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ANALYSISOF WASTE ISOLATION PILOT PLANT SAMPLES:
INTEGRATED SUMMARY REPORT

1. SUMMARY
1.1 SUMMARY OF CONCLUSIONS

Nondestructive and destructive analytical methods were used to analyze samples of debris collected from
the top of R15 C5, thelip of R16 C4, the parent drum, and the continuous air monitor (CAM) and fixed
air sampler (FAS) filtersin addition to MgO samples collected from the tops of R14 C2, R14 C4, R14 C6
and R16 C4. The analytical evidence supports the conclusion that an exothermic oxidation reaction of
Swheat Scoop® by metal nitrate salts produced sufficient quantities of gas to breach drum 68660. The
metals and the acidic environment found in drum 68660 are known to accel erate these oxidation
reactions. Moreover, the ratio of metal nitrate saltsin drum 68660 was in arange in which alow melting
eutectic mixture could form, which would also accel erate the oxidation reactions. Nitrated organics were
not detected and they are not necessary to produce the exothermic reaction leading to the breach of drum
68660. All the contents of the drum were not consumed and the material ejected from drum 68660 either
did not experience temperatures over 200 °C, or their exposure to elevated temperatures was very limited
in duration (<seconds). These findings are based on the detail s described below.

e Metalsand acid were present that would accel erate the oxidation reactions:

o Themetalsfound in the debris and the acidic environment of drum 68660 are known to
accel erate the decompostion of the organic materials comprising the Swheat Scoop®.

o Trivalent nitrate salts, i.e., iron and aluminum, react at lower temperature with
ligocellulosics than mono or divalent nitrate salts (i.e., Na, K, Mg, Ca, and Pb).

o Metas(Bi, W, and La) from the glovebox glove were not involved in the reaction.

= Other than one particle of Bi found on the lip of R16 C4, no Bi, W or Lawere
found in the samples from R15 C5, R16 C4 or the CAM filters.

= At thetime of the Real Time Radiography (RTR) of Drum 68660 performed at
LANL, the glovebox glove wasin the job control solid waste layer at the bottom
of the drum physically separated from the neutralized liquid/Swheat Scoop®
layer (see Appendix E, Addendum A); though unlikely, physical contact may
have occurred to some degree during transport of the drum to WIPP.

e Reaction products are from metal nitrate oxidation of organics:

o Significant levels of nitrite and carbonate salts were found in the samples that were not
present in the original waste stream. These compounds are products from the oxidation
of carbohydrates (Swheat Scoop®) by metal nitrate salts.

e Reaction inside the drum did not go to completion:

o Materials gected from the drum either did not experience temperatures over 200 °C, or
their exposure to elevated temperatures was very limited in duration (<seconds) resulting
in the observation of thermally sensitive materialsin the collected samples.

o Thermally sensitive materials (i.e., oxalate and nitrite salts) were found in gjected
material that would not have survived a high temperature reaction.

o Triethanolamine (TEA), acomponent of Kolorsafe® liquid acid neutralizer, was
tentatively identified in a sample of the debris collected from R15 C5.

e  Oxidation products were observed in the debris but nitration products were not detected:

o Nonextractable oxidation products were detected but no lower molecular weight
oxidation products were found.

o Formation of nitrated (i.e., nitrate esters or nitro-containing) compounds cannot be ruled
out but if they are present, they are in low concentration.



o Formation of nitrated compounds is not necessary to produce an exothermic reaction,
which could produce sufficient quantities of gas to cause the breach of drum 68660.
o The absence of triethanolammonium nitrate (TEAN) and TEAN decomposition products
indicates the material potentially was consumed in the reaction.
e Eutectic mixture of nitrate salts could form:
o Although an exact ratio of the saltsis not known, they are in arange in which a eutectic
mixture of Mg, Na, Ca, and K nitrate salts could form. While the melting temperature of
the potential eutectic mixture isnot precisely known, these results indicate that a
liquefied eutectic mixture was possible in the drum environment, which could accel erate
the oxidation reactions.
e Gasesfrom truck fire did not cause the damage to the super sacks:

o No evidence to support the presence of Mg(OH),, MgCO; or other metastable hydrous
carbonate species that would be expected if the material in the super sacks was exposed
to significant quantities of CO, and/or H,O combustion products.

o Thelow radioactivity on the exposed MgO on the adjacent drums indicates that the event
was of short duration (seconds).

1.2 SUMMARY OF ANALYTICAL PROCESS

Samples collected from WIPP (as described in Appendix B: Sampling Integrated Summary Report) were
sent to Pacific Northwest National Laboratory (PNNL), Savannah River National Laboratory (SRNL),
and Lawrence Livermore National Laboratory (LLNL) for analysis. PNNL received the sasmples from the
lip of R16 C4 and the top of standard waste box (SWB) R15 C5 taken on May 30, 2014 using the multi-
sampler device. The bulk MgO samples from R14 C2, R14 C4, and R14 C6 and the MgO sample taken
from the top of R16 C4 using the multi-sampler device were sent to SRNL. The second set of samples
from the lip of R16 C4 and two samples from R15 C5 taken on August 15, 2014 were sent to SRNL for
analysis, and a subsample of R15 C5 was sent to LLNL for LC-MS analysis. Samples of the debris and
swipes from the parent drum were sent to SRNL for analysis.

The analytical approach for the samples was determined at the first meeting of the TAT on June 3-4, 2014
and followed standard practices for identification of unknown samples. [Magnuson, 2012] Analysis
initially started with nondestructive analysis (optical and gamma analysis, XRD/XRF, SEM-EDS, Raman
and/or FTIR) followed by destructive analysis (ICP-EOS, ICP-MS, IC, extraction/GC-MS, LC-MS, and
TG-MS). Setsof instructions (called R&D Directions at SRNL, Test Instructions at PNNL, Sample
Preparation and Analysis Plan at LLNL) were prepared describing how the samples would be handled and
analyzed. These instructions built off the existing analytical procedures and quality control documents
aready in place at PNNL, SRNL, and LLNL. Theseinstructions were circulated to the WIPP TAT for
review, comments were addressed and the final revised documents were approved by unanimous vote of
the TAT. Work did not start until TAT approval was obtained. Each lab assigned its samples a unique
sample (and tracking) number including all sample splits and sample transfers, which were tracked with a
chain of custody (COC) form. The samples were photographed during all aspects of unpacking and
transfer, and the samples were qualitatively surveyed for radioisotopes by nondestructive gamma analysis.
An archive sample was maintained from all samples for future reference. The analytical details for each
analysis and the raw data are presented in the Appendix (Analytical Results from PNNL, SRNL, and
LLNL). A full discussion of the radiochemical analysisis presented in the Source Term Section and is
not discussed here. Below isahigh level summary of the analytical results followed by a discussion of
how the analytical data supports the key judgments.



