
ml/minute to the enriched simulant.

The average U-235/U-238 ratio for the first test was 0.478 ± 0.025 percent. The U-235/U-238 ratio for the filtered sample
collected after 3 and 120 hours of running the test, respectively are 0.440 and 0.480 percent.

The corresponding values for the duplicate test are 0.454 ± 0.026 percent, and 0.410 percent (3 h. sampling) and 0.460
percent (120 h. sampling). The U-235/U-238 ratios for the unfiltered samples at the same times (still containing all of the
uranium precipitates) are 0.440 percent and 0.470 percent, respectively.

This experimental U-235/U-238 ratio of 0.478 ± 0.025 percent for the filtrate agrees favorably with the expected value of
0.469 %. Similarly, the average U-235/U-238 ratio for the unfiltered samples, 0.454 percent, is within the one sigma
uncertainty value of the expected value. These results indicate that isotopic dilution equilibrium has been reached between
the supernatant liquid and precipitated uranium solids.

3.1.4 Depleted Uranium Delivered at 0.013 ml/minute

In this test, the 4 ml DU solution was delivered into the 100 ml enriched Tank 43H simulant solution using a syringe pump
calibrated to deliver 0.013 ml of the DU per minute. Hence, it took approximately 300 minutes to deliver the entire 4 ml of
the DU solution into the test bottle. The test mixture was magnetically stirred during the 120- hours test period. Because of
the approximately 5 hours required to deliver the DU solution into the test bottle the first sampling was carried out at the
ninth hour of mixing. Figure 5 shows a typical isotopic dilution profile for tests in which the DU was delivered at 0.013
ml/minute.

The average U-235/U-238 ratio obtained is 0.488 ± 0.096 percent. The U-235/U-238 ratio for the filtrate sample collected
after nine and 120 hours of running the test, respectively are 0.380 and 0.483 percent. These values are not statistically
different than the theoretical value of 0.469 percent.
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Figure 3. Syringe pump set up for the delivery of depleted uranium 
into U-235 enriched Tank 43H simlant.

 

Figure 4. Isotopic dilution profile resulting from the titration of 4 ml of 
DU solution into 100 ml of the Tank 4H simulant at 0.267 ml/minute 

under well-mixed condition

 

Figure 5. Isotopic dilution profile resulting upon the addition of 4 ml of DU solution 
into 100 ml of Tank 4H simulant at 0.013 ml/minute under well-mixed conditions.
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3.2.0 Utility Test

This set of tests was designed to evaluate the efficiency of the isotopic dilution process by varying the amount of added DU
solution and comparing the resulting U-235/U-238 ratio. At high quantities of DU solution, U-235/U-238 ratio will
approach the DU enrichment value of 0.3 weight percent.

The test plan described six DU solution addition tests, (addition of 0.5, 4, 10, 15, 20 and 25 ml) of DU solution to 100 ml
of the Tank 43H simulant). These test mixtures were continuously stirred throughout the test duration (120 hours). Based
on the test results we conducted three additional tests featuring intermediate DU additions (i.e., 1, 2, and 3 ml of DU
solutions). These additional tests provided additional data to more accurately define the U-235/U-238 ratio curve as a
function of the quantity of DU solution added to the system. Due to time constraints and previous results from testing
above, we only sampled at the end of the test duration for the latter three tests. Table 2 provides a summary of the results
for the entire efficiency test. The values reported in Table 2 are all filtered sample data.

In Table 2, the theoretical equilibrium value for each test is provided in column 3 versus the experimental value provided in
column 2. Column 4 shows the average depleted U-235/U-238 ratio of 0.3 percent. Figure 6 shows a plot of the variation in
amount of DU added with changes in enrichment of the simulant solution. This Figure also shows an overlay plot of the
enrichment in the depleted uranium as a reference. In general there is good agreement between the theoretical and
measured values for the isotopic ratios as a function of added DU. We attribute the differences between the two values to
experimental errors associated with sampling and analysis by ICP-MS.

Table 2. Utility Test Summary: Instantaneous Addition of 4 ml DU 
to 100 ml of Tank 43H Simulant.

