














Experiments in which the speed of agitation was varied were conducted in 1-L beakers. Three
different speeds of agitation (i.e., 50, 150, and 400 rpm) were used in these experiments. In some
experiments, a thin, silver-plated copper wire was used to hold the sodium piece in place until it was
dislodged by the reaction conditions.

3.2 Leaching Tests
3.21 Citric Acid Leaching of SS304

The objective of the SS304 leaching tests was to determine the potential for leaching of heavy
metals—which would include hazardous metal (e.g., chromium)—from the stainless steel piping, using a
5% citric acid solution. Several 1/2-in. outside diameter SS304 tube sections were subjected to citric acid
leaching at various temperatures and exposure times. The tube sections were approximately 1/2 in. long.
The surface of the tube section was cleaned with isopropyl alcohol and air-dried; then the section was
suspended in a 5% citric acid solution, using a nylon string. The surface area of each section was
7.7+0.57 cm?, and a 350-mL solution volume was used for the test. The effects of temperature, agitation,
and the period of leaching were studied by conducting experiments with the following parameters:

. Two different temperatures (i.e., ambient [~70 F] and 200 F)
. Two different stirring rates (i.e., 200 and 400 rpm)

. Leach time (i.e., 4 hours and 1 week).
Figure 1 shows the configuration used for the high-temperature leach test.
Samples of the leach solution were analyzed by CWI to determine concentrations of iron,

chromium, and nickel. The pipe sections (pre- and post-leach) were also analyzed by X-ray fluorescence,
using a Horiba XGT-7200 x-ray fluorescence microanalyzer.

Figure 1. Configuration for leach test on the SS304 tube section.



3.2.2 Citric Acid Leaching of Gravel

The objective of the gravel leaching tests was similar to the leaching test conducted on the SS304
tube section—to determine whether 5% citric acid could leach hazardous metals out of gravel. Gravel was
washed with deionized water until the rinse water ran clear. The gravel was then air-dried (approximately
4 hours), and a 5% citric acid solution was prepared. The initial pH of solution not treated with citric acid
was approximately 2.8.

The volume/density of gravel was determined with a 100-mL volumetric cylinder filled to near the
50-mL line. Various masses of gravel were measured at approximately 20, 25, 30, and 40 g. Gravel was
added to the cylinder and shaken gently to remove air bubbles. Density measurements indicated that
approximately 25 g of gravel were needed to yield 10 mL of volume, which was then soaked in 600 mL
of citric acid solution to achieve the desired liquid-to-solid ratio of 60:1.

The gravel was placed on top of a porous® Petri dish, which was then placed within a ceramic
container, which in turn was placed on a magnetic stirrer hot plate. The Petri dish protected the stir bar as
well as providing for circulation of the citric acid leaching solution. The agitation rate was moderately
high (6 out of 10 on the magnetic stirrer). The leach test was conducted at ambient temperature
(i.e., ~70°F) for 24 hours. The treated solution was then removed from the hot plate, and 10-20 mL of the
sample was placed in a test tube. The test tube lid was sealed, and the tube was stored at 30.2°F in the
refrigerator for later analysis. Figure 2 shows the porous Petri-dish arrangement.

Figure 2. Citric acid leaching of gravel using a porous Petri-dish arrangement.

3.3 Effects of Reagents on Grout and Bentonite
3.31 Bentonite and TVCF Grout Prepared with 5% Citric Acid

The objective of these tests is to study the effects of using a 5% citric acid solution instead of water
for cement and bentonite and to determine whether a suitable product could be made using waste stream

c. Holes were drilled into the Petri dish to make it porous.



citric acid solutions. Bentonite was prepared in a 5 g bentonite per 100-mL solution ratio, using tap water,
deionized water, and citric acid. Each was stirred vigorously for 10 minutes until a homogenous mixture
formed. The products were then left out to dry in open air to determine the properties of the mixture over
a short time period. The same experiment was attempted with TVCF grout to test the effects of citric acid
in that mixture as well. Three 1/1,000 yd® samples were prepared using tap water, deionized water, and
5% citric acid. The cement was prepared in accordance with the manufacturer’s instructions.

3.3.2 Mixing Bentonite and Diamond Seal Products with Citric Solutions

Four 50-1b bags of Baroid Bentonite and 15 10-1b containers of Baroid Diamond Seal were
procured for testing to meet established requirements (Jones and Slovak 2011).

Table 1 shows the various solutions prepared for the bentonite and grout testing. These reagents
were first dissolved in 10 L of deionized water. The solution was then dispensed in the containers and

further diluted by the addition of 9 L of deionized water to increase the total volume to 19 L.

Table 1. Solutions prepared for bentonite and grout testing.

Sodium Citrate | Citric Acid Final
Added Added Volume

Box Label Chemistry (2) (2) (L)
76 g/L Sodium Citrate 100% trisodium citrate 1,438.72 0 19
0 g/L Citric Acid
61 g/L Sodium Citrate Trisodium/bisodium citrate buffer 1,154.82 98.33 19
11 g/L Citric Acid
38 g/L Sodium Citrate Trisodium/bisodium citrate buffer 719.34 227.80 19
27 g/L Citric Acid
15 g/L Sodium Citrate Monosodium/bisodium citrate buffer 283.78 832.29 19
44 g/L Citric Acid

3.4 Flow Experiments

The objective of flow experiments was to study the reaction of sodium in a semibatch system
where water would flow over a piece of sodium. Unlike batch beaker tests, sodium was the excess
reactant initially in these experiments.

Two different pieces of equipment were custom fabricated for the flow experiments—the reaction
chamber assembly and the tall cylinder chamber assembly.

3.41 Reaction Chamber Assembly

The reaction chamber assembly (Figure 3) was composed of three parts:
1. Inlet chamber with a control valve
2. Reaction vessel
3. Discharge (i.e., outlet) chamber.
Both the inlet and outlet chambers had perforated plates near the bottom. This reaction assembly held

approximately 400 mL of water, with both inlet and outlet chambers in place, and measured
approximately 2 in. in diameter, with a 4-in. separation between perforated reaction plates. The reaction




chamber could be operated in the vertical or horizontal orientation, with water flowing from the inlet
control valve into the reaction vessel and out the outlet chamber to a collection area.

Sodium was placed between two perforated plates in the reaction chamber. The side port was used
for the argon purge as well as for taking temperature measurements (by inserting a thermocouple). The
inlet control valve was a Teflon needle valve, normally fully open, and the outlet barb was normally
attached to a drainage hose.

Water Inlet/

Reaction
Chamber

=>

Tapered Water
Inlet

C.r/

Figure 3. Reaction chamber assembly used in flow experiments.

3.4.2 Tall Cylinder Chamber Assembly

The tall cylinder chamber assembly (Figure 4) comprised a cylindrical tube containing a tapered
glass tube designed to spray water or other liquid from above onto the piece of sodium. The cylinder was
approximately 18 in. tall (including inlet and outlet valves), and the tapered tube was approximately 12 in.
long and 3/4 in. in diameter. The outer cylinder was approximately 2 in. in diameter and could hold 1.2 L
of water. The inlet control valve was a Teflon needle valve, and the outlet was open to atmosphere under
normal conditions. Under operating conditions, the sodium sat at the bottom of the vessel, and water
poured from above from the tapered tube. The control valve was normally completely open, and water
could enter the reaction vessel freely. Hazardous gases and overpressurization gases could exit through
the venting outlet.
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Figure 4. Tall cylinder chamber assembly used in flow experiments.

3.4.3 Experiment Description

Water was pumped through the reaction chambers using a FlexMaster L/S peristaltic pump
(Model 7519-25). The pump comprised a rotational band of eight independently and freely rotating
cylinders. The rotational motion of the cylinder bundle drove fluids through a flexible tube to the reaction
chamber and tall cylinder chamber vessels described above. The pump was attached to a 5-gal jug used as
a reservoir of deionized water. From this experimental setup, water could be pumped through the reaction
apparatus at a maximum flow rate of 3 mL/second.

The sodium samples were cut inside the glovebox, as described above, then transferred to a vessel.
Next, water was pumped through the system over the sodium sample. Time and temperature for the
dissolution were noted. A thermocouple was inserted into the sodium piece to monitor its temperature
until the water flow dislodged it.

3.5 Miscellaneous Experiments
3.51 Reactions of Sodium with Grout

Experiments were conducted to study the reaction of sodium with grout. These experiments
involved placing a piece of sodium (e.g., 8-mm cube, mass 0.5 g) in a 100-mL beaker and covering it with
a bentonite-water mixture (i.e., grout). The 100-mL beaker was placed inside a 1-L beaker, with
continuous argon purge to exclude as much oxygen as possible in order to contain any explosion.



Two different mixture compositions were investigated: a 60:40 (bentonite:water) mixture and a
more-dilute, 6-g/L bentonite suspension. In each case, 50 mL of the suspension was used, and a total of
five experiments were conducted.

3.5.2 Melting of Sodium in Steel Pipe Section

Two 1/2-in.-outside-diameter, 6-in.-long SS304 pipes were filled with molten sodium for
plasma-torch cutting experiments (not conducted by the University of Idaho). The melting was achieved
by using electrical heating tape wrapped around the pipe that was filled with solid sodium. The melting
was carried out inside the Labconco glovebox. Figure 5 shows the setup for sodium melting. The steel
pipe—with the bottom end capped—was wrapped with the heating tape and placed inside an Erlenmeyer
flask. Space was maintained between the flask opening and the pipe, and the flask was plugged with
insulating glass wool. The flask was placed on a sheet of aluminum foil for catching any spillage. Sodium
pieces were added to the pipe, filling it to within 1/2 in. of the top. More pieces of sodium were added, as
needed, until the pipe was completely filled. Once the pipe was completely filled with sodium, the top end
was capped, then the pipe was cooled and placed inside a plastic bottle for secondary containment.

