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Preface

The enclosed final report, GTRSR-023, "Thermal Decomposition of
Nitrated Tributal Phosphate" summarizes experiments conducted by
Georgia Institute of Technology for WSRC during the period July
1994 through January 1995. The experiments were in support of the
TBP/nitric acid operations safety evaluation. Guidance and planning
for the experiments were provided by D. F. Paddleford, M. L. Hyder,
and M. C. Thompson of WSRC technical staff. Also attached are the
Georgia Tech Technical Proposal (Attachment #1) and Monthly
Progress Reports (Attachment #2) for this project.




WSRC-RP-95~-259
GTRSR-023

THERMAL DECOMPOSITION OF NITRATED
TRIBUTYL PHOSPHATE

Final Report

Submitted to

Westinghouse Savannah River Company
(Task Order #94054 of ERDA Subcontract #AA46420T)

By

Y. Hou', E. K. Barefield®, D. W. Tedder’, and S. L. Abdel-Khalik!

Georgia Institute of Technology
January, 1995

UNCLASSIFIED

1School of Mechanical Engineering T T
Ni

2School of Chemis ADC & . TioN
3 try gfﬁdat . ENGE..
School of Chemical Engineering ) Title)

Cate: 3
/7 7




I%

III.

IV.

CONTENTS

Abstract

List of Abbreviations and Acronyms
List of Tables

List of Figures

INTRODUCTION

EXPERIMENTAL PROCEDURES

IL1.
I1.2.

IL.3.
11.4.

Sample and Standards Preparation

Procedure for Constant Pressure Decomposition
a. Reflux Conditions

b. Distillation Conditions

Procedure for Constant Volume Decompositions
Reactant and Product Analyses

RESULTS

IL1.
n1.2.
IL.3.
I11.4.
HL5.

Effect of Temperature

Effect of Nitric Acid Concentration
Effect of Zr*

Effect of Reduced Water Content
Possible Origin of Products

CONCLUSIONS AND RECOMMENDATIONS

REFERENCES

APPENDICES

CZZIrR-rEQmMmUOW

Analytical Data

Effect of Acid Concentration (SP, CP, D, 150 °C)

Effect of Acid Concentration (SP, CV, 150 °C)

Effect of Acid Concentration (TP, CP, D, 150 °C)

Effect of Acid Concentration (TP, CV, 150 °C)
Effect of Reduced Water Content

Effect of Temperature (SP, CP, 6M, D)

Effect of Temperature (SP, CP, 6M, R)

Effect of Temperature (SP, CV, 6M)

Effect of Temperature (TP, CP, 6M, D)

Effect of Temperature (TP, CP, 6M, R)

Effect of Temperature (TP, CV, 6M)

Effect of Zr** (SP, CP, 6M, D, 150 °C)

Effect of Zr** (SP, CV, 6M, 150 °C)

Comparison Between Distillation and Reflux Conditions

WSRC-RP-95-259

HhLDDONDND

~ 3 ONON

\O

11

A-1
A-36
A-40
A-44
A-48
A-52
A-57
A-62
A-66
A-70
A-74
A-78
A-82
A-87
A-90




WSRC”—RP:Q 5:259 -
ABSTRACT

Tri-n-butyl phosphate (TBP), nitric acid and water mixtures are subject to thermal decomposition.
The gaseous and liquid decomposition product yields are highly path dependent. Higher
temperatures accelerate decomposition rates, but may result in lower extent of reaction than
comparable low temperature cases. Actual extent of reaction, and gaseous by-products
generation, are affected by the presence of Zr(IV), condensate reflux back into the reaction vessel,
the water/HNO;3; and the HNO,/TBP molar ratios, and whether the decomposition occurs at
isobaric or constant volume conditions. Higher gaseous production results from condensate
reflux, lower H:O/HNO; ratios, and with excess HNO; and water present as a second liquid
phase. Principal gaseous products include N,, CO, CO,, NO and N,O. Measurable
concentrations of NO, were not observed, although gas coloration indicative of NO, were
observed during the beginning of decomposition measurements. Principal liquid products are
dibutyl phosphoric acid and butyl nitrate. Air sparging of TBP solutions (e.g., thru transfers using
air lift pumps) may increase the hazards of TBP decomposition reactions by lowering the
H,O/HNO; molar ratios. Runaway reactions were not observed under the conditions of this
study. Possible reaction mechanisms and pathways are discussed.
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INTRODUCTION