1.3 SUMMARY OF ANALYTICAL RESULTS

The analytical efforts focused on the materials gjected onto the SWB R15 C5 to determine the reactions
that occurred in drum 68660 that |ed to the breach. The samples from the lip of R16 C4 were much
smaller and primarily contained MgO. Overall, the debris from R15 C5 was very heterogeneous and
predominantly contained a mixture of inorganic salts. The primary metals identified were consistent with
what was known to be in drum 68660 [see Therma Modeling Section] (Mg, Na, Ca, Fe, Al, K, and Ni,
note — Cr was observed in XRF but not in the ICP-OES,) while trace quantities (typically <0.02 wt%) of
other metals (Ba, Mn, Ti, and Zn) not noted in the original drum contents were observed. No Bi, W, or
La (from a glovebox glove) was detected by SEM-EDS, ICP-OES, ICP-MS, or micro-XRD analysis of
the R15 C5 samples. The phosphorus observed in the R15 C5 samples most likely originated from the
Swheat Scoop®, which contains about 0.5 wt% phosphorus. Lead was ubiquitous and in aR15 C5
sample, it was found in concentrations over 100-fold greater than that predicted from the drum contents.
Thismost likely arises from nitric acid leaching of the lead drum liner present within the parent drum
during the decades of storage before processing. In addition to the anions expected based on the drum
contents (NOs', F, and oxalate), new anions were found in the debris including NO;, CO5%,and CI". The
nitrite and carbonate are consistent with products expected from the reaction of carbohydrates with metal
nitrate salts (see below). Significantly more metal cations were found than anions indicating that metal
oxides are present in the debris. The debrisfrom R15 C5 contained a small number of methylene chloride
extractable organic compounds (and no additional compounds were observed after derivatization,
reporting limit 2 ppm). A few low molecular weight organic acids (formic, acetic and oxalic) were
observed in the water extract of R15 C5, but these acids were also found in the Swheat Scoop®. FTIR
and micro-fluorescence microscopy analyses of the debris and the methylene chloride extract were very
complex and showed the presence of organic material that resembled Swheat Scoop® (i.e.,
carbohydrates) and inorganics materials (nitrates and carbonates). Oxidized materials were also identified
in the FTIR spectra (by both bulk and micro-techniques) but no other degradation products of Swheat
Scoop® or triethanolamine (TEA) could be identified. No nitrated organics or triethanolamine were
detected by GC-MS or FTIR analysis. A sample of R15 C5 was sent to LLNL to analyze for polar, high
molecular weight material by LC-M S using a high-resolution mass spectrometer capable of tandem mass
spectrometry in positive electrospray mode. Unlike, GC-MS, no LC-MS libraries are available to assist
in the identification of unknown compounds; however, by exploiting exact mass measurements, the
presence of targeted compounds can be detected. Using this type of targeted analysis, triethanolamine
was tentatively identified in the sample. TG-MS analysis of the debris from R15 C5 under argon showed
unreacted material was present. The debris showed atotal weight loss of 9.4% at 200 °C, 17% at 400 °C
and afinal weight loss of 35.1% at 1000 °C indicating the material did not experience high temperatures.
Gases evolved below 200 °C included m/z 16 (CH,), m/z 18 (H,0), m/z 30 (NO and CH,0) and m/z 44
(CO, and/or N,O), and m/z 46 (NO,, and other materials), which is consistent with the decomposition of
organics and metal nitrate salts.

The sample from the lip of R16 C4 was primarily MgO. The metals found in the sample were consistent
with what was found in R15 C5 except the Pb was found in significantly lower concentrations. SEM
analysis found pieces of steel in the sample (which could have originated from the drum). Although it
was anticipated that organics would be present on the lip of 68660 since it was discolored, hard and
crusty, only minor amounts of organic residues (such as carboxylic acids) were detected by micro-FTIR
ATR, and no detectable amounts of organics were found in the methylene chloride extract. No
triethanolamine or nitrated organics were detected by GC-MS or FTIR analysis. It is postulated that high
molecular weight (methylene chloride insoluble) organic compounds derived from the Swheat Scoop®
are responsible for the material on the lip of R16 C4 being hard and crusty.

The debris from parent drum S855793 was expected to be acidic based on the drum history and a water
extract of the debris was found to be dlightly acidic (pH was 3.8, with atotal acid content of 0.0157 N).



The anionsin the water extract were consistent with the known contents of the waste stream (nitrate,
fluoride, and sulfate) and the extractable anions from the Swheat Scoop® (formate, acetate, oxa ate,
chloride, sulfate, and phosphate). Since phosphorous was not in significant concentration in the waste
stream (<0.01 wt%), it isa good indicator of Swheat Scoop®. The metals found in the debris were
consistent with the drum contents (Mg, Na, Ca, Al, Fe, and K) except for the high concentrations of lead
(11.7 wt%). The IAEA swipes only contained a trace amount of lead. No significant amount of organics
was found from the methylene chloride extracts of the glass swipes by GC-MS (reporting limit 20 ppm).
FTIR analysis of the extract detected inorganic material including carbonates and nitrates. Extraction of
the debris with methylene chloride found long chain fatty acids (linoleic and palmitic acids), which are
known to be present in Swheat Scoop®. [ Sramkova, 2009]

Many of the major materials found in the debris on R15 C5 were also found on the CAM and FASfilters.
The materials on the CAM filtersinclude anions (nitrate, nitrite, oxal ate, acetate, formate, chloride,
fluoride, and sulfate), metals (Mg, Na, Ca, Fe, Al, and Pb), and organics (that have an FTIR spectra
similar to Swheat Scoop®). The materials on the FAS filters also include anions (nitrate, nitrite, formate,
chloride, fluoride, and sulfate) and metals (Mg, Na, Fe, Al, and Pb). This indicates the material gected
from the drum formed aerosol particles that moved through the room and drift and were collected by the
CAM and the FASfilters. This observation is supported by optical microscopy and SEM-EDS
measurements of small salt particles on R15 C5 and R16 C4. Extremely small Pu and Pb particles (too
small to be accurately measured by SEM but well below 100 nm in diameter) were found associated with
larger, high-surface area“hairy” salt particles. The morphology and chemical makeup of these salts were
significantly different from that naturally expected from the mine, and consistent with arapid
precipitation mechanism out of the entrained liquid known to be present within drum 68660.

M agnesium oxide was collected from on top of adjacent drums (R14 C2, R14 C4, and R14 C6) and a
reference sample was collected from an intact bag of MgO located on the floor at the waste face. The
samples were white or beige colored and was composed of powder and pellets with an occasional dark
particle. The MgO samples had low radioactivity, which indicated that the event was of short duration. |If
the radioactive material was slowly ejected from 68660 over atime frame of minutes, more radioactivity
would be expected on the adjacent drum. XRD and FTIR analysis of the MgO from the drums indicated
that no Mg(OH),, MgCQO; or other metastable hydrous carbonate species was present that would be
expected if the material in the super sacks was exposed to significant quantities of CO, and/or H,O
combustion products from the truck fire. Therefore, it is concluded that the truck fire event did not cause
the damage observed in Panel 7 Room 7.



2. Parent Drum: Contents, Acidity and Metals

In the Reaction Chemistry and Hypotheses discussion (Appendix F), it is proposed that a series of internal
exothermic reactions produced sufficient gas pressure to breach drum 68660. These reactions could have
be initiated by a combination of chemical and/or radiolytically induced reactions between nitric acid,
nitrate salts, metals, triethanolamine (TEA)/triethanolammonium nitrate (TEAN), and Swheat Scoop®. It
isimportant to define the contents of drum 68660 since these materials should be found in the debris on
R15 C5 and the lip of R16 C4, and these materials are responsible for the exothermic reactions and the
corresponding reaction products.

The contents of drum 68660 were estimated by Weisbrod starting from the Veazey salt analysis as
described in the Therma Modeling Section. The drum had alayer of job control waste (plastic/rubber) on
the bottom, processed liquid layer consisting of Swheat Scoop®/nitric acid/Kolorsafe® liquid acid
neutralizer (i.e., triethanolamine, water and Alizarin, an indicator dye), and a metal nitrate salt layer
mixed with Swheat Scoop®. The Swheat Scoop® was mixed with the liquidsin a 3:1 volume ratio while
Swheat Scoop® was mixed with the nitrate saltsin a 0.7:1 volume ratio. The molarity of the acid in the
liquid layer and the interstitial liquid in the nitrate salts was 3.3M. [Clark, 2015] The estimated
composition of the nitrate salt layer isshown in Table 1. Notetheinitial Pb content is very small and no
nitrites or carbonates were present.

Table 1. Composition of saltsin 68660 (as described in the Cookoff Model Section).

Component Wit%
Mg(NQOg3), * 6 H,O 62.3
NaNOs 13.7
Ca(NOg3)2* 4H,0 9.47
Fe(N03)3 9 Hzo 6.45
Al(NO3)3 * 9 H,O 2.38
KNO3 2.08
(COOH), 1.53
HNO; 1.53
H,0 (with trace elements) 0.20
NaF 0.18
CF(NOg)z * 9H,0O 0.13
Ni(NO3), ¢ 6 H,O 0.06
Pb(NO3), 0.01

2.1 Acidity of Parent Drum (S855793): The acidity of the waste stream isimportant in determining
potential reaction chemistry. Swheat Scoop® is derived from the whole grain of wheat, which is
primarily composed of starch (65-70% dry weight) and proteins (14%) with smaller amounts of lignin,
lipids, other polymeric carbohydrates including cellulose, and minerals. Dilute nitric acid is known to
hydrolyze and oxidize hemicellulose, starch, and amorphous regions of cellulose to monosaccharides,
polysaccharides, carboxylic acids (including acetic and oxalate acid [Sullivan, 1983]) and aldehydes (like
hydroxymethyl furfural). [Rodriguez-Choong, 2004; Bensah, 2013; Fontana, 2008] Concentrated nitric
acid or a combination of nitric acid with a dehydrating reagent like sulfuric acid leads to nitration
reactions to form nitrate esters and nitro compounds [Ola, 1989]. Heating concentrated (69%) nitric acid
to 180 °C can result in complete mineralization of the primary components of biomass (carbohydrates,
carboxylic acids). [Wirfels, 1989] In test reactionsrun at LANL [Clark, 2015], it was also shown that
nitric acid lowers the temperature where decomposition and/or exothermic reactions can occur for both



Swheat Scoop® and TEA. Thus, the acidity of the waste stream can contribute to the degradation of the
Swhesat Scoop®.