Figure 5. Setup for melting sodium in SS304 pipe.

3.5.3 Analysis of Scrubber Water

Approximately 250 mL of scrubber water from the EBR-II sodium steam treatment system were
filtered through a 0.5-um filter paper, which was first dried in a desiccator and then dried overnight in an
oven at 230 F. The mass of the precipitate was determined by difference to determine the concentration of
suspended solids in the solution. The scrubber water pH was measured, then the water was titrated against
0.1 M HCl—using phenolphthalein indicator—and finally, the water was subjected to CWI analysis.

3.54 Experiments with Nonaqueous Media
The objective of the nonaqueous media experiments was to conduct the dissolution of sodium

using nonaqueous media—paraffinic mineral oil and vegetable oil—to determine whether the sodium
reactions could be controlled more effectively. Solvation (i.e., dissolution) of citric acid and acetic acid in



the oil solvents was attempted. The first set of experiments was an attempt to dissolve ~0.5 g of citric acid
in 50 mL of light mineral oil. Citric acid was only slightly soluble in the mineral oil, even after being left
overnight. Upon addition of a small (e.g., 0.5 g) piece of sodium metal to the mixture, a chemical reaction
was immediately evident in the off-gassing of what was presumed to be hydrogen gas. Initially, the
reaction was vigorous, but slowed quickly. The reaction was eventually retarded to the point that no
visible effect on the sodium metal was observable.

3.5.4.1 Citric Acid Solution: Attempt at Emulsification. An attempt was made to obtain
emulsion (or at least a dispersion) of citric acid solution in mineral oil. Ten milliliters of 5% citric acid
solution formed an immiscible layer with 20 mL of mineral oil. Anhydrous citric acid was continually
added until either saturation or a formation of emulsion. However, no emulsion of citric acid and mineral
oil was observed, and two distinct immiscible layers were observed for all concentrations up to saturation
at nearly 8 g of citric acid added.

Sodium was not added to this sample because reactions of concentrated citric acid had already been
examined in this project. The only difference in this sample was the presence of the oil layer, which was
also already known to cool and slow the reaction favorably, as seen from the YouTube video evidence
presented by Mr. Jeff Jones at the February 2011 Sodium Excursion Study Meeting
(http://www.youtube.com/watch?v=9dCaBo61-WU)

3.5.4.2  Acetic Acid-Mineral Oil System. By far the most promising reaction involved glacial
acetic acid either with or without mineral oil. It was originally hoped that solution could be achieved with
acetic acid and mineral oil, but that proved infeasible because the two liquids formed immiscible layers.
Addition of sodium to the bi-layered acetic acid and mineral oil system resulted in immediate reaction.
The reaction proceeded slowly, and after 10 minutes, water droplets were added to speed the reaction.

A 0.5-g piece of sodium dissolved in approximately 25 minutes in the acetic-mineral oil system as
opposed to dissolving in seconds in a water-only system. The sodium mass was shiny and reactive until
the entire mass dissolved into the acetic acid while releasing gas bubbles through the oil layer at a nearly
constant rate. Overall, the reaction was controllable and seemed to be quite averse to vapor or flame
excursions.

The oil seemed to play no major role in the reaction beyond additional cooling and controlled
release of hydrogen; therefore, a separate test was conducted to observe the effect of glacial acetic acid
only (i.e., without oil). These results were very similar to the experiment involving mineral oil. There was
no major change in propensity to melt (i.e., no melting was observed) nor any increase in reactivity.
However, the glacial acetic acid did react with sodium metal at very slow rates.

3.5.4.3 Vegetable Oil Experiments. The final set of experiments involved a series of tests on
vegetable oil to observe it as a potential alternative for these experiments. Vegetable oils are more
complex in structure than paraffinic mineral oils. The initial test was to observe for any reaction between
the vegetable oil and sodium metal because vegetable oils are likely to have more alcohols, aldehydes,
ketones, or other naturally occurring oxygenated compounds that could lead to potentially dangerous
secondary reactions. These oxygenated compounds, however, also make vegetable oils potentially
superior as solvents for citric acid or other short-chain carboxylic acids.

A 0.25-g piece of sodium metal was added to 20 mL of vegetable oil (i.e., canola oil). The system
did not display any reactivity, and there was little increase in visible oxidation on the surface of the
sodium mass. Further, the solubility of citric acid was essentially comparable to that in the mineral oil. No
significant reaction was observed in this system.
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4, RESULTS AND CONCLUSIONS
4.1 Beaker-Scale Batch Studies

Figure 6 summarizes the results of the experiments in terms of the time taken for completion of the
reaction as a function of the parameters investigated. The details of the experimental conditions are listed
in Appendix B. All experiments were conducted with a sodium cube 5 mm in length (apart from the
experiments with the sample size). The video files associated with these experiments are listed in
Appendix C.

411 Sample Size

The dissolution (i.e., reaction) time for a piece of sodium was theoretically predicted to be
dependent upon the cube root of volume (t x V'), or characteristic dimension (i.e., length) of the piece.
The experimental data collected for the beaker-scale tests exhibited a higher dependence (the exponent
varying from 0.4-0.6). The data were examined to determine the cause of discrepancy between the
theoretical and experimental values of the exponent.

One factor affecting the reaction time was the phenomenon of the piece sticking to the side of the
beaker and/or the probe. This would reduce the actual contact between the sodium and the reagent, thus
affecting the reaction time. Video recordings of the experiments were examined to identify the runs where
this phenomenon was observed. The examination revealed that sticking to the wall/probe was common
for large-size pieces (i.e., length of the side of the cube > 8§ mm or mass > 0.5 g). Sticking was uncommon
for smaller-size pieces, and if observed, was generally only momentary, unlike the larger pieces where
adherence was quite sustained.

When the larger data points were removed from the analysis, the function rapidly reached a
function closer to t x V' as shown in the Figure 6.

Figure 4.1.2:Volume vs. Reaction Time
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Figure 6. Volume versus reaction time.
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4.1.2 Effect of Citrate Buffer

The reaction time in equimolar sodium citrate-citric acid buffer was essentially the same as in
deionized water until concentrations higher than 0.6 M were reached. Then the reaction time showed a
continuous decrease until a concentration of 1.5 M was reached and an increase at 1.75-M buffer
concentration. The data indicate a mass-transfer limitation with respect to the transport of NaOH (formed
as a result of the reaction) away from the surface of the solid. The behavior in dilute systems was the
same as that in deionized water; however, at intermediate concentrations (e.g., 0.6—1.5 M), the
neutralization of NaOH by the acid increased the mass transfer, thus increasing the rate. At higher
concentrations, the decrease in the concentration driving force (between the solid surface and the bulk of
the solution) slowed the mass transfer and hence the reaction rate. The mass-transfer-limitation hypothesis
is explained by Corrsin, Steinmetz, and Marano (1959), in the following paragraph:

The first step in the dissolution of metallic sodium in aqueous system is the
formation of NaOH. This NaOH can then react with the other reagents (such as
citric acid) and be neutralized. The initial reaction is considered to be diffusion
limited, with the diffusion of water through the sodium hydroxide film on the
sodium surface to be the limiting step.

41.3 Limitation in Citric Acid-Citrate Buffer

The system behavior in dilute buffers was essentially the same as that in deionized water, with the
constituents having no effect on the sodium hydroxide film. As the buffer concentration increased, citric
acid neutralization of the hydroxide decreased the film thickness, enhancing the mass transfer rate and
resulting in decreased reaction times. Neutralization of the NaOH by citric acid resulted in the formation
of sodium citrate, which diffused into the bulk of the liquid. At higher concentrations of the acid, a
sodium citrate film tended to form over the hydroxide film, increasing the overall film thickness. The
mass transfer rate decreased, thus increasing the reaction time.

4.1.4 Limitation in Bicarbonate System

It is hypothesized that increasing the bicarbonate concentration (and consequently sodium ion
concentration) would have the same effect as increasing the thickness of the NaOH film. This would
cause a decrease in the mass transfer rate and an increase in the reaction time.

41.5 Effect of Bicarbonate on Citrate Buffer

Addition of sodium bicarbonate to citric acid buffer showed an insignificant effect on the reaction
time.

41.6  Effect of Air Exposure Time

As shown in Figure 7, exposing sodium to air for a period up to 30 minutes did not show a
significant effect on the reaction time. It was expected that oxygen and moisture present in air would react
with the sodium, forming a layer of NaOH on the surface that could potentially slow the reaction. It is
possible that a prolonged exposure in a humid environment could cause this effect; however, it was not
observed under the laboratory conditions.
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Figure 7. Sodium reaction times.




4.1.7 Effect of Water Temperature

The reaction time showed only insignificant variations in experiments conducted at ambient
temperature (~70 F) and initial water temperature (113 F).

4.1.8 Effect of Bicarbonate lon

The reaction times showed a gradual increase as the sodium bicarbonate concentration in the
solution was increased from 20 to 60 g/L.. This observation was consistent with the mass-transfer
limitation-hypothesis.

41.9 Effect of Citric Acid

Observations with citric acid were essentially similar to those with the citric acid-citrate buffer.
Lower concentrations behaved similarly to the deionized water, then a decrease and an increase in the
reaction time was observed, consistent with the mass-transfer-limitation hypothesis.