DU
Solution

(ml)

% U235/U-238
Observed

% U-235/U-
238

Expected

DU
% U-235/U-238

0 4.320 4.370 0.3

0.5 1.347 1.328 0.3

1 0.926 0.896 0.3

2 0.773 0.624 0.3

3 0.627 0.522 0.3

4 0.458 0.469 0.3

10 0.406 0.370 0.3

15 0.358 0.347 0.3

20 0.359 0.335 0.3

25 0.393 0.328 0.3
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Figure 6. Variation of the amount of DU solution Added with U-235/U-238 
ratio in Tank 43H Simulant3.10 Simulant Testing

3.3.0 Mixing Tests

Mixing tests features a new batch of Tank 43H simulant with a U-235 enrichment of 4.69 percent.

3.3.1 Instantaneous Addition with Stirring

In this test, 4 ml of the DU solution was added within 3 seconds into the reaction vessel containing 100 ml of the Tank 43H
simulant under well-mixed condtions. The mixture was vigorously stirred without excessive vortex for five minutes and
then transferred to an orbital shaker maintained at 44 rpm for the test duration.

The average U-235/U-238 ratio obtained is 0.557 ± 0.051 percent. The U-235/U-238 ratio for the filtrate sample collected
after 3 and 120 hours are 0.550 and 0.550 percent, respectively.

3.3.2 Instantaneous Addition without Stirring

The mixing test in section 3.3.1 was repeated. This time the mixture was not magnetically stirred during the introduction of
DU. After the addition of DU the mixture was transferred onto an orbital shaker maintained at 44 rpm for the test duration
(120 h.)

The average U-235/U-238 ratio obtained is 0.477 ± 0.027 percent. The U-235/U-238 ratio for the filtrate sample collected
after three and 120 hours of running the test, respectively are 0.495 and 0.461 percent. See Figure 7 for the isotopic dilution
profile.

The experimental U-235/U-238 values obtained by mixing DU and enriched simulant with moderate or vigorous stirring of
the mixture (instantaneous addition), respectively, 0.477 ± 0.042 and 0.557 ± 0.051 percent. These results are not
statistically different from the expected U-235/U-238 ratio of 0.469 %.

3.3.3 Depleted Uranium Delivered at 0.013 ml/minute with Stirring.

In this test, the 4 ml DU solution was delivered into the 100 ml enriched Tank 43H simulant solution using a syringe pump
calibrated to deliver 0.013 ml of the DU solutionper minute. Hence, it took approximately 300 minutes to deliver the entire
4 ml DU into the simulant solution. The solution was magnetically stirred just before the first drops of DU were delivered
until the end of the 120 hours test period. Because of the approximately 5 hours required to deliver DU into the enriched
simulant the first sampling was done only at the ninth hour of mixing.

The average U-235/U-238 ratio obtained was 0.442 ± 0.046 percent. The U-235/U-238 ratio for the filtrate sample
collected after nine and 120 hours of running the test are 0.400 and 0.410 percent, respectively.
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Figure 7. Isotopic Dilution Profile for an Initially Unstirred Mixture of Instantaneously 
Added 4 DU Solution to Tank 43H Simulant.

3.3.4 Depleted Uranium Delivered at 0.013 ml/minute without Stirring

In this test, the DU delivery was similar to the description in test 3.3.3 above (0.013 ml/minute), however, the solution was
not magnetically stirred during the entire 300 minutes of the DU delivery. As the DU was delivered at this rate without
mixing, drops of the DU solution fell to the bottom of the reaction vessel producing two distinct liquid phases (see Figures
8). At the end of the DU solution delivery, solid particles are observed in the bottom of the test bottle. The mixture was put
in the shaker at 44 rpm.

Figure 9 shows the isotopic dilution profile for this test. Equilibrium U-235/U-238 ratio was not attained within the 120
hours of running the experiment as observed in other well-mixed tests. The average U-235/U-238 ratio obtained is 0.945 ±
0.377 percent. The U-235/U-238 ratio for the filtrate sample collected after nine and 120 hours of running the test,
respectively are 0.470 and 0.470 percent. Values of U-235/U-238 ratio (see Figure 9) for periods between initial and final
sampling varied. This significant variation, which was not observed in other experiments, may be attributed to either
sampling location or real time effects.

The U-235/U-238 ratio obtained by slowly adding DU solution (0.013 ml/minute) into the Tank 43H simulant, with
vigorous stirring is comparable in magnitude (0.442 ± 0.046 %) to the ratios obtained with instantaneous addition of DU
under similar mixing conditions. However, the delivery of DU into the enriched simulant with no immediate stirring to
ensure effective mixing, produced isotopic dilution ratios higher than the theoretical values of 0.469 percent.
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Figure 8. Depleted uranium delivered into both reaction vessels at 0.013 ml/

minute. Effective stirring in vessel A and No stirring in B. Vessel B 
shows two distinct phases with settled solids on the bottom.