During processing of the parent drum (S855793), it was documented that approximately 2 gallons of
liquid was collected with a pH of 0, measured by pH paper, and neutralized with Kolorsafe®. Based on
process knowledge, the nitrate salts from the ion exchange process were washed with 3.3M nitric acid,
while nitrate salts from the oxalate filtrates were not washed with bulk acid because it would accelerate
decomposition of the oxalic acid present in the salts. [Clark, 2015] Typically, after emptying a drum and
remediating its contents, alittle adsorbent, Swheat Scoop®, was added into the empty drum to adsorb any
residual liquids. The parent drum (S855793) of 68660 was sampled as described in the Appendix B
(Sampling Integrated Summary Report) to learn more about the contents of the drum. The dry solid debris
was extracted with water and the total acid content was determined to be 0.0157 N by titration. The total
acid content for awater extract of Swheat Scoop® was 0.0050 N. The free acid available in the solid,
which represents the free H* concentration (in 20 mL of solution) relative to the mass of the sample
(0.6901g), is 0.455 mol/Kg, which is similar to quantities measured by LANL for samples taken from
other empty parent drums with acidic liquid [Martinez, 2014]. Although it is not possible to back
calculate the acidity of the original drum, this does confirm the materialsin the parent drum were acidic.

The water extract from the debris from the parent drum was also analyzed by ion chromatography. As
expected, the dominant anions were nitrate (12.6 wt%) and oxal ate (0.264 wt%) with smaller amounts of
chloride (899 ng/g), sulfate (290 ng/g), and formate (638 ng/g). Acetate and fluoride were also observed
but they could not be quantitated because they co-eluted. Swheat Scoop® was also found to contain
water extractable ions including small amounts (<0.05 wt%) of chloride (480 ug/g), formate (332 ug/g),
nitrate (240 ng/g), oxalate (240 ng/g), and sulfate (435 ng/g). Phosphate was found in higher
concentrations (0.50 wt%), and sinceit is not in found in significant concentrations in the waste stream
(<0.01 wt%), phosphate can be used as a signature of Swheat Scoop® in the debris. Overall, the anions
detected in the parent drum were consistent with the content of 68660 and Swheat Scoop®.

2.2 Metalsin Parent Drum (S855793): Metals could potentially act as catalyst to accelerate the
decomposition of the organic materials as discussed in the Reaction Chemistry and Hypotheses appendix
(Appendix F). Thus, the metalsin the parent drum were qualitatively analyzed by SEM-EDS, and
guantitated by ICP-OES and ICP-MS using a mixed acid (HNOy/HCI/HF in a 2:1:1 volume ratio)
digestion and peroxide (N&,0;) fusion (which is more aggressive and can provide a higher recovery of the
metals). Since Swheat Scoop® was added to the empty parent drum to adsorb any residual liquids, the
metals found in the debris are representative of the metalsin the liquid, except for the pieces of metal
from the drum. SEM-EDS analysis of the chunks of debris from the parent drum were found to contain
predominately Pb with smaller amounts of Na, Mg, Al, K, Caand K (see Figure 1). Quantitative analyses




of one sample found 11.7 wt% Pb and 2.8 wt% Na. Other metals detected which were expected based on
drum contents included Al (9050 ppm), Fe (7300 ppm), Mg (5010 ppm), K (1270 ppm), Ca (573 ppm),
Cr (843 ppm), and Ni (343 ppm). Additional metals detected include U (3540 ppm), Ba (1610 ppm), Zn
(643 ppm), Cu (290 ppm), Mn (23 ppm), and Sr (19 ppm). Some of these metals were also found in the
Swheat Scoop® including Na, Al, K, P, Mg, Ca, and Si. There are no significant amounts of metal in the
debris that are unexpected based on the contents of 68660 except for the high lead concentration.
Martinez and Chamberlin reported similar results in the analysis of other parent drumsin which high Pb
(19-42 wt%) and sodium (1.7-3.7 wt%) concentrations were observed and similar metals were found.
[Martinez, 2014]

Conclusions from Analysis of the Parent Drum: The metals found in the debris and the acidic
environment found in the parent drum are known to accel erate the decompostion of the organic materials
found in Swheat Scoop®. The metals were consistent with the drum history except for the high levels of
lead, which most likely arise from nitric acid leaching of the lead drum liner present within the parent
drum during the decades of storage before processing. Since phosphorus is not found in high
concentration in the waste stream, phosphorus can be used to identify the presence of Swheat Scoop® in
the debris samples.

3. Exothermic Oxidation of Organics by Nitrate Salts

3.1 Predicted Reaction Products: The potential reactions that could lead to a series of internal
exothermic reactions and produce sufficient gas pressure to breach drum 68660 are discussed in Appendix
F, Reaction Chemistry and Hypotheses. In all cases, these reactions would produce specific products
indicative of the reaction history. Thus, reaction products could arise from: (a) the hydrolysis, oxidation,
and nitration of Swheat Scoop® (or more specifically carbohydrates) by nitric acid and/or metals; (b) the
reaction of the metal nitrate salts and Swheat Scoop® (as discussed below); (c) the decomposition of the
TEAN/Swheat Scoop® layer; (d) ionizing radiation from the radioactive decay of the transuranic
elements in the waste; or/and (€) biotic reactions. Thus, the debris on the standard waste box R15 C5 and
the material on the lip of breached drum were analyzed for potential reaction products from the materials
in drum 68660.

Nitrate salts are known to react with organics to produce inorganics products and volatile gases. For
example, PNNL investigated the use of carbohydrates (sugars) to denitrate low-activity waste, which was
acidic and high in nitrates and alkali metals [Smith, 1999]. The goal of PNNL studies was to remove the
nitrates at modest temperatures (250-400 °C) and make N, rather than nitrogen oxides (NO,, NO, N,0).
The denitration reaction proceeded as follows:

1.25 CoHziOp + NNaNO; => (0.5n)N, + (0.75n)CO, + (1.25m)H,0 + (0.5m)Na,COs

Depending on the ratio of organic (fuel) to nitrate salt (oxidizer), arange of productsincluding CO, N,O
or NO could be formed. For example, for the reaction of cellulose with sodium nitrate at a1:1 C:N ratio,
the products are:

C6H1005 + BNaNO; => 2N, + 3CO;, + 5H,0 + 3N&COz;+ N,O + O,

Carboxylic acids, from the acid hydrolysis of Swheat Scoop®, could react with nitrate salts to form
similar products. Kozlowski and Bartholomew [1968] studied the decomposition of sodium formate and
sodium acetate in molten sodium nitrate and sodium nitrite at 320 °C. The products from the reaction
were similar to those found in the reaction of carbohydrates except sodium nitrite was found as a reaction
intermediate (as shown below).



NaC,H30,+ 4NaNO; => 0.5 NaxCO; + 1.5 CO, + 1.5 H,O + 4 NaNO,
NaC,H3;0,+ 3NaNO,=> 2 Ng,CO; + 1.5 H,O + 0.5 N,O + N,

These reactions were very vigorous and produced large amounts of gas. In general, it was observed that
the lower the concentration of organic, the higher the allowable operating temperatures. It was also noted
that sodium hydroxide could be formed in the reaction but it would rapidly react with the CO, in the melt
producing Na,CO; and H,0.