41.10 Effect of Caustic

The reaction times for caustic solutions showed a decrease with concentration until reaching the
concentration of 5.0 M, and then showed an increase for the 10.0-M solution. This decrease in the
reaction time is at variance with the mass-transfer-limitation hypothesis. It is possible that the observed
phenomenon is related to the solubility of hydrogen, which decreases with an increase in the caustic
concentration. The lower solubility may result in an increase in turbulence from the evolved hydrogen
and, consequently, result in an increase in mass transfer rate in caustic solutions. This point is discussed
further in Section 5, “Recommendations for Future Testing.”

4.1.11 Reactions with Tap Water and Synthetic Materials and Fuels Complex Synthetic
Water

Experiments were also conducted to determine the reaction (i.e., dissolution) time as a function of
sample size in tap water and synthetic groundwater (labeled synthetic CWI water in Figure 8). Also on
this graph are the results of the CWI (MFC) synthetic water (composition shown in Appendix D), which
compare well to those results from University Place (Idaho Falls, Idaho) tap water as well as deionized
water. Results from the CWI synthetic water may be slightly slower than other solutions shown, but are
not dramatically outside the range of either (i.e., tap water and University Place water).
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Figure 8. Sample mass versus time to dissolution for University Place tap water, University Place
deionized water, and synthetic Materials and Fuels Complex water.

The experiments with University Place tap water yielded a precipitate that was primarily calcium
salt (i.e., hydroxide). The precipitate was dissolved in hydrochloric acid for analysis, yielding
concentrations of 29.56 mg/L sodium and 92.09 mg/L calcium. The presence of sodium in the precipitate
indicates that the solution was being occluded in the precipitate. It should be noted that the precipitate,
when filtered, was not subjected to rinsing with water because the water would have resolubilized some
of the precipitate.

The reactions of larger sodium pieces (e.g., >9 mm) with tap water were explosive, with two
distinct types of explosions observed in the experiments. The first type of explosion (i.e., Type ) is most
commonly associated with sodium involving the combustion of gases (e.g., hydrogen and sodium) when
sodium is exposed to air. The photographs in Figure 9 are from a series of experiments that took place
with sodium cubes of about 1 cm® (0.968 g).
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Figure 9. A Type I vapor gas explosion involving a 1-cm® sodium cube in tap water. The cube became
trapped behind the probe, allowing gases to build to dangerous levels.

A second type of explosion (i.e., Type II), which seems to be less violent and less common, was
also observed in some experiments. This type of explosion is characterized by an expansion of the mass
of sodium and eventual release of built-up pressure. This type of explosion is preceded by an increase in
volume, followed by a flameless rapid expansion from within the sodium mass. Figures 10—13 present a
series of photographs where two sodium cubes of approximately 7-mm-sided cubes (~0.332 g by mass)
illustrate the Type II explosion for one of the cubes. The reactant was tap water from the laboratory at
University Place.

Investigating the mechanisms behind these two types of excursions is beyond the scope of this
report and is recommended for further investigation. It appears from the runs that any given sample has
the potential for either a Type I or Type Il excursion (Figure 10).

Figure 10. Time: 1 second. The initial expansion begins early. The photograph on the left shows a sample
that did not explode, while the sample in the photograph on the right did explode a few seconds later.
Both photographs were taken approximately 1 second after addition of sodium to the water. Mass
difference between samples was less than 10%.
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Figure 11. Time: 5 seconds. After 4—7 seconds, the sodium mass that will explode (right side) reached its
maximum size. By comparison, the mass that will not explode (left side) is already shrinking in size.

Figure 12. Time: 9 seconds. Both samples continue to shrink, but the mass that will explode (right) is still
larger.

Figure 13. Time: 13 seconds—after a Type Il explosion. The nonexploding mass dissolved completely.
This photograph shows the frame closest to the time of explosion for the sample that did explode.
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4.1.12 Effect of Agitation Speed

These experiments involved conducting the reaction of sodium with deionized water. All reactions
were conducted at ambient conditions (i.e., ~70 F). A piece of sodium metal was dropped into a beaker
containing 850 mL of deionized water, and the time taken for the dissolution of the metal was noted. The
two parameters varied in these experiments were the size of the sodium sample and the speed of agitation.
The speeds of agitation were 50, 150 and 400 rpm. A vortex breaker was used for experiments at 400 rpm
in order to prevent formation of the vortex. No pronounced vortex was observed at the lower speeds of
agitation. Table 2 shows dissolution times obtained at the three speeds for various masses.

The shrinking-core model was applied to the data, where the rate of reaction or the rate of decrease
of the particle mass (i.e., volume) was proportional to the surface area. This lead to a linear relationship
between initial particle diameter and the time of reaction. Figure 14 shows the application of the model to
the data in Table 2.

Table 2. Dissolution time as a function of agitation speed and initial mass.

Mass Time Mass Time Mass Time
rpm (2) (seconds) rpm (2) (seconds) rpm (2) (seconds)
50 0.8334 72.67 150 | 0.5831 55.22 400 | 0.7030 48.86
0.8900 83.55 0.5540 43.92 0.1102 15.22
1.0010 91.95 0.4744 44.58 0.7020 50.78
09113 92.33 0.4013 50.37 0.1192 9.98
0.6514 95.78 0.9214 72.70 0.6868 54.51
0.8826 85.30 1.0030 100.53 0.7007 40.11
0.7979 82.27 0.9388 74.46 0.5057 42.34
0.2420 56.19 1.1020 77.72 0.9514 79.66
0.3343 53.28 0.2551 39.33 0.9188 76.94
0.2109 57.76 0.2020 40.80 0.283 20.37

0.7101 73.71 0.744 42.30
0.7892 74.22 0.8008 67.06
0.5211 43.63
0.1945 16.29
0.3408 28.53
0.5698 47.72
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Figure 14. Application of shrinking core model to sodium dissolution data.

As shown by the equations of the regression lines, the model shows only a moderate agreement
with the data. The constants in the regression lines (i.e., 0.2167 at 50 rpm, 0.3551 at 150 rpm, and 0.4925
at 400 rpm) indicate the size (i.e., length in cm) of a sodium piece that would dissolve instantaneously at
the respective speeds of agitation. Several experiments were conducted with small pieces of sodium, and
resulting data indicate that while the dissolution of small pieces was indeed rapid, it was not
instantaneous. All the pieces took some finite amount of time for dissolution.

Observations also indicate that the sodium dissolution mechanism was very chaotic and involved
solid, liquid, and gas phases. The reaction could lead to a nonviolent total dissolution, a Type I flaming
gas explosion that is likely hydrogen driven, or a Type II nonflaming explosion, likely caused by gases
that do not ignite but are trapped within the sodium piece itself. Several runs resulted in excursions
(i.e., Type I or II explosions), and these data are summarized in the Figure 15. Excursions were more
common when the sample mass was 0.8 g or higher. Appendix E lists the conditions and the outcomes
(i.e., excursion or completion) of these runs.

Figure 15. Times to a premature excursion.
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4.2 Leaching Tests
421 Citric Acid Leaching of SS304

The concentrations of iron, chromium, and nickel in the SS304 leach experiments are shown in
Figure 16. Appendix F provides data on the surface areas and masses of the samples.

Concentrations increased with agitation, duration of experiment, and temperature from the
compared to the baseline case of 4 hours duration, room temperature, and agitation at 200 rpm. Doubling
the agitation rate to 400 rpm increased total leached metal by ~10%. Increasing the duration time to
1 week increased leached metals by ~170%. Runs at the higher temperature leached approximately 300%
more metal into the solution, compared to the base case.

Leaching Data, ng/l vs. Experimental
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Figure 16. Metal concentrations in leachate for differences in time, temperature, and agitation rates.

Iron concentration was higher than that of either chromium or nickel, both of which remained near
the detection limits of the instrument and still had ~10-20% error associated with the data at all but the
highest levels recorded. Lowering temperature and total exposure time would be most effective for
limiting chromium in the waste stream. Lowering total time of exposure seemed to be the most effective
method of limiting nickel presence in the waste stream. The leaching trend did not seem to be linear with
respect to the increased temperature or time, and diminishing effectiveness of the leach seemed to occur
after just a few hours of soaking. A linear trend would anticipate that the 1-week soak would increase the
total leached metal content by 2,400%, and increasing temperature would be expected to leach at 3,600%
over the base case. Neither of these results occurred. Table 3 shows the distribution of the three metals in
the leach solutions and the pipe. Data for the high-temperature, 1-week leach test indicate that chromium
was 16.66% of the total metal in the solution, while nickel and iron accounted for 13.73 and 69.61% of
the metal, respectively. This compared to 19% chromium, 7.34% nickel, and 73.33% iron in the original
pipe. Clearly, nickel appears to have leached most strongly. Chromium appears to be the least leachable
of the three metals under all conditions, except in the high-temperature 1-week leach test. The last two
rows in Table 3 (yellow shading) present the concentrations found by x-ray fluorescence analyses.
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Table 3. Percent metal in the solution compared to percent metal in the pipe.

Chromium Nickel Iron
Metal in Solution (%) (%) (%)

High temperature, 1 week 16.66 13.73 69.61
High temperature, 4 hours 9.62 13.67 76.71
Low temperature, 1 week 6.95 11.33 81.72
Low temperature, 4 hours 7.88 9.25 82.87
Low temperature, 400 rpm 7.84 11.68 80.47
Original in pipe % postsoak 19.901 £ 0.066 8.23+0.156 71.869 £0.11
Original in pipe % presoak 19.324 £ 1.302 7.342 £ 0.756 73.334 +£2.052

Yellow highlight indicates concentrations found by x-ray fluorescence analyses.