 

Figure 9. Isotopic dilution profile for unstirred and poorly mixed solution 
of depleted uranium solution and Tank 43H simulant.

3.4.0 Real Waste Testing

The real waste supernatant liquid used in this part of the investigation was a composite sample from Tanks 38H and 43H.
The total filtered sample volume was 350 ml with Tank 38H comprising 29% of the total waste volume. Initial uranium
isotope concentration in the composite sample was analyzed in triplicate to give an average U-235/U-238 ratio of 2.67
percent. The uranium-238 concentration was 18.957 mg/L. See Table B2-1 in Appendix B2 for details.

As in Tank 43H simulant tests discussed previously, we planned to add 4 ml of the DU solution to 100 ml of the composite
waste solution. Based on the analytical information in Table B2-1 and the previously reported uranium concentration and
isotopes for DU solution, we calculated the total uranium and uranium isotopes upon addition of 4 ml of the DU solution to
100 ml of real waste composite solution. The calculated quantities are 41.18957 mg uranium 238 and a U-235 enrichment
of 0.407 percent.
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Based on the results obtained with the Tank 43H simulants, three types of tests with real waste were planned:

Slow delivery of the DU solution into real waste solution under well-mixed conditions using a magnetic stirrer and a
syringe pump to deliver DU at 0.267 ml per minute (Active mixing of DU and real waste).

Slow delivery of DU into real waste under well-mixed conditions using a magnetic stirrer and a syringe pump to
deliver DU at 0.267 ml DU per minute. At the end of DU delivery, the mixture is put onto an orbital shaker set at
slow shaking pace of 44 rpm (Active mixing of DU and real waste followed by gentle rocking of mixture).
Depleted uranium is delivered into the real waste at 0.267ml DU per minute using at syringe pump, but this time the
mixture is not magnetically stirred (Slow delivery of DU into real waste with poor mixing).

The real waste test was performed in SRTC Shielded Cell 10, which has a high background radiation. As a result of the
high radiation environment in cell 10, the digital syringe pump after functioning well during pre-test evaluations
malfunctioned after a couple of days in cell 10. Consequently, we modified the test plan to add Du solution in small
increments of 500 m L every five minutes while magnetically stirring.

This modification is supported by simulant testing reported above which show that the rate of DU solution addition was not
an important parameter as the mixing conditions for isotopic dilution of U-235 in the supernatant liquid.

3.4.1 Depleted Uranium Addition with Continuous Stirring (Test A)

The DU and real waste mixture was actively stirred with a magnetic stirrer through out the duration of the test.

The average U-235/U-238 ratio obtained with the real waste using this approach was 0.397 ± 0.015 percent. The U-235/U-
238 ratio for the filtrate samples collected after 3 and 120 hours were 0.420 and 0.370 percent, respectively (see Figure 10
and Appendix B2). The U-235/U-238 ratio for the unfiltered samples during this same period (containing all of the uranium
precipitates) is 0.390 and 0.400, respectively.

. 
Figure 10. Isotopic dilution profile for composite waste with the addition of 4 ml

DU solution to 100 ml of real waste under well-mixed conditions.

3.4.2 Depleted Uranium Addition Without Continuous Stirring (Test B)

The real waste and DU were vigorously mixed with a magnetic stirrer during DU delivery followed by gentle rocking of
the mixture in an orbital shaker (44 rpm)for the duration of the test.

The average U-235/U-238 ratio obtained with the real waste was 0.426 ± 0.021 percent. The U-235/U-238 ratio for the
filtrate samples collected after 3 and 120 hours were 0.410 and 0.430 percent, respectively. The U-235/U-238 ratio for the
unfiltered samples during this same period (containing all of the uranium precipitates) was 0.410 and 0.420, respectively
(see Figure 11 and Appendix B2).
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Figure 11. Isotopic dilution profile for real waste with the addition of 4 ml DU solution
to 100 ml of real waste under initial well-mixed condition followed by poor mixing.

3.4.3 Depleted Uranium Addition Without Stirring (Test C)

Mixture was not magnetically stirred while delivering the DU solution into the real waste solution. After delivery of the DU
the test bottle was put on an orbital shaker at 44 rpm.