Magnesium nitrate has been shown to reduce the decomposition temperature of amylose from 280 °C to
ca. 150 °C. [Desai, 1972] It was proposed that NO,, generated at low temperature, was responsible for
the low temperature oxidation of the amylose. Wu and Zavarin [1986] investigated the reaction of 20
different inorganic nitrate salts with lignocellulosic materials (including wood flour, cellulose, lignin, and
xylan) and proposed that the exotherms between 100-200 °C most likely arose from the NO, oxidation of
lignocellulosics (to form NO and carboxylate salts). They also found that the first exothermic peak in the
DSC of amixture of nitrate-lignocellulose materials decreased as the acidity of the nitrate salt increased
(asshown in Table 2). Kochkar et al. [2001] also reported the oxidation of starch by NO, at 70 °C
produced carboxylic acids. Solid state **C NMR showed that the primary —CH,OH group in starch was
oxidized while the secondary carbons were less affected.

Table 2. DSC data for reaction between lignocellulosics and various nitrate salts. [Wu, 1986]

Nitrate Salt pH of 1IN Wood Flour Xylan Microcrystalline

solution (°C)? (°C)? Cdlulose (°C)*
Fe(NOs)3 1.11 96 123 154
AI(NO3)3 2.24 126 147 178
Pb(NO3), 3.45 202 207 185
Mg(NOs3), 4.61 200 190 215
Ca(NO3), 5.13 217 232 247
NaNOs 6.52 260 NM 276

*Peak temperature for the first oxidation exotherm in the DSC (800psi, N,). NM- not measured

For the materials in drum 68660, the potential decomposition products were determined by the
thermoequilibrium code CTH-TIGER (Thermal Modeling Appendix). This model includes the Swheat
Scoop®/processed liquid layer (TEAN) and the Swheat Scoop®/nitrate salt layer (see Table 1) but does
not include the plastic/rubber job waste on the bottom of the drum. The model predicts an exothermic
reaction (-2.17 x 10° Jkg) producing the equilibrium composition of products at 227 °C at 1 atmosphere,
as shown below.

C1.15H4.720307No.40M 90.004N @ 057C80 015F€0.006 => 1.6 H,O + 0.53 CO, + 0.20 N, + 0.37 CH, + 0.02 H,
+ 0.002 Fe;0O3 + 0.11 C (s) + 0.079 MgCOs + 0.028 Na,CO; + 0.015 CaMgC,0s

In addition to the nitrate salts reacting with organics, the salts can decompose depending on the reaction
temperature. [Stern, 1972]. In general, divalent nitrate salts (Mg and Ca) decompose at alower
temperature than the monovalent nitrate salts (Na and K) to form the metal oxide as shown below. These
decomposition products can then oxidize and/or nitrate organics materials (as previously discussed).

Mg(NOy), => MgO + 2NO, + 0.5 O,
2NaNO; => Na,O + 2NO, + 0.5 O,



Most ionic salts melt to form liquids stable to various degrees before decomposition. Mg(NOs), and
Ca(NOg), are stable up to about 325 °C and 425 °C, respectively while NaNOz; and KNO; decomposes
around 600 °C and 650 °C, respectively. However, the decomposition depends on the reaction
environment. For example, it has been reported that Mg(NOs), decomposed (to Mg(NO,),) at 125 °Cina
NO atmosphere. [Stern, 1972]

In generd, nitrite salts are less stable than nitrate salts. For example, NaNO, has been reported to be
unstable above 330 °C and KNO, is unstable above 410 °C. [Stern, 1972] The decomposition of nitrites
and nitrates depend on the environment as shown below.

2NaNO, => Na,O + NO, + NO
2NO + NaNO, => NaNO; + N,
NaNO, + NO, => NaNO; + NO

The trivalent metal nitrates, i.e., iron and aluminum, have a different decomposition pathway than that of
the mono- and di-valent nitrate salts and produce HNO; rather than NO,, as the major product at
temperatures around 150 °C. [Wieczorerk-Ciurowa, 1999; Keely, 1963; Melnikov, 2013]

2A|(N03)3 b 8H20 => A|203 + 4HNO3 + N203 + Og + 14H20
2Fe(NOg3)3 * 9H,0 => Fe,0O3 + 6HNO; + 15H,0

Triethanolammonium nitrate (TEAN) is an organic nitrate salt that melts at 80 °C and a has a broad
exotherm (in the DSC) with an onset temperature of 251 °C. [Bracuti, 1992] Pyrolysis of the liquid
propellant LGP1845, which is composed of hydroxylammonium nitrate (63.2 wt%), TEAN (20 wt%) and
water (16.8 wt%), produced NO, N,O, N, CO,, CO, H,0, HCN, and C,H, at temperatures between 130-
540 °C. [Chang, 2001] Pyrolysis of TEAN (under 200 psi Ar and a heating rate of 175 °C s*) exhibited
an exotherm at 250-325 °C and the formation of CO,, N,O, CO, NO, NHs, and HCN. [Cronin, 1988]
Laser heating of TEAN under argon produced water as the dominate product, and a series of other
products similar to previous reported study including HCN, NH3, NO, H,CO, CH;CHO, CO, H,, CO,,
CH,, C;Hy4, CH3CN, N,O, and NO,. [Lee, 1999] Overall, the decomposition products from TEAN are
gaseous.

Triethanolamine (TEA) can form complexes with metal ions through the oxygen and/or nitrogen atoms.
[Naiini, 1997; Masoud, 2002] Thus, the free hydroxyl groups of TEAN could complex metals. Thermal
analysis (DTA/TG/DTG) of TEA metal complexes typically showed an endotherm (melting) follow by an
exotherm accompanied by weight loss. For example, Fe(TEA),Cl; shows an endotherm corresponding to
melting (165 °C) immediately followed by an exotherm (ranging from 187-273 °C and 273-302 °C but
centered at 251 °C and 287 °C, respectively). [Icbudak, 1996] Similar behavior was also noted for TEA
complexes with metal saccharinates in which an exotherm was measured at 150-300 °C with mass |oss
before or after melting. [Yilmaz, 2002] Unfortunately, there are few studies on the solid products formed
from the thermal degradation of TEA metal complexes at temperatures between 150 — 500 °C, which
would help guide the search for products in the debris on R15 C5.

Conclusion: From the reactions described above, the primary products expected from the oxidation of
Swheat Scoop® by metal nitrate salts are volatile gases (N,O, N,, CO,, NO), combustible gases (CH,4 Ha,
and CO), inorganic salts (Na,CO3, NaNO,, MgCO; and CaMgC,0Og), carbon, water and nitric acid. The
trivalent nitrate salts (Fe and Al) appears to be more reactive than the divalent (Mg, Ca, and Pb) and
monovalent nitrate salts (Na and K). Depending on the reaction temperature, the nitrate salts could
decompose and release reactive species, i.e.,, O, and NO,, that would accel erate the decomposition of
Swhesat Scoop®.



3.2 Optical and Electron Microscopy of WIPP Samples: The samples from R15 C5 were
heterogeneous containing a variety of large (cm-mm) and small (um-nm) sized particles, which contained
a complex mixture of organic and inorganic materials. Although visual inspection of the particles for the
two R15 C5 samples did not reveal any Swheat Scoop® present, micro-fluorescence, an empirical
technique, identified particles with a spectrum similar to that of unreacted Sweat Scoop® (see Figure 2).
It is possible that the Swheat Scoop® could be coated in salt (Figure 3) or degraded (Figure 4), obscuring
itsidentity. Many small particles ranging in size from 1-10 um were observed by SEM-EDS (see Figures
5 and 6). These particles predominately contained Mg, O and Nawith small amounts of K, Ca, and Cl.
Magnesium and sodium rich areas were found throughout the samples. In backscatter imaging, Pb was
observed in amost all the samples with smaller amounts of Al, P, Fe and occasional Si. Small pieces of
steel, most likely from the drum were found on the lip of R16 C4 (see Figure 7). Micro-XRF analysis
was also performed on small samples taken from R15 C5 and R16 C4. Those analyses were not
guantifiable, due to limitations caused by the presence of adlip cover required to manage radioactive
contamination risks, but K, Ca, Cr, Fe, Zn, Cu, Pb, and Mo were commonly identified in most scans. The
elements La, W, and Bi, from a glovebox glove, were not observed in scans of over 100 randomly chosen
particles. |CP-OES quantitated the Pb as 0.57 and 0.77 wt% in the two R15 C5 samples, which is about
100-fold more concentrated than the Pb in the waste stream (see Table 1). This high Pb concentration
must arise from nitric acid leaching of the Pb liner in the parent drum over the past 28 years of storage
before processing. Overall, the elements Mg, Na, K, Ca, Al, and Fe are consistent with what is known to
be in Drum 68660 (Table 1) while Cl and Si could arise from the WIPP salt or the MgO. The
phosphorous most likely arises from the Swheat Scoop® because phosphorous is not present in
significant concentration (<0.01 wt%) in the waste stream but it is found in the native Swheat Scoop®
(0.5 wt%).
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Figure 2. (a) Particle under white light and a 10x objective. (b)
Particle illuminated by an excitation band of 375-425 nm observing
the emission of 475 nm and longer. (c) The emission spectra of
particle (blue) overlaid with the tvoical kittv litter (red).
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Figure 3. Optical microscopy of R15 C5 particles. Figure 4. Optical microscopy of R15 C5 particles.
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Figure6. (a) SEM of small particles from R15 C5 and (b) EDSof particles.
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Figure 7. Elongated piece of steel from the sample collected from the lip of R16 C4.