4.2.2 Citric Acid Leaching of Gravel

Figure 17 shows the results of density measurements of the gravel. Density of the gravel was

~2.613 g/mL.

Mass (g)

50
40
30
20
10

Density, g/mL
y = 2.6134x
R*=10.9915
5 10 15

Volume {mL)

20

Figure 17. Gravel density measurement.

Test conditions for the gravel leach test are provided in Table 4. The most significant observation
was that the pH and the gravel mass showed negligible change.

The leach solutions were analyzed for chromium, silver, cadmium, and lead (mercury could not be
analyzed), and results of the analyses are provided in Table 5. Samples S1-S6 correspond to Runs 1-6 in

Table 4.

Leach-solution concentrations did not show any dependence on the gravel size. These
concentrations were lower than the values specified (Jones and Slovak 2011) prior to the test:

. Chromium = 50 pg/L

. Silver = 40 pg/L
. Cadmium = 20 pg/L
. Lead = 250ug/L.
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Table 4. Gravel leach test conditions.

Volume of 5% Volume of Gravel

Data Initial Final Initial Mass Final Mass  Citric Acid Added (mL)

Run Gravel Size pH pH (g2) (2) (mL) Calculated + 0.05
1 Small 2.83 2.79 25.11 25.10 597 9.68
2 Large 2.79 2.78 50.05 50.07 1592 19.26
3 Small 2.80 2.82 2491 24.90 593 9.58
4 Small 2.78 2.75 25.21 25.22 600 9.70
5 Large 2.82 2.80 48.89 48.89 1,588 19.14
6 Large 2.82 2.88 50.22 50.25 1,600 19.40
Blank®  None 2.85 2.84 0 0 1,000 0
a. The blank sample was prepared from the laboratory reagent citric acid.
Table 5. Analysis of leach solutions.

Chromium Silver Cadmium Lead
Sample (ng/L) (ng/L) (ng/L) (ng/L)

blank 6.79 0.95 0.28 0.33

S1 8.96 0.00 0.96 7.71

S2 7.86 0.00 0.98 5.87

S3 7.03 0.00 0.86 5.55

S4 7.23 0.00 0.82 5.66

S5 7.56 1.19 1.13 6.12

S6 7.48 0.27 0.83 5.84

Sample analyses and volume of the leach solutions were used to calculate the total amount of each

metal leached over 24 hours, and these amounts were normalized with respect to the initial mass of the
gravel. Table 6 shows the normalized amounts of the metals leached from the gravel by 5% citric acid
over 24 hours.

Table 6. Metal amounts leached from gravel.

Chromium Silver Cadmium Lead
Sample (ug metal/g gravel)

S1 0.052 0.000 0.016 0.176
S2 0.034 0.000 0.022 0.176
S3 0.006 0.000 0.014 0.124
S4 0.010 0.000 0.013 0.127
S5 0.025 0.008 0.028 0.188
S6 0.022 0.000 0.018 0.176
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Results indicated that the quantities of leached metals ranged from insignificant to very low. This
could be due to absence of these metals in the gravel or the inability of citric acid to extract these metals.
The blank sample analyzed in Table 4 was prepared from the laboratory reagent citric acid. In addition,
50% citric acid samples (i.e., T-203 and T-204 in Table 7), obtained from CWI, were also analyzed for
chromium, silver, cadmium, and lead. The results of these analyses are shown in Table 7.

Table 7. Analysis of 50% citric acid samples.

Chromium Silver Cadmium Lead

Sample (ng/L) (ng/L) (ug/L) (ng/L)
Blank® n=3 0.43 (+0.85) 4.88 (£3.84) 2.94 (+0.83) 1.10 (£0.56)

T-203 15.68 4.07 1.52 18.04

T-204 20.01 20.64 4.83 25.09

a. Deionized water.

Results show that both T-203 and T-204 samples contained chromium and lead in the
concentration range 15-25 mg/L, and thus it is likely that this citric acid was the source of chromium
observed in the leachates at the treatment. Both T-203 and T-204 did not seem to have any cadmium, and
only T-204 contained silver to the extent of 20 mg/L. The level of silver in T-203 was indistinguishable
from the levels seen in blanks.

4.3 Effects of Reagents on Grout and Bentonite
431 Bentonite and TVCF Grout Prepared with 5% Citric Acid

The bentonite mud prepared with citric acid was initially disappointing because it never formed the
coherent slurry or gel characteristic of bentonite. The solution lacked significant viscosity and was not
suitable for most applications that use bentonite. The water evaporated over the course of 1 week, and a
very different material was left within the beaker. This new phase was a hardened, shiny, and gummy
paste. The results indicated that, although not the desired gel product, the end result was quite stable and
unlikely to fall apart unless water were reintroduced. Figures 18 and 19 show photographs of the
respective bentonite pastes obtained.

Figure 18. Dry bentonite paste, 5% citric acid preparation.
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Figure 19. Dried bentonite, tap water preparation.

4.3.1.1 TVCF Grout Results. The experiment was repeated with a cementitious grout (i.e., TVCF)
commonly used by CWI. The results seemed promising because the grouts hardened and dried to their
desired phase. Initial results showed most of the same properties of hardness and cohesion in the citric
acid sample as were observed in the water samples. However, after a full week of curing, it was obvious
that the product was inferior to the water-prepared samples. The product was brittle and loose, similar to
dried mud or lightly packed sandstone. Small forces could penetrate or crack the material easily, while
water-prepared grout required substantial force to crack or penetrate the surface. Figures 20 and 21 show
the respective products.

Figure 20. TVCF grout prepared with citric acid.

Figure 21. TVCF grout prepared with tap water.
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4.4 Flow Experiments
441 Reaction Chamber

The reaction chamber apparatus could not be operated in a vertical downflow configuration
because the reacting sodium piece shrank and got flushed out of the system as soon as it could pass
through the coarse grating. Operation in horizontal configuration resulted in Type II explosions; therefore,
the reaction chamber was operated in the vertical upflow configuration. The resultant data (time of
dissolution as a function of mass) are shown in Figure 22. Experiments at the flow rate of 5 mL/second
were conducted with tap water because the maximum flow rate obtainable from the peristaltic pump was
3.0 mL/second. The argon purge rate was 0.3 cfm in all except a few initial experimental runs at the
3.0 mL/second flow rate.

Mass vs.Time,Variable Water Flow Rate
iy 29 Mass vs time 2.5 mL/s
T 80
g 70
é i . . B Mass vs time 3.0 mL/s
S 50 —
B 40 Ny — Mass vs Time .2 mLfs
e 30 Sl
E 20 = Mass vs Time |.6 mL/s
g 10
g 0 ! ' ' ! ' 't Mass vs Time 5.0mL/s
(= 0 0.1 0.2 0.3 0.4 0.5 0.6

Mass of Na (grams)

Figure 22. Time of sodium dissolution in the reaction chamber.

Overall, the data do not show any particular trend, as shown in Figure 22. The time for dissolution
increases with the mass, as expected; however, there is too much variability within a single flow rate data
set and in the total range of flow rates to extrapolate a specific conclusion. These times are also
comparable to those observed in batch systems (values in Table 2). The sodium piece occasionally gets
trapped in the side (argon purge) port, thus affecting the time of dissolution.

Several Type Il explosions were observed in the reaction chamber system. Qualitatively, the risk of
a Type II explosion increases with increasing sodium mass and decreasing flow rate, as shown by the
flow rate versus mass chart with explosion data shown in Figure 23.

Initially, the flow system had an excess of sodium. However, water became the excess reactant
with time. It is hypothesized that Type Il explosions are more common at low flow rates and higher
sodium masses because the quantity of water is insufficient to dissipate the heat of reaction, and the heat
is conducted to the interior of the sodium piece, leading to expansion of the piece and, ultimately, a
Type II explosion.
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Figure 23. Mass versus flow rate data for reaction chamber runs.

4.4.2 Tall Cylinder

Experiments were conducted in the tall cylinder apparatus at a water flow rate of
2.5 + 0.4 mL/second. Variability of the flow rates was due to the sealed nature of the apparatus, which
provided an inert atmosphere and prevented any explosions. The time taken for the dissolution is shown
as a function of mass in the Figure 24.

Tall Cylinder, Mass vs Time
"Reaction Chamber" trend included for comparison
140
120 u = Massvs Time,
2.1 mlss
100 O
o~ [ |
g 80 s
= 60 u
40 —— Power (Trend
20 Line (Reaction
Chamber}))
0 T T 1
0 0.5 I [.5
Mass (g)

Figure 24. Reaction times in the tall cylinder apparatus.

Reaction times were markedly higher (i.e., 50-200% higher) as compared to the those from the
reaction chamber apparatus, as indicated by the black line in Figure 24. The sodium piece in the tall
cylinder essentially floated to the top of a slowly rising water column that did not have any axial mixing
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The flow was far less turbulent than in the reaction chamber, implying a much lower mass-transfer rate,
and hence, higher dissolution times.

The heat balance for the completed set of experiments is shown in Figure 25, which provides a
graph of calculated versus measured final temperatures. The temperature was calculated assuming that the
reaction was adiabatic, and enthalpy of the reaction was -184 kJ/mol (Brierley et al. 1984). It can be seen
that while certain runs show good agreement, the agreement is rather poor for several runs. This is
essentially because the system is neither completely adiabatic nor well mixed.

Heat Balance, Measured vs. Calculated

45.0

40.0

35.0 -

30.0

25.0 —
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20.0

|5|0 =T T T T
15.0 25.0 35.0 45.0

Measured Final T (C)

Figure 25. Heat balance for flow systems.