Contact between tributyl phosphate (TBP) and aqueous solutions of nitric acid and/or
heavy metal nitrate salts at elevated temperatures can lead to exothermic reactions of
explosive violence. Even though such operations have been routinely performed safely for
decades as an intrinsic part of the _‘urex separation processes, several so-called "red oil"
explosions are known to have occurred 'in the United States, Canada, and the former
Soviet Union.'? The most recent red oil explosion occurred at the Tomsk-7 separations
facility in Siberia, in April, 1993. That explosion destroyed part of the unreinforced
masonry walls of the canyon-type building in which the process was housed, and allowed
the release of a significant quantity of radioactive material.

Numerous studies were performed following the first (1953) explosions at both Hanford
and Savannah River, and the subsequent (1975) explosion at Savannah River. These
studies were aimed at establishing safe conditions for the handling of nitric acid and TBP
during Purex and related chemical processing.'” The recent Tomsk-7 explosion has
renewed concerns about Purex process safety and the potential impact of red oil
explosions. The concerns have been motivated by the assertion that unlike all other prior
incidents involving TBP-nitrate reactions, the Tomsk-7 explosion ostensibly did not
involve an external heat source.! These concerns have raised questions about the effects
of a similar explosion occurring in the SRS separations processes. To this end, numerous
investigations have been recently conducted. A review of prior and ongoing research in
this area is given by Hyder.'

‘Recently, Fauske and Associates performed adiabatic calorimetry tests to determine the

venting requirements for safe operation of nitric acid/TBP processes.” The data suggest
that vent areas per unit mass greater than ~ 1x10° mm’/g would prevent
overpressurization in such systems. Differential scanning calorimetry was used to
determine the energy release in open (vented) nitric acid/TBP reactions;* values ranging
from 7.2 to 140 cal/g were reported. In addition to detailed laboratory studies, scoping
calculations were performed to estimate the order-of-magnitude consequences of a red-oil
explosion in the SRS F-canyon.® In order to assess the severity of such explosions, it is
necessary to estimate the yield of volatile flammable gases that may be produced during
such reaction, To this end, this investigation was undertaken to characterize the products
of decomposition reactions involving nitrated tributyl phosphate. The effort has been
focused on analytical techniques to accurately and reproducibly provide material balance
information describing the decomposition products in both the gaseous and liquid phases.
A total of thirty three experiments have been conducted at various temperatures, and acid
concentrations for both single (organic) phase and two-phase systems in the presence and
absence of Zr** (saturated). Experiments were conducted under both constant pressure
(ambient) and constant volume conditions.
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EXPERIMENTAL PROCEDURES
Sample and standards preparation

Samples were prepared using the highest purity reagents that were available. Tri-n-butyl
phosphate (TBP), 99%, was obtained from Ald-ich Chemica! Co. and used as received.
Reagent grade nitric acid was diluted with distilled water as required. All solutions were
purged with helium and stored in sealed vessels under an helium atmosphere.

Fisher standard 1 M and 0.2 M NaOH were used to determine acid concentrations using
bromthymol blue as the indicator. Nominal 9 M HNO; was prepared using concentrated
reagent grade acid diluted with distilled water. Titration indicated the actual acid
concentration was 8.9 M. This solution was used for all equilibrations with TBP to
generate 3 M TBP solutions that are described in this report. Reagent grade nitric acid
was used for equilibrations to generate the 6 M equilibrated TBP solutions.

Concentrations of water in equilibrated samples and in products and residues were
determined by Karl Fisher titration.

Equilibrations with TBP and 9 M acid were done by stirring equal volumes of each
component. Equilibrations of TBP and concentrated acid (~16 M) were done using one
part of TBP and three parts of the concentrated acid. The two phase system was purged
with helium for 30 minutes, sealed and allowed to equilibrate at room temperature with
gentle stirring. Titrations of aliquots taken from the aqueous phase as a function of time
indicated that equilibrium was achieved after 24 hours of mixing. Equilibrations with the
9 M acid gave acid concentrations of 3.00 M in the organic phase and 6.30 M acid in the
aqueous phase. Equilibrations with concentrated acid gave acid concentrations of 5.75 M
in the organic phase and ~15 M acid in the aqueous phase. Portions of all equilibrated
solutions have been stored at room temperature and at 50 °C under helium since their
preparation to determine the effects of aging.