Optical microscopy and SEM analysis of the R15 C5 samples showed salt particles that could have
originated from the mine or the drum (see Figure 8). The Carlsbad salt is a well-described material. It isa
Precambrian mineral, 250 million years old and tends to contain numerous inclusions. Figure 8a shows a
salt particle with a morphology and characteristics (inclusions, etc.) indicative of the Precambrian salt
from the mine. This spiny or whisker-like material shown in Figure 8b was found infrequently, but was
observed in al the samples. A similar type of phase was observed during the SEM examination of the
R16 C4 lip sample, but it was not identified during the optical microscopy examination of the same
sample.

Figure 8. Polarized light microscopy image of (a) salt-like particles from R15 C5 and (b) “ hairy” particle
from R15 C5.
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SEM-EDS images of salt particles from R16 C4, which are thought to be similar to those pictured in the
optical microscopy in Figure 8b, are pictured in Figure 9. These “hairy” sodium bearing particles were
aso found to be closely associated with submicron Pb and Pu particles. Based upon SEM-EDS, we
believe these Na bearing particle are likely associated with CO3, which is consistent with FTIR results
that identified particles of sodium carbonate (see below). The hairy like structure of the Na-bearing
particlesisindicative of kinetically unstable solid phases that have rapidly formed from solution.
Submicron particles of Pu and Pb are closely associated with these hair-type of particles (See Figures 10
and 11). The Pu and U-bearing particles were not associated with the MgO indicating the MgO on the lip
of R16 C4 did not come from inside the drum (but from the broken super sack).

Figure9. SEM analysis of salt particles from R16 C4.
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Figure 10. SEM-EDS of small Pu particle associated with hairy salt particle from R16 C4.
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Figure 11. SEM-EDSof a small particle of Pb associated with the hairy salt particle from R16 C4.

Conclusion: High concentration of Pb found in the debris was attributed to nitric acid leaching of the lead
liner in the parent during over the 28 years before processing. Other metal s detected were consistent with
the known content of the waste stream. Phosphorous can be used as an indicator for the presence of
Swheat Scoop® since it is not found in high concentration in the waste stream. Some of the sodium
containing salt particles in the debris have a morphology consistent with rapid precipitation from solution.
This could have occurred as the liquids were gjected from 68660.

3.3 Glovebox Glove Did Not Participate in the Oxidations Reactions: It was proposed that the metals
(Bi, W, and La) in atungsten-lined glovebox glove, which was added to drum 68660 as process waste,
could be areaction initiator. LANL studies showed that a piece of tungsten-lined glovebox glovein
concentrated nitric acid with Swheat Scoop® and NaNOs provided alow temperature exotherm around
100 °C in a DSC experiment. [Clark, 2015] Real-time radiography of Drum 68660 at LANL confirmed
that a glove was in the bottom job control solid waste layer (Figure 12). The glove appears to be near the
interface of the job control solid waste layer and the neutralized liquid/Swheat Scoop® layer, but there
appearsto be a“barrier” between the glove and the neutralized liquid/Swheat Scoop®, i.e., discarded
plastic within the job control waste layer.

Figure 12. Radiograph of trash layer in drum 68660 showing the glovebox glove.
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Although the exact concentration of metals in the gloves are proprietary, from the company’s patent on
radiation attenuation elastomeric materials [Larmigny, 2012], it can be determined that the inorganic
matrix contains 70-90 wt% bismuth trioxide (Bi»Os) (with a preferable composition of 80+2 wt%) and 5-
15 wt% of tungsten trioxide (WOs) and lanthanum oxide (L&0s3) (with a preferable composition of 10+1
wt% for each oxide). The preferred size range of the oxidesis from 1 to 100 micrometers, with 80% of
the particles less than 50 micrometers. The mass of the neoprene elastomer represents 15 to 35 wit% of
the layer within the glove construction with the remaining 65 to 85 wt% composed of the inorganic
oxides. The metal oxide/elastomer layer isinserted between two other elastomeric layersin the fina
glove. An order of magnitude calculation on the mass of rubber and inorganic oxide in one gloveis:
~300g of rubber, 100-125 g Bi,0s, 10-13 g WO; and 9.5-12.5 g La,0;. Since the mass of the contents of
the drumis 82.3 Kg (Therma Model), the wt% Bi, W, and Lain the drum is approximately 0.12 wt%,
0.012 wt%, and 0.011 wt%, respectively. If the gloves were involved in the oxidation reactions, it is
proposed that the metals would be gjected and found in the debris on R15 C5, the lip of R16 C4 or on the
CAM filters. ICP-OES and ICP-M S analysis of the two R15 C5 samples and the sample from the lip of
R16 C4 showed no Bi, W or Lawithin detection limits (ppm). SEM-EDS and micro-XRF analysis of
over 100 randomly selected particles from R15 C5 showed no Bi, W, or La. However, one bismuth
particle was found on the lip of R16 C4 by SEM-EDS analysis but no W and Lawas observed (see Figure
13). Additiona analysis did not find any other Bi particles. Micro-XRF analysis of the Velcro tape
sample containing particles from R15 C5 did not reveal any Bi, W, or Laparticles. ICP-MS analysis of
the CAM filters also did not show any Bi, W, or Laparticles. Thus, it isunlikely that the tungsten-lined
glovebox glove participated in the reaction because of the physical separation of the glove from the waste
in the bottom (job control solid waste layer) of the drum and the lack of significant analytical evidence for
Bi, W, or Lafound in the collected samples.

Conclusion: The glovebox glove did not participate in the reaction in drum 68660 because it was
physically separated from the Swheat Scoop® processed liquid layer and Bi, W, or Lawas not found in
R15 C5 or the CAM filters. The metalsin the glove were in high enough concentration that they should
have been seen if they were gjected from the drum.
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Figure 13. SEM-EDS analysis of sample fromthe lip of R16 C4 showing a bismuth particle.

3.4 Reaction Products from Metal Nitrate Salt Oxidation of Swheat Scoop®: The debrisfound on R15
C5 and the material on the lip of R16 C4 were analyzed to determine if any reaction products (described
above) could be found to support the proposed reaction pathways. X-ray diffraction (XRD) analysis of a
ground sample of the debris from R15 C5 was measured and search match identification was preformed
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with Jade software from Materials Data Inc. and the International Centre of Diffraction Database (see
Figure 14). The sample was found to contain NaNOs (nitratine), MgO, and NasH(COz), ¢ 2H,0 (Trona).
lon chromatography (I1C) analysis of awater extract of the debris from R15 C5 also showed carbonate
(but not quantitated by |C because of the peak shape and resolution) and nitrate (34,600 mg/Kg) in
addition to nitrite (13,100 mg/Kg) and oxalate (13,100 mg/Kg). The total inorganic carbon in the water
extract of R15 C5, determined by acidification and sparging using a Total Carbon Analyzer, was 43,600
mg/K g while the Swheat Scoop® water extraction and water blanks only contained 342mg/Kg and 389
mg/K g inorganic carbon. The water extract was also basic (pH 10.8). Sodium carbonate and nitrite salts
were not present in the original waste stream, nor were they present in the MgO from the super sacks (see

[213611] Sample #2 Young <300.01=
[00-036-1474] Nitratine « NaNQ,
[00-029-1447] Trona « Na;H(CQ3),-2H,0
[00-004-0829] Periclase « MgO
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Figure 14. XRD analysis of the R15 C5 sample.

discussion on MgO), or in the Swheat Scoop® and are believed to be a product from the reaction of
nitrate salts with Swheat Scoop®.