The average U-235/U-238 ratio obtained with the real waste was 0.407 ± 0.014 percent. The U-235/U-238 ratio for the
unfiltered samples collected after 3 and 120 hours were 0.391 and 0.421 percent, respectively. The U-235/U-238 ratio for
the unfiltered samples during this same period (containing all of the uranium precipitates) was 0.391 and 0.403,
respectively (Figure 12 and Appendix B2).

Figure 12. Isotopic dilution profile for composite waste with the addition of 4 ml DU to 
100 ml of real waste. Instantaneous addition of DU with poor mixing.
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Figure 13A and B. After the mixing and continuous stirring of depleted 
uranium with Tank 43H simulant for 120 hourst he magnetic stirrer was turned off 

and the solution allowed to settle under laboratory conditions.

Table 3. Summary of Experimental Results for Simulant and Real Waste Tests.

Test Design Simulant
Enrichment
%

Mixing Conditions. Expected
U-235/U-238

Ratio, %

Observed U-
235/U-238 Ratio,

%

  Stirring
While
mixing

Continuous
Stirring 
for 120 h.

Orbital
shaking @44
rpm

  

Addition Rate Test - - - - - -

Instantaneous DU
Addition

4.32 Yes Yes NO 0.469 0.458 ± 0.024

DU delivered at 0.267
ml/min.

4.32 Yes Yes NO 0.469 0.478 ± 0.025

DU delivered at 0.267
ml/min.

4.32 (Duplicate) Yes Yes NO 0.469 0.454 ± 0.026

DU delivered at 0.013
ml/min.

4.32 Yes Yes NO 0.469 0.488 ± 0.096

       

Utility Test (Inst.) - - - - - -

0.5 ml DU added 4.32 Yes Yes NO 1.314 1.347

1.0 ml DU added 4.32 Yes Yes NO 0.888 0.850

2.0 ml DU added 4.32 Yes Yes NO 0.620 0.712

3.0 ml DU added 4.32 Yes Yes NO 0.520 0.578
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4.0 ml DU added 4.32 Yes Yes NO 0.471 0.458

10.0 ml DU added 4.32 Yes Yes NO 0.369 0.435

15.0 ml DU added 4.32 Yes Yes NO 0.347 0.406

20.0 ml DU added 4.32 Yes Yes NO 0.335 0.359

25.0 ml DU added 4.32 Yes Yes NO 0.328 0.393

       

Mixing Test - - - - - -

Instantaneous DU
addition with stirring

4.69 Yes NO Yes 0.469 0.557 ± 0.051

Instantaneous DU 
Addition; No stirring

4.69 NO NO Yes 0.469 0.477 ± 0.027

DU delivered at 0.013
ml/min. with stirring

4.69 Yes Yes NO 0.469 0.442 ± 0.046

DU delivered 
at 0.013 ml/min. 
NO stirring

4.69 NO NO Yes 0.469 0.945± 0.377
Range: 
0.47-1.32

 REAL WASTE      

Real Waste Test % Enrichment - - - - -

Instantaneous DU
addition, 0.5 ml every 5
minutes

2.67 Yes Yes NO 0.407 0.397 ± 0.015

Instantaneous DU
addition, 0.5 ml every 5
minutes

2.67 Yes NO Yes 0.407 0.426 ± 0.021

Instantaneous DU
addition, 0.5 ml every 5
minutes

2.67 NO NO Yes 0.407 0.407 ± 0.014

4.0 Discussion

Table 3 is a summary of the isotopic dilution results for both the simulant and real waste investigations. From left to right,
this table shows the experimental designs, initial U-235 enrichment in the simulant and real waste, mixing conditions,
expected or theoretical U-235/U-238 ratios and observed U-235/U-238 ratios.

The addition rate tests were performed to evaluate the affect of depleted uranium addition rate on isotopic dilution under
well-mixed conditions. The measured isotopic dilution ratios for the three DU solution addition rate tests were not
statistically different and agreed with the expected value of 0.469 percent. In all of these tests, the isotopic dilution ratios of
the mixture dropped from 4.32 percent to below 0.5 percent. Thus, we conclude that the rate of DU addition did not
significantly affect isotopic dilution provided the system was well mixed.

The isotopic dilution ratios obtained after 3 hours were almost identical in magnitude to the ratios obtained at end of test
(120 h). This indicates that equilibrium U-235/U-238 ratio is rapidly established within the first few minutes of adding the
depleted uranium with the Tank 43H simulant and that the dilution of the U-235 is faster than depleted uranium
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precipitation under well mixed conditions.