For experiments that involved the addition of Zr(IV) one volume of pure TBP and three
volumes of HNO; ( either concentrated or 9M) that was saturated in ZrO(NQOs), (about
0.1 M) were combined. Helium was used to purge the mixture for 30 minutes before it
was sealed and stirred for 24 hours. After this time acid concentration in each phase was
similar to that in the absence of the Zr(IV) salt.

Procedure for constant pressure decompositions
a. Reflux conditions

Decomposition reactions of equilibrated TBP/nitric acid samples were conducted in

the apparatus shown in Figure 1, which was modified to incorporate sampling valves

for obtaining gas samples for mass spectroscopy and infrared spectroscopy. This

apparatus allows for volumetric determination of gas production up to 600 mL. In

runs where the volatiles were collected, the condenser was repositioned to allow for

distillation rather than reflux and a receiver placed between the condenser and gas
2
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measurement system. Runs done under reflux conditions had sample temperatures
that were about 15 °C less than the bath temperature. The reaction vessel was a 50
mL three-necked flask, which was immersed in an oil bath up to the neck of the flask.
A thermocouple was inserted into the sample to monitor its temperature.

Experiments were conducted by placing a known volume of eguilibrate<] TBP mixture
into a tared flask and the mass of the sample determined by difference. The flask was
fitted to the condenser and the system evacuated and back-filled with helium several
§ times. A preheated oil bath was raised such that the flask was immersed to the neck.
: The system was vented to the atmosphere for a short time (< 2 min) to maintain
g atmospheric pressure while the temperature equilibrated. At this point the time was
' recorded and periodic measurements of the volume of gas produced were made. At
the completion of a run, gas samples were removed for mass and infrared
spectroscopic analysis. The oil bath was lowered and, after cooling to room
temperature, the flask was removed, sealed (with tared stopper), and cleaned with
solvent. At this point the mass of the residue was determined and then samples were
removed for NMR analysis and for titration of acid and water content.

For runs through #146 gas samples were taken immediately at the end of an
experiment. A 30 mL sample container was evacuated and connected to the gas
collection apparatus. The connecting stopcock was opened to allow the gas to expand
into the evacuated container. The sample container was evacuated and filled three
more times; in each case the pressure in the system was adjusted to atmospheric prior
to evacuation by adjustment of the liquid reservoir. Gas sampled during the last filling
was used for the GC analysis.

For runs after #146 gas samples are again taken immediately after the cessation of gas
evolution. However, a 200 mL sample container was substituted for the 30 mL
container referred to above. The product gases are allowed to expand into the
evacuated container. If less than 200 mL of gas was produced in a reaction it was
necessary to add helium to bring the pressure in the system to atmospheric before
detaching the container for GC analysis.

b. Distillation Conditions

The apparatus shown in Figure 1 was adapted for distillation by fitting a distillation
head between the reaction flask and condenser and a receiver head and collection flask
between the condenser and the gas collection apparatus. Volatiles that condense were
collected in the receiver and analyzed separately. In all other respects the same
procedure was followed as for the experiments done under reflux conditions.

|
Experiments involving two phases were done by the same procedures described above ;
for single phase samples except that equal volumes (2.0 mL) of both TPB and aqueous
acid phases were combined (except as noted in Appendix A). This size sample was
chosen because it produced a volume of gas compatible with the apparatus. |
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Procedure for Constant Volume Decompositions

The apparatus used for constant volume decomposition experiments is shown
schematically in Figure 2. The apparatus consists of a 30 mL, 316 stainless steel reaction
vessel connected by 0.25" stainless tubing to a pressure sensing devite (MXS Baratron,
Model 122A), rupture disk assembly, and separate outlets for connectic.: of a vacumm
pump, gas-inlet system and for gas sampling. After loading the cylinder with a sampie of
known mass and volume (4.0 mL for single phase experiments, 2.0 mL of each phase for
two phase experiments unless otherwise specified), the cylinder was attached to the
system with a Swagelok fitting and the entire apparatus was pressurized with two
atmospheres of helium and allowed to stand for 20 min to test for leaks. After the leak
test the system was evacuated and backfilled with helium ten times to eliminate air from
the system. After the last filling with helium the pressure was established -at one
atmosphere and the system sealed by closing the valve to the vacuum outlet. The cylinder
was immersed into an oil bath that was preheated to the desired reaction temperature and
pressure readings were taken as a function of time until no further pressure increase was
observed. At this point the cylinder was removed from the bath and allowed to cool to
room temperature where the pressure was again recorded.