4.5 Miscellaneous Experiments
4,51 Reactions of Sodium with Bentonite Grout

The reactions of sodium with a concentrated bentonite-to-water mixture (60:40) and a 6-g/L
bentonite solution were explosive, thus leading to the expulsion of both bentonite suspension and sodium
and eventually to a sodium fire with the characteristic yellow flame. It was more noticeable for the dilute
systems (i.e., reaction and tall cylinder chambers) that the concentrated suspension did not mix well, and
only an intermittent contact occurred between water and sodium. However, the net effect was similar to
that for the dilute systems. The reactions were too violent to consider blanketing the sodium with
bentonite mixtures—at least within the given proportions.

4.5.2 Melting of Sodium in Steel Pipe Sections

It was feasible to melt the solid sodium in the stainless steel pipes using electrical heat. The two
pipe sections contained 10.5 and 10.9 g of sodium, respectively.
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4.5.3 Analysis of the Scrubber Water

The concentration of total suspended solids in the scrubber water was 6.4 mg/L. The solution pH
was 11.85, and the concentration (presuming the solution was of NaOH) obtained from titration was
0.001 M. The scrubber solution semiquantitative CWI analysis yielded results of 249.95 mg/L sodium
and 0 mg/L calcium. The CWI sodium concentration analysis was equivalent to a pH of 12, which was in
agreement with the value above (i.e., 6.4 mg/L).

4.5.4 Reactions in Nonaqueous Media

No significant reaction was observed in mineral oil or vegetable oil systems. Citric acid was
practically insoluble in either type of oil, and reaction rates were extremely low with a glacial acetic acid
system. Both these nonaqueous media can essentially be neglected for any sodium cleanup.

Appendix G provides a list of miscellaneous video files of reactions between the various media
during the testing described throughout this document.

5. RECOMMENDATIONS FOR FUTURE TESTING

The reaction rate of sodium droplets in beaker-scale batch systems was found to be proportional to
the surface area, in agreement with the observations made by Corrsin, Steinmetz, and Marano (1959). The
largest source of inconsistency throughout the testing was the behavior of the sodium itself. Upon contact
with either the side of the beaker or one of the probes, the sodium had a tendency to climb out of the
solution. This led to sodium excursions of varying degrees and the repetition of multiple tests in order to
produce a reportable data set. It would be desirable to design a system where excursions could be
minimized. The sodium excursion and Type II explosion are interesting phenomena. More high-speed
photography along with repeatable excursion environments would improve the capability to better
conceptualize what is happening and to understand the mechanisms behind it.

A more in-depth study on the dissolution kinetics of sodium would increase understanding of the
role that solution concentration plays in the reaction rate. In particular, additional studies are necessary to
determine the effect of caustic concentration. Further study could lead to a better choice of chemicals and
optimum concentrations that minimize the mass transfer resistances to achieve the desired sodium
cleanup.
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Appendix A

Experimental Matrix for Bench-Scale Beaker Tests

Sodium Dissolution Beaker Tests
Revised 12/14/09 J. Jones

Inter-
Se- Start [Start |mediate
Title ries |Run |T. °C |pH pH (est.) |Procedure Observation(s)
To water wiphenolphthalein indicator, add drop of 50?1: mixing time, pH probe response, temp
Mixing test A 1 21 ~7 ~11|NalH solution_to red endpoint _ pr_ol?e response
To above solution, add drop of H2S04 solution to clear [mixing time, pH probe response, temp
A 20 2 ~11 ~T|endpoint probe response
pH B 1 21 ~7 ~13|To water, add 2.5 mL ﬁl% NaOH pH probe response
response B 2 21 ~7 ~2|To water, add 1.25 mL conc. H2304 pH probe response
Temp c 1 21 ~7 ~7|To water, add 50 mL heated water (~130F) femp probe response
response C 2 21 ~7 ~7|To water, add 50 mL heated water (~130F) temp probe response
1 1 21 ~7 ~11|To water, add one 3mm cube Na Rel. Humid., React. time, pH, Temp
Sample 1 2 21 ~7 ~12|To water, add one 5mm cube Na Rel. Humid., React. time, pH, Temp
size 1 3 2 ~7 ~12|To water, add one 8mm cube Na Rel. Humid., React. time, pH, Temp
1 3 21 ~7 ~13|To water, add one 10mm cube Na Rel. Humid., React. time, pH, Temp
Effect of 2 1 21 <7 <3*|To 0.3M soln. NaCitrate/Citric Acid, add one cube Na [Rel. Humid., React. time, pH, Temp
Buffer 2 2 21 =7 <8|To 0.6M soln. NaCitrate/Ciftric Acid, add one cube Na |Rel. Humid., React. time, pH, Temp
T 2 3 21 =7 =8|To 1.5M soln. NaC?trateIC?ujc Ac?d, add one cube Na  |Rel. Hum?d., React. L?me, pH, Temp
2 4 21 =7 =9 To 3.0M soln. NaCitrate/Cifric Acid, add one cube Na |Rel. Humid., React. time, pH, Temp
Effect of bi i} 1 21 =G <11|To 3.0M NaCitrate/Citric Acid, add 20gm/L NaHCO3 Rel. Humid., React. time, pH, Temp
P — i} 2 21 =G =11|To 3.0M NaCitrate/Citric Acid, add 40gm/L NaHCO3 Rel. Humid., React. time, pH, Temp
T i} 3 21 =G =11|To 3.0M NaC?trate!C?tn:c Ac?d, add 60gm/L NaHCO3 Rel. Hum?d., React. L?me, pH, Temp
G 4 21 =G <11|To 3.0M NaCitrate/Citric Acid, add 100gm/L NaHCO3 |Rel. Humid., React. time, pH, Temp
6 1 21 ~7 =13|To solution of 20gm/L NaHCO3, add cube Na Rel. Humid., React. time, pH, Temp
Effect of bi i 2 2 ~7 <13|To solution of 40gm/L NaHCO3, add cube Na Rel. Humid., React. time, pH, Temp
carbonate 6 L ~7 =13|To solution of 60gm/L NaHCO3, add cube Na Rel. Humid., React. time, pH, Temp
G 4 21 ~7 =13|To solution of 100gm/L NaHCO3, add cube Na Rel. Humid., React. time, pH, Temp
3 1 21 ~7 ~13|To water, add one cube Na after 0 sec’ Rel. Humid., React. time, pH, Temp
Air 3 2 21 ~7 ~13|To water, add one cube Na after 10 sec Rel. Humid., React. time, pH, Temp
exposure 3 3 21 ~7 ~13|To water, add one cube Na after 30 sec Rel. Humid_, React. time, pH, Temp
time 3 4 21 ~7 ~13|To water, add one cube Na after 60 sec Rel. Humid., React. time, pH, Temp
3 5 21 ~7 ~13|To water, add one cube Na after 120 sec Rel. Humid., React. ime, pH, Temp
5 1 21 ~7 ~13|To water, add one cube Na Rel. Humid., React. time, pH, Temp
Effect of 5 2 27 ~7 ~13|To warmed water, add one cube Na Rel. Humid_, React. time, pH, Temp
Temp 5 3 32 ~7 ~13|To warmed water, add one cube Na Rel. Humid., React. time, pH, Temp
] 4 33 ~7 ~13|To warmed water, add one cube Na Rel. Humid., React. time, pH, Temp
4 1 21 ~11 ~13|To NaOH soln. w/pH=11, add one cube Na Rel. Humid., React. time, pH, Temp
Effect of 4 2 21 ~12 ~13|To NaOH soln. w/ipH=12, add one cube Na Rel. Humid., React. time, pH, Temp
caustic 4 3 21 ~13 ~13|To NaOH soln. w/pH=13, add one cube Na Rel. Humid., React. time, pH, Temp
4 4 21 ~14 ~14|To NaOH soln. w/ipH=14, add one cube Na Rel. Humid., React. time, pH, Temp
7 1 21 ~7 <0|To 0.3M Citric Acid soln, add one cube Na Rel. Humid., React. time, pH, Temp
Effect of 7 2 21 ~G <5{To 0.6M Citric Acid soln. add one cube Na’ Rel. Humid., React. time, pH, Temp
acid 7 3 21 ~4 <7|To 1.5M Citric Acid soln, add one cube Na Rel. Humid., React. time, pH, Temp
7 4 21 ~2 <6 To 3.0M Citric Acid soln, add one cube Na Rel. Humid., React. time, pH, Temp
To water wiphenolphthalein indicator, add drop of 50% |mixing time, pH probe response, temp
Mixing test A 1 21 ~T ~11|NadH solution_to red endpoint ] pr_ol?e re_sponse
To above solution, add drop of H2S04 solution to clear [mixing time, pH probe response, temp
A 2 2 ~11 ~T|endpoint probe response
pH B’ 1 21 ~f ~13-'T0 water, add 2.5 mL ﬁl% NaOH pH probe response
response B 2 3] ~f ~2|To water, add 1.25 mL conc. H2504 pH probe response
Temp C' 1 21 ~7 ~7|To water, add 50 mL heated water (~130F) temp probe response
response C' 2 21 ~7 ~7|To water, add 50 mL heated water (~130F) temp probe response
General notes for all runs:
All runs 400 mL water in 600 mL beaker, under argon blanket in the heaker headspace, and recorded by video
Perform replicates if variability warrants.
1 142" stir bar with stir sefting at 60%
All runs within series randomized (except first replicate of Series 1 and Series 6)
All samples weighed +/- 0.001g
Final pH titrated to pH=6-8
Starting temp +/- 2C
*for this and successive series, sample size will be the smallest size from series 1 that gives results with 2 digit precision.
pH for these runs is calculated assuming largest size (10 mm)
‘pause time after last cut of sodium sample
due to potential for accelerated reaction rate due to increasing acidity, execution of this run and succeeding runs
contingent on perceived safety after execution of previous runs