The measured utility curve, variation of U-235/U-238 ratio with increase in amount of depleted uranium added, is in good
agreement with the predicted curve (see Figure 6). Thus, under well mixed conditions, isotopic dilution in the supernatant
proceeds smoothly upon addition of the DU solution with little of the DU precipitating before mixing and diluting the U-
235 in the supernate.

In the mixing tests, the idea was to determine the effects of various mixing conditions (vigorous magnetic stirring versus
orbital shaker-based rocking of the bulk mixture) on the attainment of isotopic dilution. The syringe pump based delivery
of depleted uranium into a magnetically stirred U-235 enriched simulant provided the best isotopic dilution results, when
compared to the expected theoretical value of 0.469 percent. On the other hand, an equivalent delivery method of depleted
uranium into an unstirred enriched solution gave the worst isotopic dilution results. In this unstirred blend, the mixing was
limited to rocking the mixture in an orbital shaker. The observed U-235/U-238 ratio was 0.945 ± 0.377 percent with a
range of 0.47 to 1.32 percent (see Figure 9). This deviation of this value from the expected U-235/U-238 ratio 0f 0.469 is
quite significant.

One other interesting observation in this particular test, rests in the fact that a similar test with depleted uranium added all
at once (instantaneous addition) and with minimal mixing, too, gave a significantly different result. This time the U-235/U-
238 ratio obtained, 0.477 ± 0.027 percent, is in agreement with the expected value of 0.469 percent. This was also an
isotopic dilution from 4.69 percent to 0.477 ± 0.027 percent and the values were independent of the sampling location in
the mixing vessel.

The only difference between this test and the previous one was in the manner the depleted uranium was added to the Tank
43H simulant; instantaneous addition versus slow addition rate (0.013 ml/minute). Both tests were not stirred, but gently
rocked at 44 rpm using an orbital shaker. In the slow addition case, the bulk of the DU solution did not disperse into the
Tank 43H simulant resulting in two separate liquid phases. A small amount of solids formed and settled to the bottom of
the vessel. Using an orbital shaker to rock the bulk of the liquid from side to side, did not result in depleted uranium
diffusion into the bulk of the Tank 43H simulated solution. This test exhibited a poorer isotopic dilution response.

This result suggests that bulk addition of depleted uranium may be more effective in ensuring appreciable isotopic dilution
than slow depleted uranium addition in the absence of effective mixing.

All the real waste tests were essentially performed by instantaneous addition of the depleted uranium to the real waste.
However, the method of mixing varied among the three tests. In test A, the depleted uranium and waste solution mixture
was stirred continuously using a magnetic stirrer. In test B the mixture was magnetically stirred while the 4 ml of depleted
uranium was added into the real waste solution at 0.5 ml every five minutes. After the addition of depleted uranium
solution, the mixture was placed into an orbital shaker and rocked at 44 rpm. In test C the depleted uranium was added to
the real waste at 0.5 ml every 5 minutes without any stirring and then transferred to the orbital shaker and rocked at 44 rpm
for the duration of the experiment.

In all three tests, the value of U-235/U-238 ratio obtained was in excellent agreement with the expected or theoretical value
of 0.407 percent. This again confirms the findings from simulant testing that the desired isotopic dilution can be affected
provided the DU is added in such a manner that it disperses through out the waste solution.

One important aspect of this investigation, which did not receive sufficient attention, was the monitoring and
characterization of solids formed upon the addition of the depleted uranium to the simulated or real waste solution. After
the mixing of the depleted uranium with the Tank 43H simulant for 120 hours, the stirring mechanism was turned off and
the solution allowed to settle at ambient laboratory conditions. Within a few minutes, one observed fine solids slowly
settling to the bottom of the bottle with a clarified solution layer at the top (see Figures 13A and 13 B. These changes in
clarity and settling of the particles were more pronounced after leaving the solution overnight. As a general qualitative
observation, the solids were easily re-suspended in solution using a magnetic stirrer at low speeds. With the solution left
overnight again, most of the solids settled to a fine "powder" on the bottom of the mixing Teflon vessel.

5.0 Conclusions and Recommendations

We have used laboratory testing to evaluate the effectiveness of diluting U-235 enrichment of simulated and real waste
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solutions upon addition of an alkaline solution of depleted uranium.