The origin of the MgO in the debris from R15 C5 isless clear. MgO could arise from the broken super
sack or from the thermal degradation or chemical degradation of the Mg(NQOs),. From the pictures of the
orientation of the debris on top of SWB R15 C5, it isunlikely that the majority of the MgO isfrom the
super sack. Mg(NOs), can thermally decompose to form MgO but temperatures above 325 °C are
needed. Sinceit isknown that Mg(NQOs), can oxidize organics, [Cembella, 1986; Desai, 1972; Wu, 1986]
the MgO in the debris from R15 C5 most likely arises from the Mg(NOz); oxidation of Swheat Scoop®.

Conclusion: The material ejected from drum 68660 was from the metal nitrate salt oxidation of Swheat
Scoop®. Carbonate and nitrite were not found in the original waste stream and are known oxidation
product from the reaction of nitrate salts with carbohydrates.

3.5 Reactions|nside 68660 Did Not Go to Completion: TG-MS analysis (under argon) of the debris
from R15 C5 shows weight loss starting at 70 °C and atotal weight loss of 9.4%, 11.4 %, 17.3%, 26.6%
and 35.1% at 200, 300, 400, 500 and 1000 °C, respectively (Figure 15). If the sample had experienced
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temperatures above 200 °C in the drum, no weight loss should be seen until after 200 °C. Mass
spectrometry analysis of the evolved gases below 400 °C showed mvVz 16 (CH,4), m/z 18 (H,0), m/z 44
(CO, and/or N,0), m/z 30 (NO and CH,0) and m/z 46 (NO,) were present which is consistent with the
decomposition of organics and nitrate salts (Figure 16). Since myz 30 is the base peak (i.e., 100%
abundance) for NO, in the mass spectrum and nvz 30 and 46 peaks do not overlay, it indicates another
material is responsible for the m/z 46 peak at temperatures below 150 °C. Oxygen (m/z 32) evolution
starts at 560 °C and reaches a maximum at 620 °C consistent with decomposition of NaNOs;. The TG-MS
resultsindicate that the materials gjected from the drum either did not experience temperatures over 200
°C or that their exposure to elevated temperature was very limited in duration (<seconds). If the oxidation
reactions occurred in the middle of the drum, for example, pressure could build up from the gaseous
products and gject the unreacted top layer of Swheat Scoop®/nitrate salt out of the drum. Nitrate (3.5
wt%), nitrite (1.3 wt%), and oxalate (1.3 wt%) salts were found in the debris on R15 C5 aswell as on the
CAM filters consistent with the salt layer being g ected. Since magnesium and calcium nitrite salts are
unstable above 400 °C [Stern, 1972; Oza, 1950] and magnesium and calcium oxal ate salts are unstable
above 500 °C [Gadalla, 1984], thisindicates that the reaction temperature in the drum did not exceed
these temperatures for an extended period. Moreover, oxalic acid starts to decomposes above 150 °C in
the gas phase and its calculated half-life at 250 °Cis 3 s. [Lapidus, 1964] Thus, it can be concluded that
the materials gjected from the drum either did not experience high temperatures (over 400 °C) or that their
exposure to elevated temperatures was very limited in duration (<seconds) resulting in the observation of
nitrite and oxalate salts in the collected samples. LC-M S data are consistent with presence of
triethanolamine, further supporting that reactions did not go to completion.
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Figure 15. TG-MSanalysis of debris from R15 C5 under argon.
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Figure 16. MSanalysis of the evolved gases from the decomposition of R15 C5 under argon.

Conclusion: The reactions inside drum 68660 did not go to completion and the material ejected from the
drum did not experience temperatures over 200 °C or their exposure to elevated temperatures was of short
duration (seconds). This hypothesisis supported by the unreacted material and thermally sensitive
materials found in the debris.

3.6 Oxidation Products Found in Debris but Nitration Products Were Not Detected: From the reaction
chemistry discussed above, oxidation and nitration products from Swheat Scoop® are predicted. To
analyze for these materials, the debris from R15 C5 was placed between KBr discs and analyzed by FTIR
microscopy (Figure 17). The FTIR spectra are very complex and show a mixture of organic materials
(identified by C-H stretches centered at 2935 cm™) and inorganic materials. By comparing the results
from SEM-EDS, XRD, and IC with the FTIR spectra, the datais consistent with a mixture of Swheat
Scoop® (or other carbohydrates) with nitrate, nitrite, oxalate, and carbonate salts. The broad peak at
3000 — 3700 cm™* is from hydroxy! groups and hydrogen bonded hydroxyls (and water) associated with
the organics or inorganic salts. Amines (N-H stretches) also come in this region (3200- 3400 cm™) and
they have additional N-H bends and C-N stretches between 1000-1600 cm™. Nitrate salts (Na, K, Ma, Ca,
Fe, and Pb) all have very strong bands at 1350-1380 cm™ and weaker bands at 815-835 cm™ (while nitrate
salts with divalent cations have an additional strong peak at 1430-1480 cm™).[ Miller, 1952] Nitrite salts
have very strong bands at 1235-1250 cm* and medium intensity bands at 1328-1380 and 820-835 cm'™.
Carbonates have very strong stretches at 1410-1450 cm™.[ Miller, 1952] Oxalate salts (Na, Ca, Mg, and
K) have very strong stretches at 1605-1640 cm™* and 1320-1370 cm™ [Pedersen, 1967] while salts of
aliphatic carboxylates have strong stretches at 1538-1580 cm™ and 1405-1470 cm™. All these peaks are
found in the spectra. The small peak at 2174 cm™ could be from a nitrile group and will be discussed in
more detail later.
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Figure 17. FTIR spectra of the solid R15 C5 sample compared to Svheat Scoop®.

FTIR microscopy of particles from the lip of R16 C4 showed similar spectra containing a mixture of
inorganic and organic materials. For example, FTIR microscopy of the black particle in Figure 18a has
spectral signatures indicative of an aliphatic carboxylic acid (1703 cm™), carboxylate salts (1581 cm™),
nitrates, nitrites, carbonates, and nitrile (2214 cm™). The upper spectrum (and optical microscope image)
is consistent with nylon from the Velcro (showing N-H stretch at 3298 cm™ and amide bands at 1637 cm™
and 1537 cm™).

It isdifficult to determineif nitrate esters,
which have characteristic NO, stretches at
1625-1660 cm'*, 1275-1380 cm™, and 840-
880 cm™* [Suppes, 2003; L 6pez-L 6peza,
2010] and aliphatic nitro group, which have
stretches at 1540-1575 cm®, and 1350-1375
cm™, [Lambert 1987] are present in the
sample because these peaks overlap with
other materialsin the sample. The FTIR
spectrum of nitrocelluloseis shown in CH  ~alulose
Figure 19 to highlight the strong NO, bands ‘ : . . : ,
at 1660 and 1280 cm, and NO stretch at 4000 3000 2000 1000
840 cm* compared to cellulose. If nitrate Wavenumber (cm™)

esters were in high concentrations, they Figure 19. FTIR spectra of cellulose (chromatography paper)

could be easily observed by FTIR (or and nitrocellulose at room temperature. [ Coatas, 2014]
Raman spectroscopy).

IR Absorbance
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Figure 18. (a) Pictures of where ATR-IR data was collected on black particle 4 (blue dot) and black
particle 5 (red dot) in subsample R16 C4. (b) Overview picture of subsample R16 C4, loose powder that
was collected from the Swiffer sampler that was landed near the lip of the drum that ruptured (R16 C4).
(c) IR spectra of black particle 4 (blue) and black particle 5 (red).