A-4



Appendix B

Experimental Conditions and Reaction Times

B-1



B-2



Appendix B

Experimental Conditions and Reaction Times

Sample Size | Reaction Time
Parameter Conditions (mm) (seconds)
Room temperature deionized water 3 10
. Room temperature deionized water 5 30
Sample size ..
Room temperature deionized water 8 60
Room temperature deionized water 10 82
0.3M sodium citrate/citric acid buffer 5 30
0.6M sodium citrate/citric acid buffer 5 30
Buffer concentration® 0.9M sod%um c%trate/c%tr%c ac%d buffer 5 21
1.2M sodium citrate/citric acid buffer 5 15
1.5M sodium citrate/citric acid buffer 5 10
1.75M sodium citrate/citric acid buffer 5 15
20g/L 5 30.5
Bicarbonate concentration 40g/L 5 32
60g/L 5 33.5
0.3M citric acid 5 29.5
Acid concentration 0.6M c%tr%c ac%d > 29.5
1.5M citric acid 5 16.5
3.0M citric acid 5 37
1.75M buffer, 20g/L 5 15.5
Bicarbonate concentration in buffer | 1.75M buffer, 40g/L 5 14.5
solution 1.75M buffer, 60g/L 5 15
1.75M buffer, 80g/L 5 15
75 seconds 5 25
Air exposure time > mu?utes > 25.5
15 minutes 5 24
30 minutes 5 25
Room temperature 5 29
45°C 5 30.5
Water temperature 45°C 5 34
45°C 5 32
45°C 5 29.83
0.01 M 5 28.5
0.13 M 5 29
Caustic concentration 1.5M 5 21
2.0M 5 15
2.5M 5 14

a. The buffer is an equimolar solution of sodium citrate and citric acid. The concentration refers to the total concentration of both chemicals.
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Appendix C

List of Video Files for the Beaker-Scale Batch Studies

SampSize R1 020210 _wmv
SampSize R2 020210 wmv
SampSize R3 020210 _wmv
SampSize R4 020310 wmv
SampSize R5 020310 wmyv
SampSize R7 020310 _wmv
SampSize R8 020410 wmv
SampSize R9 020410 _wmv
BuffConc R1.1 021110 wmv
BuffConc R1.2 021210 _wmv
BuffConc R2.1 021110 wmv
BuffConc R2.2 021110 wmv
BuffConc R3.1 020910 wmv
BuffConc R3.2 020910 wmv
BuffConc_R6.1 030310 wmv
BuffConc R7.1 031010 wmv
Bicarb R1.1 021610 wmv
Bicarb R1.2 021610 wmv

Bicarb R2.1 021610 wmv

Bicarb R2.2 021610 wmv
Bicarb R3.1 021710 wmv
Bicarb R3.2 021710 wmv

Acid R1.1 022310 wmv

Acid R1.2 022310 wmv

Acid R2.1 022410 wmv

Acid R2.2 022410 wmv

Acid R3.1 022410 wmv

Acid R3.2 022410 wmv

Acid R4.1 022410 wmv

Acid R4.2 030110 _wmv
BicarbonBuff R1.1 030310 wmv
BicarbonBuff R1.2 030310 wmv
BicarbonBuff R2.2 030410 wmv
BicarbonBuff R3.1 030910 wmv
BicarbonBuff R3.2 030910 wmv
BicarbonBuff R4.1 030910 wmv
AirExp R1.1 031010 wmv




AirExp R1.2 031110 _wmv

AirExp R2.1 031010 wmv

AirExp R2.2 031110 Wmv

AirExp R3.1 031010 wmv

AirExp R3.2 031110_wmv

AirExp R4.1 031010 wmv

AirExp R4.2 031110 wmv

Temp R1.1 031610 Wmv

Temp R1.2 031610 wmv

Temp R2.1 031610 wmv

Temp R2.2 031610 wmv

Temp R3.1 031610 wmv

Temp R3.2 031610 wmv

Temp R4.1 031710 wmv

Temp R4.1 031710 wmv

Temp R4.2 031710 wmv

Caustic R1.1 031910 wmv

Caustic R1.2 031910 wmv

Caustic R2.1 031910 _wmv

Caustic R2.2 031910 wmv

Caustic R3.1 032210 wmv

Caustic R3.2 032210 wmv

Caustic R4.1 032210 wmv

Caustic R4.2 032210 wmv

Caustic R5.1 032510 wmv

Caustic R5.2 032510 _wmv

Caustic R6.1 032510 wmv

Caustic R6.2 032510 wmv

Caustic_scrapRun_ 032510 wmv
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Appendix D

Composition of Materials and Fuels Complex Water

Table D-1. Ionic composition of Materials and Fuels Complex water.

Concentration
lon (mg/L)
Na' 19.63
K 3.32
Mg** 12.42
Ca* 38.24
F 0.72
Cr 20.83
NOy 9.42
SO~ 17.16
CO,” 77.485

Table D-2. Chemical composition of synthetic Materials and Fuels Complex water.

Chemical Molarity x 10* mg/L
CaCl, 2.937775 32.60
CaSO, 1.786000 24.32
CaCOs 4.817000 48.21
MgNO:s 1.519257 13.11
MgCO; 3.590803 30.28
Na,CO; 4.269247 45.25
KHCO; 0.849148 8.50
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Appendix E

Experimental Conditions and Outcomes of Agitation Tests

Table E-1. Experimental conditions and outcomes of agitation tests.

Explosion/
Run ID pm Time Mass Wire? Video Completed
00001 150 16.32 0.9210 No wire | 20100512 13-19-46 Explosion
00002 150 48.31 0.927 No wire | 20100519 _09-22-54 Explosion
00003 150 98.88 1.0438 No wire | 20100519 10-30-25 Explosion
00004 150 37.26 0.7670 No wire | 20100519 14-48-54 Completed
00005 150 83.49 0.8220 No wire | 20100521 10-48-33 Explosion
00006 150 16.91 0.8490 No wire | 20100521 _11-03-02 Explosion
00007 150 62.40 1.0880 No wire | 20100525 09-49-33 Explosion
00008 150 41.77 0.9241 No wire | 20100525 10-54-22 Explosion
00009 150 72.87 1.1275 No wire | 20100525 12-39-18 Explosion
00010 150 88.12 1.0340 No wire | 20100528 14-18-14 Explosion
00011 150 17.91 0.8721 No wire | 20100601 _10-02-09 Explosion
00012 150 54.08 0.8615 No wire | 20100602 _09-01-38 Explosion
00013 150 21.47 0.8530 No wire | 20100607 08-49-52 Explosion
00014 150 15.91 0.5673 No wire | 20100607 _09-49-33 Explosion
00015 150 55.57 1.0120 No wire | 20100607 _10-54-22 Explosion
00016 150 39.80 1.112 No wire | 20100607 12-39-18 Explosion
00017 150 16.05 0.4908 No wire | 20100607 14-20-27 Explosion
00018 150 65.00 0.5316 No wire | 20100607 14-56-09 Explosion
00019 150 89.44 0.9830 No wire | 20100608 08-49-30 Explosion
00020 150 77.18 0.9184 No wire | 20100608 09-58-00 Explosion
00021 150 27.52 1.0581 No wire | 20100608 10-40-43 Explosion
00022 150 44.62 0.8622 No wire | 20100608 11-11-15 Explosion
00023 150 30.71 0.8826 No wire | 20100608 13-41-03 Explosion
00024 150 46.26 1.0530 No wire | 20100608 15-45-05 Explosion
00025 150 55.26 0.8220 No wire | 20100609 08-52-11 Explosion
00026 150 54.78 0.8220 No wire | 20100609 11-55-20 Explosion
00027 150 58.73 0.9840 No wire | 20100609 13-25-25 Explosion
00028 150 41.46 0.8702 No wire | 20100609 16-02-38 Explosion
00029 150 76.13 0.9400 No wire | 20100610 08-34-47 Explosion
00030 150 15.35 0.4814 No wire | 20100610 09-41-28 Explosion
00031 150 43.59 1.1031 No wire | 20100610 _10-50-20 Explosion
00032 150 50.23 0.8760 No wire | 20100610 11-12-14 Explosion
00033 150 14.40 1.0523 No wire | 20100610 12-44-10 Explosion
00034 150 11.44 0.7600 No wire | 20100610 13-41-03 Explosion
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Table E-1. (continued).