The experiments were designed to provide insight into the following regions of Tank 43H:

Regions near the Flygt mixer with maximum mixing conditions,
Regions farthest away from the Flygt mixer where there is bulk solution movement but limited mixing and
Intermediate regions of the tank where well-mixed liquid phases are in transition to areas with limited mixing

On a laboratory-scale, we used moderate magnetic stirring without excessive vortex to simulate the first mixing condition
above and an orbital shaker set at low speed (44 rpm) to simulate the last mixing condition. A transfer of a well-mixed
liquid from a magnetic stirrer to an orbital shaker was used to simulate the second mixing region above.

The following conclusions are based on the observations and results obtained in the laboratory-scale investigations detailed
above:

We observed rapid dilution of the U-235 enrichment in the supernatant liquid to less than 0.5 percent upon addition
of an alkaline solution containing depleted uranium.
The depleted uranium delivery mode and addition rate were not important parameters affecting isotopic dilution in
the supernatant liquid.
Mixing is an important parameter affecting isotopic dilution in the supernatant liquid.
Under appropriate mixing conditions, isotopic dilution of uranium-235 is faster than precipitation of depleted
uranium.
With effective mixing, isotopic dilution to an acceptable level occurred in minutes.
Where there is limited or no effective means of mixing the depleted uranium solution with the supernatant liquid
containing enriched uranium, instantaneous bulk addition of the depleted uranium appears more effective in ensuring
appreciable isotopic dilution than a slow measured delivery of depleted uranium.
Slower addition of the depleted uranium solution is beneficial for isotopic dilution only when it is accompanied by
effective mixing.
Precipitated solids formed upon addition of depleted uranium solution are micron size particles, which are easily
suspended in solution with minimal stirring.

Analysis of Tank 43H samples obtained after initiating this research program, indicate an average total uranium
concentration in the supernatant liquid of 7.86 ± 6.92 mg/l and a U-235 enrichment of 3.83 ± 0.83 percent. This uranium
concentration is about a factor of two lower than previous analyses and that which was tested in this study. The lower
uranium concentration in the Tank 43H supernatant liquid reflects a less saturated or supersaturated condition with respect
to uranium compared to earlier conditions. Consequently, the current Tank 43H-supernate composition may be easier to
isotopically dilute than that tested in this program since more of the depleted uranium would dissolve before precipitating.

We recommend the continued work on the following items:

Compare energy input of magnetic stirring to that in the Flygt mixer.
Characterize the solids formed upon the addition of the depleted uranium for particle size distribution and settling
rates.

6.0 Quality Assurance

This study fulfills the activity defined in "Task Technical and Quality Assurance Plan for Testing Methods to Reduce
235Uranium Enrichment in Tank 43H supernatant Liquid," WSRC-RP-2000-0097, Rev.0, Sept. 20,2000.

Data obtained from this study reside as records in WSRC-NB-99-00200.
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Appendix A

Procedure for the Preparation of the Tank 43H Simulant.

Procedure (See attached Tables)

1. Prepare the indicated amount of 50 wt. % NaOH solution and store in PE bottle.
2. In a 2L PE bottle, place approximately 0.8L of DDI H2O and the indicated amount of Ultrex nitric acid.
3. Stir until well mixed and cool to room temperature.
4. Add the indicated amount of Al(NO3)3.9H2O, Add the indicated amount of enriched uranium stock solution.
5. Slowly add the indicated amount of the 50 wt. % NaOH solution with vigorous mixing until a white precipitate

persists. Add the remainder of the NaOH solution rapidly with vigorous mixing.
6. Add the remainder of the salts, dilute to mark with DDI water and mix for a minimum of 24 hours.
7. Filter through a Whatman filter paper to remove undissolved solids. Limit exposure to air during filtration.
8. Store solution in tightly stoppered PE bottle labeled with Name, date prepared, concentration and safety hazard

warning after flushing vapor volume with nitrogen or argon.
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Preparation of 50 wt. % NaOH Solution

(Prepare excess 10% of amount needed to allow for filtration losses).

1. Slowly add indicated amount of NaOH to that indicated for DDI water. Record weight of NaOH and water used.
2. Mix until all solids have dissolved.
3. Filter solution through Whatman filter paper and store filtrate in clean PE bottle labeled as follows.
4. Flush vapor volume of storage bottles with argon before closing and after each opening of bottle.

Sodium Hydroxide Solution
50 Wt. %-CORROSIVE
Date Prepared: mm/dd/yy

Component (g/mole) Total OH
needed
(molar)

Salt wt. g Meas. wt. (g)

NaOH 40.01 4.32E+00 345.9  

DDI H2O   345.9  

50 wt.% NaOH Solution   691.9  

Appendix B: 
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Analytical Data for both Simulant and Real waste Tests.