Particles of R15 C5 stuck to the Velcro tape were analyzed by Raman microscopy using an incident
frequency of 1064 nm. Many attempts were made to visually identify and measure particles that could
yield useful Raman spectra, i.e., particles that were not black. These particlesincluded tan and bluish-
gray particles and particle aggregates of varying sizes. These particles and aggregates were interrogated
with the very lowest levels of laser power that were required to maintain a stable laser beam. The results
of the Raman analyses did not provide any useful vibrational information about the residues. Instead,
spectra from the WIPP samples were overwhelmed with blackbody emission and sometimes with
fluorescence emission. In many cases, the interrogated particles were obliterated from the surface of the
Velcro adhesive backing when exposed to the excitation laser.
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The debris from R15 C5 was a so extracted with CH,Cl, and the solvent evaporated onto KBr discs and
analyzed by FTIR microscopy to look for nitrated or oxidized organics. A representative spectrumis
shown in Figure 20. The sample contains organic residue (C-H stretches present 2960 and 2876 cm') and
potentially carboxylic acids or esters based on the peaks above 1700 cm™*. Carboxylic acids have been
observed from the nitrate salt oxidation of lignocellulosic materials and the carbonyl bands appeared
around 1700-1725 cm™. [Wu, 1986] Oxalic acid has C=0 stretches at 1745 cm* and O-C-O stretch at
1224 cm™ while the mono (1745, 1623, 1394, 1245 cm™) and dicarboxylate salts (1569, 1305 cm') have
stretches at lower frequencies. [Jung, 2003] The peaks above 3100 cm* can be attributed to ~OH from
acids or alcohols, hydrogen bonded water or amines. The peaks at 1227, 1133 and 1069 cm™ are an
indication the sample contains carbohydrates, since typical C-O stretches in carbohydrates are found
between 1000-1250 cm™. [Tipson, 1968] As previously discussed, it is difficult to determine if nitrate
esters or nitro groups are present in the sample because the characteristic stretching frequencies overlap
with other materials. If nitrate esters are present, they are in low concentration. Some entrained particles
were a so present that had FTIR spectra similar to cellulose (see Figure 21), sodium oxalate and sodium
carbonate. Although Swheat Scoop® particles are not clearly visible, there isinsoluble organic material
resembling Swheat Scoop® in most FTIR spectra of the samples from R15 C5, R16 C4 and the CAM
filters.
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Figure 20. FTIR of the CH,ClI, extract of R15 C5.
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Figure 21. FTIR spectrum of a particle collected from the methylene chloride extract of R15 C5 compared to
cellulose and Swheat Scoop®. Particleissimilar to cellulose.

The methylene chloride extracts were also analyzed by GC-M S and very few organic compounds were
observed (ppm detection limits). No oxidized materials (i.e., small carboxylic acids or sugars),
triethanolamine (TEA), or nitrate esters (i.e., no materials with a nitronium (m/z = 46, NO,") fragment)
were observed. Since TEA isahigh boiling (335 °C) liquid, an authentic sample was analyzed on the
GC-MS, using the same method that was used for the methylene chloride extracts, to confirm its retention
time and mass spectrum. Selective ion monitoring at m/z 118 (the base peak for TEA in the mass
spectrum) did not find any TEA. Since many of the expected reaction products are polar (sugars,
carboxylic acids, and alcohols) and might not make it through the GC, the extracts were derivatized with
N-methylbis(trifluoroacetamide) (MBTFA), which is best for trifluoroacetylating carbohydrates and
sugars, and BFs/butanal, which is best for esterifying carboxylic acids. No new materias, other than
decomposition products from the reagents, were observed. Since the residue from R15 C5 was basic,
some of the organics could be tied up as salts and are not extractable in organic solvent. For example,
oxalate, formate, and acetate were found in the water extract of the debris but these products were not
observed in the methylene chloride extract by GC-MS. A water extract of the debris from R15 C5 found
organic carbon (TOC 23,280 mg/Kg) was present in the water. However, it is known that Swheat
Scoop® has cold-water solubility [Sladek, 1997] and awater extract of Swheat Scoop® contained 46,700
mg/Kg of organic carbon. Since the water extract from R15 C5 also contained phosphate (1610 mg/Kg),
Swheat Scoop® is present in the sample and could be contributing to the measured carbon.

To analyze for polar organics, the R15 C5 samples was extracted with methanol and analyzed by LC-MS
using a high resolution mass spectrometer capable of tandem mass spectrometry experiments, in positive
electrospray mode. Unlike, GC-MS, no LC-MS libraries are available to assist in the identification of
unknown compounds; however, by exploiting exact mass measurements, the presence of targeted
compounds can be detected. Using thistype of targeted analysis, triethanolamine was tentatively
identified in the sample.
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Conclusion: Oxidation products (i.e., carboxylic acids) were found in the debris from drum 68660
consistent with oxidation reactions but nitrated organic products were not observed in the debris from
68660 (but could not be ruled out). The gases from the nitrate salt oxidation of Swheat Scoop® can
produce sufficient quantities of gas to cause the breach of 68660. Unreacted organics materials still
remain in the debris from R15 C5 indicating the reaction did not go to completion.

3.7 No Products from Decomposition of TEAN Were Observed: Asprevioudy discussed, TEAN
decomposes above 250 °C to gaseous products including, HCN, NH3, NO, H,CO, CH3CHO, CO, H,
CO,, CHy4, C:Hy4, CH3CN, N2O, and NO,, [Lee, 1999] which, due to their high volatilities, would not be
observed in the debris except maybe unreacted TEA (which hasabp 335 °C). No TEA or TEA
degradation products were observed in the methylene chloride extracts of R15 C5 but TEA was
potentially identified in the LC-MS analysis. Since the debris from R15 C5 was basic, the HCN could
potentially react with a base and form a cyanide salt. Nitriles have strong unique stretchesin the FTIR
with sodium and potassium cyanide having stretches at 2080 and 2070 cm™* respectively, and Fe(CN)e>
having a stretch at 2100 cm™, [Miller, 1952] For R15 C5, R16 C4, and the CAM filter, peaksin the FTIR
were observed at 2174 cm*, 2214 cm™ and 2236 cm?, respectively. These pesks are too high for metal
cyanides and are more consistent with alky! nitriles, which have CN stretches between 2190-2260 cm™?,
[Scorates, 1994] or alkynes, which have weak stretches between 2100-2260 cm™. The most likely origin
of the nitrilesis from the thermal decomposition of the proteins (ca. 14 wt%) in Swheat Scoop®. Itis
known that pyrolysis of proteins will produce nitriles. [Moldoveanu, 1998]

Conclusion: The contribution of TEAN to the beach of drum 68660 can not be determined because no
unreacted TEAN or its decomposition products were observed. However, if the reaction temperaturein
the drum around the TEAN exceeded 250 °C, it would be consumed by exothermic degradation to
gaseous products.

3.8 Low Mélting Eutectic Mixture of Salts Could Form: One hypothesisisthat alow melting eutectic
mixture of salts was formed that increased the transport of reactive materials and accelerated the
oxidation reactions. It iswell known that binary or ternary mixtures of Na, K, Ca, and Mg nitrates form
low melting (<150 °C) eutectics. [Janz, 1972] For example, a mixture of 67-71 wt% Mg(NOs), 6 H,0,
23-26 wt% KNOs, and 6-8 wt% NaNO; melts at 65 °C (Mg/Na= 3.5, K/Na = 5) while a 91-94 wt%
Mg(NO3), * 6 H,0O and 6-9 wt% NaNO; has a melting point of 83 °C (Mg/Na=4). [Hammond, 1998]
To determine if a eutectic mixture of metal salts could be present, exact composition and concentrations
of the salts would be needed since the melting point is dependent on these variables. Although the
concentrations of metals from the materials on R15 C5 can be determined by ICP-OES, it is difficult to
determine if the Naand Mg came from 68660 or the salt mine and broken super sacks, respectively.
Nevertheless, the ratio of the primary metal ions in the two samples from R15 C5 and the sample from the
parent drum was measured by | CP-OES after either mixed acid digestion or peroxide fusion. The R16 C4
lip sample was not included because the material appeared to be predominately MgO from the super sack
from the photographs (see Sampling section), and SEM-EDS analsysis. The ICP-OES results are shown
in Table 3 asaratio of salts normalized to sodium along with the expected ratio of salts from the
estimated contents in drum 68660 (Table 1). Although the ratio of salts varied significantly between the
two R15 C5 samples, the sdlt ratios are in arange in which a eutectic mixture of Mg, Na, Ca, and K
nitrates salts could form. While the melting temperature of the potential eutectic mixture is not precisely
know and will depend on the water of hydration, these results indicate that a liquefied eutectic mixture
was possible in the drum environment. These numbers were also examined to help determine the ratio of
saltsto use in the 10-gallon drum tests.
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Conclusion: The composition and concentration of metal nitrate salts in drum 68660 were in arange
where alow melting eutectic mixture could form which would accel erate the oxidation reactions.