Explosion/
Run ID rpm Time Mass Wire? Video Completed
00035 150 15.72 0.4217 No wire | 20100610 13-56-54 Explosion
00036 150 29.11 1.0479 No wire | 20100610 _15-51-40 Explosion
00037 150 40.59 1.0648 No wire | 20100611_08-48-02 Explosion
00038 150 19.56 0.8490 No wire | 20100611_09-45-51 Explosion
00039 150 54.93 0.9480 No wire | 20100611 _10-53-31 Explosion
00040 150 32.95 0.8850 No wire | 20100611 _13-03-12 Explosion
00041 150 33.78 0.8220 No wire | 20100611 _14-19-14 Explosion
00042 150 27.13 1.1300 No wire | 20100611 _16-20-03 Explosion
00043 150 77.03 0.9091 No wire | 20100614_08-49-37 Explosion
00044 150 57.83 1.1326 No wire | 20100614 09-59-31 Explosion
00045 150 60.29 1.0860 No wire | 20100614 _10-44-32 Explosion
00046 150 21.58 0.8760 No wire | 20100614 _13-07-29 Explosion
00047 150 57.27 0.8540 No wire | 20100615 11-11-15 Explosion
00048 150 48.31 1.1490 No wire | 20100616_08-55-09 Explosion
00049 150 18.92 0.8870 No wire | 20100616_09-49-00 Explosion
00050 150 29.69 0.9280 No wire | 20100616 _10-48-36 Explosion
00051 150 41.07 1.1280 No wire | 20100616_11-17-18 Explosion
00052 150 45.99 1.0900 No wire | 20100616_13-03-29 Explosion
00053 150 30.58 0.9620 No wire | 20100616_14-59-01 Explosion
00054 150 58.35 1.0495 No wire | 20100617 _12-50-25 Explosion
00055 150 46.49 0.8220 No wire | 20100621 _14-56-09 Explosion
00056 150 22.87 0.8490 No wire | 20100622 12-39-18 Explosion
00057 150 70.46 0.8220 No wire | 20100628 08-49-30 Explosion
00058 150 9.08 0.9000 No wire | 20100628 09-58-00 Explosion
00059 150 33.59 1.0420 No wire | 20100628 11-11-15 Explosion
00060 150 40.24 0.9390 No wire | 20100707 _09-19-44 Explosion
00061 150 88.50 0.9260 No wire | 20100707_11-21-20 Explosion
00062 150 40.80 0.2029 No wire | 20100707 _11-58-08 Completed
00063 150 51.55 0.8220 No wire | 20100707 _13-49-38 Explosion
00064 150 30.56 0.9933 No wire | 20100707 _14-50-12 Explosion
00065 150 55.22 0.5831 No wire | 20100707 _15-42-29 Completed
00066 150 91.11 0.9760 No wire | 20100720 _09-19-10 Explosion
00067 150 1.84 1.0890 No wire | 20100720 _14-55-03 Explosion
00068 150 39.33 0.1003 No wire | 20100721 _10-20-55 Explosion
00069 150 77.72 1.1020 No wire | 20100721_11-01-16 Explosion
00070 150 47.44 0.9460 No wire | 20100721 _13-44-34 Explosion
00071 150 50.50 1.0294 No wire | 20100721 _14-39-09 Explosion
00072 150 25.09 1.0101 No wire | 20100722 10-57-45 Explosion
00073 150 81.33 1.0363 No wire | 20100722 13-02-10 Explosion
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Table E-1. (continued).

Explosion/
Run ID rpm Time Mass Wire? Video Completed
00074 150 22.17 0.8220 No wire | 20100723 09-33-41 Explosion
00075 150 72.70 0.9267 No wire | 20100723 _10-57-45 Completed
00076 150 15.70 0.9462 No wire | 20100723 _11-18-27 Explosion
00077 150 32.75 1.0726 No wire | 20100726_09-57-45 Explosion
00078 150 13.55 1.0670 No wire | 20100726 _10-57-45 Explosion
00079 150 26.72 0.8700 No wire | 20100727_09-57-45 Explosion
00080 150 100.05 1.0030 No wire | 20100727 10-21-33 Explosion
00081 150 74.09 1.1122 No wire | 20100727 _10-57-45 Explosion
00082 150 44.64 1.0780 No wire | 20100728 10-57-45 Explosion
00083 150 74.78 0.9388 No wire | 20100730 _11-36-30 Completed
00084 150 66.93 1.0790 No wire | 20100730_11-39-49 Explosion
00085 150 73.71 0.7101 No wire | 20100802 14-51-20 Completed
00086 150 16.70 0.8490 No wire | 20100803 08-51-50 Explosion
00087 150 22.55 1.0413 No wire | 20100803 11-04-08 Explosion
00088 150 46.11 0.9355 No wire | 20100804 08-29-16 Explosion
00089 150 75.33 1.2092 No wire | 20100804 09-44-07 Explosion
00090 150 26.87 0.9230 No wire | 20100804 10-18-22 Explosion
00091 150 20.2 0.8530 No wire | 20100804 _11-06-56 Explosion
00092 150 69.24 0.9435 No wire | 20100805_08-06-56 Explosion
00093 150 32.28 0.9808 No wire | 20100809 _08-32-15 Explosion
00094 150 65.73 1.2446 No wire | 20100907_09-05-50 Explosion
00095 150 42.95 0.4744 No wire | 20100907 _11-50-14 Completed
00096 150 4.03 1.1000 No wire | 20100907 _15-01-14 Explosion
00097 150 50.37 0.4013 No wire | 20100909 10-44-10 Completed
00098 150 38.43 0.9152 No wire | 20100910 _10-44-10 Explosion
00099 150 68.60 0.9950 No wire | 20100911_09-10-10 Explosion
00100 400 63.43 0.5211 Wire 20100916 08-56-13 Explosion
00101 400 34.36 0.5112 Wire 20100916_10-30-30 Explosion
00102 400 20.37 0.2830 Wire 20100917 _09-01-33 Completed
00103 400 9.03 0.1192 Wire 20100917 _09-21-41 Completed
00104 400 54.51 0.6868 Wire 20100917 _11-36-30 Completed
00105 400 42.30 0.7440 Wire 20100917 _12-10-09 Completed
00106 150 16.91 0.8490 No wire | 20101001 _08-49-38 Explosion
00107 150 29.99 1.0279 No wire | 20101001 _09-48-33 Explosion
00108 150 40.08 0.8510 No wire | 20101008_09-55-54 Explosion
00109 400 28.09 0.2859 Wire 20101008 _10-56-10 Explosion
00110 400 44.11 0.5914 Wire 20101008 13-28-07 Explosion
00111 400 16.29 0.1881 Wire 20101010_09-37-19 Completed
00112 400 28.12 0.3428 Wire 20101010 10-50-25 Completed
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Table E-1. (continued).

Explosion/
Run ID rpm Time Mass Wire? Video Completed
00113 400 43.63 0.5211 Wire 20101010 _14-55-54 Explosion
00114 400 47.72 0.5698 Wire 20101012_09-42-12 Completed
00115 150 44.58 0.4356 Wire 20101012_14-55-54 Explosion
00116 150 101.91 1.0035 Wire 20101014_09-12-12 Explosion
00117 150 47.17 0.4013 Wire 20101014 _13-55-54 Explosion
00118 150 74.64 0.9380 Wire 20101016_08-57-20 Explosion
00119 150 51.31 1.0275 Wire 20101018 09-25-14 Explosion
00120 150 28.02 0.7800 Wire 20101018 10-35-51 Explosion
00121 150 23.40 0.9230 Wire 20101018 _11-55-20 Explosion
00122 150 27.02 0.8580 No wire | 20101020 _09-25-19 Explosion
00123 150 92.11 0.8490 No wire | 20101020_16-02-38 Explosion
00124 150 28.41 0.8380 No wire | 20101022 09-59-31 Explosion
00125 150 90.72 1.0240 Wire 20101027 _08-49-38 Explosion
00126 150 17.82 0.7520 Wire 20101027 _09-59-31 Explosion
00127 400 76.94 0.9188 Wire 20101101 _09-51-34 Completed
00128 400 28.53 0.3408 Wire 20101101 _13-01-29 Explosion
00129 50 57.76 1.0010 Wire 20101101 _14-51-20 Completed
00130 400 67.06 0.8008 Wire 20101101 16-00-05 Explosion
00131 400 28.31 0.3431 Wire 20101102_08-50-06 Explosion
00132 50 95.78 0.6154 Wire 20101102_10-30-30 Completed
00133 400 49.26 0.4151 Wire 20101102_14-51-20 Explosion
00134 50 56.19 0.2002 Wire 20101103 _09-30-54 Completed
00135 400 9.35 0.1692 Wire 20101104_10-19-30 Explosion
00136 400 57.15 0.6888 Wire 20101105 11-36-30 Explosion
00137 400 42.34 0.5057 Wire 20101106_10-30-30 Completed
00138 400 40.11 0.7007 Wire 20101106_11-01-16 Completed
00139 400 50.78 0.7227 Wire 20101107 _09-29-43 Explosion
00140 400 79.66 0.9514 Wire 20101107 10-21-00 Completed
00141 400 41.07 0.5698 Wire 20101107 _13-49-38 Explosion
00142 400 47.72 0.5770 Wire 20101107 _14-59-19 Explosion
00143 400 14.43 0.1102 Wire 20101109_10-44-10 Completed
00144 400 48.86 0.6108 Wire 20101109 _11-50-14 Explosion
00145 50 53.45 0.3343 Wire 20101111_08-43-20 Completed
00146 400 66.79 0.9626 Wire 20101111_09-50-11 Explosion
00147 400 17.47 0.1945 Wire 20101111 _14-22-59 Completed
00148 400 42.58 0.5524 Wire 20101111 _15-19-01 Explosion
00149 400 14.49 0.1793 Wire 20101113 _13-49-38 Explosion
00150 50 82.27 0.7979 Wire 20101113 14-51-20 Completed
00151 400 41.51 0.5099 Wire 20101116 10-30-30 Explosion
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Table E-1. (continued).