Appendix B1: Tank 43H Simulant Tests

Appendix B2: Tank 43H Real Waste Tests

 

Appendix B1
Simulant Analytical Results 

Addition Rate Tests

Table B1-1
4 ml DU added instantaneously while stirring.

Lims # Time, h. %U5/U8

157495 0 4.320

157497 3 0.472

157499 6 0.433

157501 24 0.457

157503 48 0.431 4 ml DU delivered @ 0.267 ml/min. while
stirring

157505 72 0.439

157507 96 0.485 Lims # Time, h. %U5/U8

157509 120 0.487 157495 0 4.320

average 0.458 ± 0.024 158241 3 0.440

158242 9 0.470

158243 48 0.500

158244 72 0.500

158245 120 0.480

Average 0.478 ± 0.025

 

Table B1-2. 4 ml delivered at 0.267 ml/min. and 0.0133 ml/min. while stirring.
4 ml DU delivered in 15 minutes (0.267 ml/min) while stirring (Duplicate run).

Lims # Time, h. % U5/U8
157495 0 4.320

158246 3 0.410

157941 3 0.440 Unfiltered

158247 9 0.460

158248 48 0.480 4 ml DU Delivered At 0.013 Min/min.

158249 72 0.460 Lims# Time, h. %U5/U8
NA 96 NA

158250 120 0.460 157495 0 4.320

157933 120 0.470 Unfiltered 158251 9 0.380

Average 0.454 157944 24 0.518
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± 0.026 158252 48 0.440

158253 72 0.449

157948 96 0.660

158254 120 0.483

Average 0.488 ± 0.096

 

Utility Test

Table B1-3. 0.5 and 4 ml depleted uranium added instantaneously while stirring.
Utility test: 0.5 ml DU added instant. with stirring

Lims # Time, h. % U-5/U-8
157495 0 4.320

158255 3 1.390 Utility test: 4 ml Du added instant. with
stirring

158256 9 1.420

157514 24 1.287 Lims # Time, h. %U5/U8
158257 48 1.380 157495 0 4.320

158258 72 1.360 157497 3 0.472

157517 96 1.242 157499 6 0.433

158259 120 1.350 157501 24 0.457

Average 1.347 ± 0.062 157503 48 0.431

157505 72 0.439

157507 96 0.485

157509 120 0.487

average 0.458 ± 0.024

 

Table B1-4. 10 and 15 ml depleted uranium added instantaneously while stirring.
Utility test: 10 ml DU added instant. With stirring.

Lims # Time, h. %U5/U8
157495 0 4.320 Utility test: 15 ml DU added instant. with stirring
158265 3 0.390

158266 9 0.360 Lims # Time, h. %U5/U8
157522 24 0.434 157495 0 4.320

158267 48 0.510 158270 3 0.350

158268 72 0.380 158271 9 0.340

157526 96 0.503 157963 24 0.348

158269 120 0.470 158272 48 0.460

Average 0.435 ± 0.061 158273 72 0.470

157966 96 0.446

158274 120 0.430
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Average 0.406 ± 0.051

 

Table B1-5. Twenty and 25 ml depleted uranium added instantaneously while stirring.
Utility test: 20 ml DU added instant. with stirring

Lims # Time, h. %U5/U8
157495 0 4.320

158275 3 0.350 Utility test: 25 ml DU added instant. with stirring
158276 9 0.350

157908 24 0.316 Lims # Time, h. % U-5/U-8
158277 48 0.350 157495 0 4.320

158278 72 0.390 158280 3 0.300

157912 96 0.366 158281 9 0.400

158279 120 0.390 157531 24 0.394

Average 0.359 ± 0.026 158282 48 0.420

158283 72 0.430

157535 96 0.385

158284 120 0.420

Average 0.393 ± 0.044

 

Table B1-6. Utility test summary: Instantaneous addition of depleted
uranium to 100 ml of 4.32 % U-235 enriched Tank 43H simulant.

ml DU added % U5/U8 observed % U5/U8 Expected % U5/U8 in DU

0 4.320 4.40 0.3

0.5 1.347 1.328 0.3

1 0.926 0.896 0.3

2 0.773 0.624 0.3

3 0.627 0.522 0.3

4 0.458 0.469 0.3

10 0.435 0.370 0.3

15 0.406 0.347 0.3

20 0.359 0.335 0.3

25 0.393 0.328 0.3

 

Mixing Tests

Table B1-7. 4 ml depleted uranium added instantaneously
with and without stirring and then transferred to shaker at 44 rpm.