Table 3. Ratio of metal cations relative to sodium from the debris on R15 C5 and the parent drum.

68660 | R15C5 Sample2 | R15C5 Sample3 | Parent Drum
Component (X) X/Na X/Na X/Na X/Na
Mg 1.6 0.60 3.2 0.18
Na 1.0 1.0 1.0 1.0
Ca 0.26 0.015 0.083 0.075
Fe 0.11 0.005 0.017 0.26
K 0.18 0.042 0.12 0.16

4. MgO Did Not React with CO; or H,0

If MgO in the super sacks reacted with CO, and H,O from the truck fire, the products of this reaction
would be Mg(OH), (brucite), MgCO; (magnesite) and potentially other metastable hydrous carbonates
including (Mgs(COs)4(OH); ¢ 4H,0) (hydromagnesite), Mg,COs(OH), ¢ 3H,0 (artinite), and MgCO; «
H>0 (nesguehonite). These reactions are exothermic and the products have alower bulk density than
MgO and could cause the super sack to expand and break. To investigate
this scenario, samples of MgO were obtained from WIPP and analyzed for
products from the hydration and/or carbonation of MgO. The rates and heat
of hydration were also determined (Room External Model Report) and found
to betoo low to generate enough heat to melt the polypropylene (i.e., super
sack) bags.

4.1 MgO Samples: MgO samples were collected from the broken super
sacks on top of waste drums R14 C2, R14 C4, and R14 C6 in Room 7 of
Panel 7 on May 30, 2014 with a PV C pipe type collection apparatus as
previously discussed. The samples contained powder and small pellets as
shown in Figure 22. An addition MgO sample was also taken from the top of
R16 C4 using a multi-sampler device constructed from a Swiffer® head
containing 4 disc smears, aVelcro strip and a Vel cro strip with the adhesive
tape exposed (as described in the Sampling Integrated Summary Report in
Appendix B, see Figure 23). Low levels of Am-241 were found by gamma
analysisfor R14 C2 (1100 dpm), R14 C4 (1200 dpm), R14 C6 (<260 dpm)
and R16 C4 (3700 dpm). Results of this analysis were qualitative since
calibrated geometries for these samples were not available. Interestingly, the
R14 C6 sample had the lowest activity even though the material gjected from
R16 C4 would have moved toward R14 C6. However, if the material (and
radioactivity) was quickly released from R16 C4 in the direction of the super
sack on top of R14 C6 and caused the super sack to fail, then most of the
radioactivity would be buried under the MgO and relatively clean MgO from
the interior of the super sack would be exposed and sampled. Since al of the
MgO samples from the top of the waste drums had low levels of
radioactivity, thisimplies that the radioactive release was fast and the airflow
carried the materials out of Room 7. If radioactive material was slowly
released (i.e., over minutes) from drum 68660, more radioactivity would
have deposited on the surrounding MgO sacks.

Figure 22. MgO collected
fromR14 C2.

Figure 23. Sample
collected fromR16 C4
using Swiffer head.

24



Two additional MgO samples were collected (August 15, 2014) from an
intact bag of MgO located on the floor at the waste face (upstream from the
event). One sample was taken at the MgO surface inside the bag and the
other at adepth of 6 inches. Both samples were surveyed for radioactivity
and were found to have less than 1.71E2 dpm/sample of Am-241. Finally, a
sample of MgO that had not been placed in the mine (and was not b &
radioactive) was collected from the WIPP site. This sample was used as a e P
reference. All samples were white or beige colored and consisted of powder < e
and pellets (see Figures 22-24). In R14 C6 and R14 C2, dark colored Figure 24. MgO sample
particles (4 and 1, respectively) were found (about 1-mm in diameter). They  Ccollected from super sack
were physically separated and analyzed (see Figure 25). in Panel 7 Room 7.

4.2 Analytical Results: Specification for the MgO (Specification for
Prepackaged MgO backfill: Specification D-0101 Revision 8, 02/11/09) to be
emplaced in the underground areas at the WIPP states that “the sum of
magnesium oxide (MgO) plus calcium oxide (CaO) shall be a minimum of 95%,
with the MgO being no less than 90%.” Other materials that could be present in
the MgO based on sample analysis (Attachment D to Specification document)
include SIO,, Al,O3, and Fe,0s.

All MgO samples were analyzed by X-ray diffraction (XRD) and FTIR
microscopy to determineif the MgO had reacted with water and/or CO, to
produce Mg(OH),, MgCOs; and/or other metastable hydrous carbonates. [ Xiong,
2008] X-ray diffraction pattern provides information mostly from the bulk
sample while FTIR provides information about the surface of the sasmple. XRD
patterns of the samples obtained from WIPP were compared to the reference
MgO samples and search match identification was preformed with Jade software
from Materials Data Inc. and the International Centre of Diffraction Database.
FTIR spectra of the WIPP MgO samples were compared to reference spectra of
potential reaction products (such as Mg(OH), and MgCOs) or from the literature. '

[Miller, 1952; Hanna, 1965; Kwon, 2009; Zhang, 2006] Since the samples Figure25. Dark
contained both powder and pellets, as shown in Figures 22-24, both 'li’/lano'd%fol“mf' in the
morphol ogies were independently examined by XRD. The X-ray diffraction ng4 sampiesirom
patterns show the material from R14 and the two bags of MgO from Room 7 ’

contained primarily MgO (see Figure 26 and 27) while extended analysis showed a small amount (< afew
%) of CaCO; was present. No bulk Mg(OH),, MgCO; or other products from the reaction of MgO with
H,O and/or CO, were observed in the samples.

Figure 26. XRD of MgO from R14 C2, R14 C4 and a reference MgO sample.
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Figure 27. XRD of MgO from super sack sampled at the surface.

FTIR microscopy showed the samples predominately contained MgO (see Figure 28 and 29). [Hanna,
1965] No OH stretches were observed at 3700 cm™ (isolated OH) and 3650-3350 cm™ (H-bonded OH)
for Mg(OH), [Kwon, 2009] and no strong CO; stretches were observed at 1485 and 1420 cm™ for
MgCOs ¢ 3H,0. [Zhang, 2006] Samples from the surface of the sack in Room 7 showed small amounts of
carbonates and silicates on the surface while samples taken from 6” deep had fewer surface species.

M onodentate surface carbonates on MgO can be identified by stretches at 1510 - 1550, 1390 - 1410, 1035
- 1050, and 860 - 865 cmwhile bicarbonates and bidentate carbonates show stretches at hi gher
frequencies (1655-1670 cm™). [Kwon, 2009] Silicates and magnesium silicates have stretchesin the
region from 1000 - 1300 cm™. [Kalampounias, 2011] SEM-EDS analysis of the samples also showed
Mg, Caand Si are present in the MgO. XRF analysis of the R14 MgO samples showed Fe, Cawith Ni,
Cr, Ti and Zn and trace amounts of 4f and 5d elements (such as Pb).
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Figure 28. FTIR spectra from MgO from R14 C2, Figure 29. FTIR spectrum of MgO from sack at
C4, and C6. face of Panel 7 Room 7.

The dark colored particles in the R14 MgO samples were physically separated from the MgO and
analyzed by FTIR and SEM-EDS. Similar dark particles were found in the reference MgO sample and
the MgO specification indicate other material could be in the sample. SEM-EDS analysis showed
elementsincluding Ti, Si, Al, Fe, and Mn and FTIR analysis showed carbonates, sulfates, nitrates, iron
oxide and silica were present.

Conclusion: Analysis of MgO samples obtained from Panel 7 Room 7 provided no evidence to support
the presence of Mg(OH),, MgCO; or other metastable hydrous carbonate species that would be expected
if the material in the super sacks was exposed to significant quantities of CO, and/or H,O combustion
products. Thereforeit is concluded that the truck fire event did not cause the damage observed in Panel 7
Room 7. It isaso concluded that the duration of the event was short which limited the radioactivity
found on the MgO on the adjacent drums.
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