Explosion/
Run ID rpm Time Mass Wire? Video Completed
00152 400 27.34 0.2830 Wire 20101116_10-30-30 Explosion
00153 50 92.03 09113 Wire 20101116_11-01-16 Completed
00154 400 11.40 0.7010 Wire 20101116_11-01-16 Explosion
00155 400 67.06 0.8008 Wire 20101116_11-01-16 Completed
00156 50 83.55 0.8900 Wire 20101117 _10-21-33 Completed
00157 50 91.59 1.0410 Wire 20101117 _11-36-30 Explosion
00158 400 15.58 0.1502 Wire 20101118 _09-41-24 Completed
00159 400 48.86 0.7030 Wire 20101118 _11-50-14 Explosion
00160 50 85.34 0.8826 Wire 20101122 13-49-38 Completed
00161 150 75.16 0.8231 Wire 20101203 _11-04-08 Explosion
00162 150 79.91 0.8554 Wire 20101203 _16-49-26 Explosion
00163 150 83.71 0.8147 Wire 20101204_11-06-56 Explosion
00164 150 25.22 0.5831 Wire 20101204 _11-06-56 Explosion
00165 150 43.92 0.5540 Wire 20101204 _11-26-26 Completed
00166 150 93.01 0.7982 Wire 20101207 _08-50-00 Explosion
00167 150 103.97 0.9731 Wire 20101207_09-31-39 Explosion
00168 150 66.18 0.5276 Wire 20101207_09-31-39 Explosion
00169 150 9.78 1.1194 Wire 20101207 _09-31-39 Explosion
00170 150 57.79 0.8820 Wire 20101207 09-31-39 Explosion
00171 150 5.31 1.0433 Wire 20101207 _10-34-19 Explosion
00172 150 103.10 1.0265 Wire 20101207 _10-44-10 Explosion
00173 150 30.43 0.8550 Wire 20101207 _11-50-14 Explosion
00174 150 40.64 1.1210 Wire 20101213 _08-55-48 Explosion
00175 150 75.19 0.7757 Wire 20101214 _10-48-54 Explosion
00176 150 71.29 0.7101 Wire 20110102_14-51-20 Explosion
00177 150 74.22 0.7971 Wire 20110104_11-06-56 Completed
00178 150 66.18 0.5276 Wire 20110107_09-31-39 Explosion
00179 400 4791 0.8310 Wire 20110107 _11-50-14 Explosion
00180 150 40.18 0.2020 Wire 20110107 13-49-38 Explosion
00181 150 93.77 0.7982 Wire 20110107 _13-50-22 Explosion
00182 150 43.92 0.5540 Wire 20110108 10-17-18 Explosion
00183 400 69.00 0.8708 Wire 20110108 14-55-54 Explosion
00184 150 72.35 1.0991 Wire 20110112_10-53-22 Explosion
00185 50 91.95 1.0339 Wire 20110120 10-44-10 Explosion
00186 50 92.33 09113 Wire 20110120 11-50-14 Explosion
00187 150 29.33 0.2561 Wire 20110121 _10-30-30 Completed
00188 50 78.95 0.6514 Wire 20110122 09-31-39 Explosion
00189 50 85.300 | 0.8826 Wire 20110122 _11-06-56 Explosion
00190 50 53.55 0.9564 Wire 20110124 10-57-45 Explosion
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Table E-1. (continued).

Explosion/
Run ID rpm Time Mass Wire? Video Completed
00191 50 5491 0.2109 Wire 20110125_09-06-50 Completed
00192 50 53.92 0.3219 Wire 20110125 10-20-05 Explosion
00193 50 71.88 0.8900 Wire 20110127 _09-31-39 Explosion
00194 50 66.63 0.7979 Wire 20110127 _16-49-26 Explosion
00195 50 54.19 0.2420 Wire 20110128 11-04-08 Explosion
00196 400 50.78 0.6835 Wire 20110128 11-04-08 Explosion
00197 150 75.57 0.9298 Wire 20110128 11-04-08 Explosion
00198 150 73.67 0.7928 Wire 20110128 11-04-08 Explosion
00199 400 50.78 0.6353 Wire 20110128 11-04-08 Explosion
00200 50 72.67 0.8334 Wire 20110129 09-30-39 Completed
00201 50 79.67 0.8334 Wire 20110129 _10-48-54 Explosion
00202 50 63.02 1.0024 Wire 20110207 _08-49-38 Explosion
00203 50 3.38 0.8103 Wire 20110207 _09-29-38 Explosion
00204 50 20.52 0.6740 Wire 20110207 _13-22-21 Explosion
00205 50 78.90 0.7775 Wire 20110208 11-55-20 Explosion
00206 150 77.02 | 0.6217 Wire | 20110212_12-50-25 Explosion
00207 150 | 41.01 | 0.2551 Wire | 20110212_12-59-30 Explosion
00208 50 72.30 0.7445 Wire 20110212 13-49-38 Explosion
00209 150 38.86 0.2317 Wire 20110212 _16-09-35 Explosion
00210 400 51.54 0.6688 Wire 20110221 11-36-30 Explosion
00211 50 39.81 1.0384 Wire 20110223 10-57-45 Explosion
00212 50 84.07 0.9032 Wire 20110302_08-58-23 Explosion
00213 50 66.31 0.8537 Wire 20110302 _09-49-31 Explosion
00214 50 33.63 1.0329 Wire 20110302 _14-32-03 Explosion
00215 50 60.90 1.0242 Wire 20110303 _09-11-00 Explosion
00216 50 48.93 0.8929 Wire 20110303 _10-27-57 Explosion
00217 150 75.62 0.8231 Wire 20110303 _11-04-08 Explosion
00218 400 67.49 0.8918 Wire 20110303 _14-51-20 Explosion
00219 150 79.91 0.8554 Wire 20110303 _16-49-26 Explosion
00220 50 82.17 0.8776 Wire 20110304 09-03-33 Explosion
00221 50 75.75 0.7357 Wire 20110304 _10-41-22 Completed
00222 150 83.56 0.8147 Wire 20110304 11-06-56 Explosion
00223 150 22.55 0.5831 Wire 20110304 11-06-56 Explosion
00224 150 43.92 0.5540 Wire 20110304 11-06-56 Explosion
00225 150 52.25 0.4105 Wire 20110307 _10-44-10 Explosion
00226 150 46.26 0.4645 Wire 20110307 _11-50-14 Explosion
00227 150 72.72 0.7892 Wire 20110307 _13-49-38 Explosion
00228 150 105.79 0.9731 Wire 20110308 09-31-39 Explosion
00229 150 | 103.31 | 1.0265 Wire 20110311 _10-44-10 Explosion
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Table E-1. (continued).

Explosion/
Run ID rpm Time Mass Wire? Video Completed
00230 400 66.79 0.9145 Wire 20110311 13-49-38 Explosion
00231 400 15.22 0.1456 Wire 20110315_11-45-10 Explosion
00232 50 14.95 0.9848 Wire 20110316_09-27-13 Explosion
00233 50 41.50 0.9041 Wire 20110316_10-44-19 Explosion
00234 50 40.77 1.0682 Wire 20110317 _09-49-05 Explosion
00235 50 87.22 0.8428 Wire 20110317 _11-01-27 Explosion
00236 50 89.98 1.0115 Wire 20110317 _12-30-38 Explosion
00237 150 75.91 0.7757 Wire 20110319 _10-48-54 Explosion
00238 50 23.61 0.8696 Wire 20110321 _09-15-14 Explosion
00239 50 79.50 0.9484 Wire 20110321 _10-03-59 Explosion
00240 400 24.43 0.5075 Wire 20110321 10-30-30 Explosion
00241 150 72.79 1.1050 Wire 20110321 _11-01-16 Explosion
00242 150 74.72 0.9388 Wire 20110321 _11-36-30 Explosion
00243 50 66.89 0.6717 Wire 20110321 _13-09-47 Explosion
00244 400 10.98 0.1667 Wire 20110323 10-21-33 Explosion
00245 150 100.53 1.0029 Wire 20110323 10-21-33 Explosion
00246 400 14.99 0.7700 Wire 20110421 11-01-16 Explosion
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Appendix F

Leach Test on SS304 Pipe Section
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Appendix F

Leach Test on SS304 Pipe Section

Surface Area Mass, Presoak Mass, Postsoak
Run Sample ID (cm?) (2 (2)

1 7.9860 7.6612 7.6610
High temperature, 1 week

2 8.4404 8.0007 8.0004

3 8.7201 8.0015 8.0010
High temperature, 4 hours

4 7.8156 7.9123 7.9121

5 7.7588 7.8121 7.8120
Low temperature, 1 week

6 7.7020 7.7712 7.7711

7 7.5884 7.6878 7.6878
Low temperature, 4 hours

8 7.3612 6.7272 6.7271

9 7.1340 6.8090 6.8091
Low temperature, 400 rpm

10 6.7932 6.7799 6.7798
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Appendix G

List of Miscellaneous Video Files
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Appendix G

List of Miscellaneous Video Files

20110513 11-29-01 citric acid dissolution in mineral oil
20110516 _13-56-43 acetic acid under oil
20110516 _14-58-01 acetic acid
20110516_14-52-37 citric acid

20110519 _09-40-23 canola oil

Beaker Scale Sodium Treatment Tests
Bentonite gel 500mg Sodium Cube
Bentonite gel with 400mg cube

Bentonite gel with 500mg cubel
Bentonite Mud 500mg Sodium Cube
Bentonite tap water

Hardness demonstration tvcf low moisture
Hardness demonstration tvcf low standard moisture
overhead view of sodium

Smaller version

TVCEF citric acid

TVCEF deionized water

tvcf grout tap water

TVCF Tap Water

Type I Explosion

Type II Explosion

Igram Sodium in beaker with wire

2M NaOH

Smm3 Tap water

10mm3 Tap water

20gL Bicarb 1.2M Sodium Citrate
20100519 _10-48-54

20100707 _13-49-38

20100630_10-16-07
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