4 ml DU added instant. with stirring, then transferred to shaker set @ 44 rpm
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Lims # Time, h. % U-5/U-8 4 ml DU added instant.NO stirring, 

then transferred to shaker set @ 44 rpm.

158841 0 4.690

158834 3 0.550 Lims # Time, h. % U-5/U-8

158835 9 0.480 158841 0 4.690

158836 24 0.520 158842 3 0.495

158837 48 0.590 158843 9 0.433

158838 72 0.570 158844 24 0.462

158839 96 0.640 158845 48 0.510

158840 120 0.550 158846 72 0.481

Average 0.557 ± 0.051 158847 96 0.497

158848 120 0.461

Average 0.477 ± 027

Table B1-8. 4 ml depleted uranium delivered at 0.0133 ml/min. 
with and without stirring and then transferred to shaker at 44 rpm.

4 ml DU added at 0.0133 ml/min. while stirring, then transferred to shaker set at 44 rpm.

Lims # Time, h. % U-5/U-8

158841 0 4.690

158849 9 0.40 4 ml DU delivered @ 0.0133 ml/min., NO stirring,

158850 9 0.450 Unfiltered then transferred to shaker set at 44 rpm.

158851 24 0.440

158852 48 0.470 Lims # Time, h. % U-5/U-8

158853 72 0.520 158841 0 4.690

158854 96 0.410 158856 9 0.470

158855 120 0.410 158857 9 0.750 Unfiltered

Average 0.442 ± 0.046 158858 24 1.070

158859 48 1.320

158860 72 1.150

158861 96 1.190

158862 120 0.470

Average 0.945 ± 0.377

Range 0.47-1.32

360 0.610

 

Appendix B2
Real Waste Analytical Results

Table B2-1. 4 ml delivered at 0.267 ml/mim. 
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And 0.0133 ml/min., while stirring.
Composite samples from 38 and 43H given at 1: 25 dilution

% %

Lims #s U-235/U-238 U-235/U-238 U-235 ppb U-238 ppb

158897 2.59 2.71 2.65 490.5 18,510

158898 2.64 2.59 2.62 374.5 14,333

158934 2.82 2.64 2.73 655.5 24,027

Average 2.665 507 18,957

Range 2.59-2.84

U-235 mg/L =0.507

U-238 mg/L =18.957

4 ml DU contains 40 mg total uranium with 0.12 mg U-235.

Hence, total uranium 238 per 100 ml or real waste + added DU = 40 mg + 1.8957 =41.8957

Total U-235 ( 0.12 + 0.0505) = 0.1707 mg

Expected U-235/U-238 = 0.1707/41.8957 = 0.004064=0.407%

 

Table B2-2. Real waste U-235/U-238 isotopic dilution ratio summary.
*Lims # Sample ID %U-5/U8 Time,

h.
2.665 0

158901 A3 0.420 3

158899 A3 0.390 3 Neat and unfiltered sample**

158903 A9 0.400 9

158905 A24 0.390 24 TEST A
158907 A48 0.400 48

158909 A72 0.400 72

158911 A96 0.400 96

158915 A120 0.370 120

158913 A120 0.400 120 Neat and unfiltered sample

Average - 0.396 ± 0.014 -

Lims # Sample ID %U-5/U8 Time,
h.

2.665 0

158902 B3 0.410 3

158900 B3 0.410 3 Neat and unfiltered sample

158904 B9 0.470 9

158906 B24 NA 24 TEST B
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158908 B48 0.420 48

158910 B72 0.420 72

158912 B96 0.420 96

158916 B120 0.430 120

158914 B120 0.420 120 Neat and unfiltered sample

Average - 0.426 ± 0.021 -

Lims # Sample ID %U-5/U8 Time,
h.

2.665 0

158919 C3 0.391 3

158917 C3 0.391 3 Neat and unfiltered sample

158921 C9 0.396 9

158923 C24 0.390 24 TEST C
158925 C48 0.411 48

158927 C73 0.419 72

158929 C96 0.421 96

158933 C120 0.421 120

158931 C120 0.403 120 Neat and unfiltered sample

Average - 0.405 ± 0.014 -

*Lims# refers to analytical tracking number at the Analytical Development
Section of SRTC.
**Neat and unfiltered sample values not included in averages.
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