Experiments involving two phases were done by the same procedures described above for
single phase samples except that 2.0 mL of both TPB and aqueous acid phases were
combined. The sample size was chosen to be the same as those for the constant pressure
experiments.

Gauge pressures are reported for the constant volume experiments. Measured values
were adjusted by substracting 1 atm pressure and correcting actual gas temperatures to
25 °C. :

Reactant and Product Analyses

After reaction was complete as determined by stabilization of the system volume (constant
pressure experiments) or system pressure (constant volume experiments), a sample of the
gas phase was taken for infrared, mass spectral, or gas chromatographic analysis. The
former two methods were used initially for identification of the gaseous constituents.
Estimation of the gas phase composition was done by gas chromatography. Gas
chromatographic analyses were performed using two Hewlett-Packard Model 5890
chromatographs, each equipped with thermal conductivity detectors, and each connected
to a Hewlett-Packard workstation. Samples were taken with a gas-tight syringe and were
injected with the same syringe into the chromatograph. One of the chromatographs was
equipped with a 1/8" x 12' 5 A molecular sieves column and was used for determination
of N, O;, NO, and He; argon was used as the carrier gas. The following instrument
parameters were used: inlet temperature, 120 °C; oven temperature, 32 °C; detector
temperature, 120 °C; and carrier gas flow rate, 60 mL/min. The second chromatograph
was equipped with a Porapak Q column and was used for determination of CO, CO,, and
N;O. Instrument parameters for this chromatograph were: inlet temperature, 60 °C; oven
temperature, 32 °C; and detector temperature, 60 °C. Helium was used as the carrier gas

in this instrument with a flow rate of 25 mL/min.
4
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After completion of all gas sampling, the reaction vessel was removed from the apparatus
and the mass of the residue(s) was determined. The composition of liquid phases were
determined by a combination of titrametric and NMR spectroscopic methods. Water and
acid content were determined in the same fashion as for the equilibrated starting ma erials.
Butyl nitrate and butyl phosphates were determined by 'H NMR spectroscopy (versus a
CH,Cl, internal standard). Residual nitric acid was determined in some instances by "*N
NMR spectroscopy and in other cases by difference based upon the amount of DBP and
MBP determined by *'P NMR spectroscopy.

RESULTS

Table 1 gives a summary of the experimental conditions for thirty three experiments that
will be discussed in this report. These experiments were designed to explore the effects of
temperature, nitric acid concentration, and of Zr(IV) as a catalyst on the rate and extent of
decomposition of TBP/nitric acid mixtures. Additional parameters that were also
considered were single phase versus two phase TBP/HNO; mixtures, constant pressure
versus constant volume conditions, and for constant pressure experiments, reflux versus
distillation. Two single phase experiments were also done to examine the effect of
reduced water content, which was achieved by purging the samples with an inert gas prior
to thermolysis, on the rate and extent of decomposition. A complete set of analytical data
for each sample prior to, and after, reaction is given in Appendix A. It should be noted
that the carbon and nitrogen mass balances for these experiments are poor in some cases.
We believe that this is due primarily to the small sample sizes and the resulting losses
associated with sample handling, especially when separation of phases was required.
Appendices B-O provide graphical comparisons of product distributions for related
experiments. The next four sections will discuss the effects of temperature, acid
concentration, Zr(IV) catalyst, and prereaction purge with an inert gas to reduce the water
content on the rate and extent of decomposition. The fifth section attempts to account for
the various products in terms of possible reactions.

Experimental reproducibility was studied by repeating five experiments (see Table 1).
Some of these results are summarized graphically (see Figs. G-1 through G-4, J-1 through
J-4, and N-1 through N-3). Generally, final gas volumes, pressure, and composition were
reproducible within £5%. Residual liquids and solids and, therefore, overall material
balance estimate were less accurate because of the small quantities involved.

Effect of temperature

Appendices G-L give graphical summaries of the effects of temperature for reactions of
TBP that is 6 M in nitric acid under the following conditions: single phase, constant
pressure, distillation (G); single phase, constant pressure, reflux (H); single phase, constant
volume (I); two phase, constant pressure, distillation (J); two phase, constant pressure,
reflux (K); and two phase, constant volume (L). Reactions were conducted at bath
temperatures of 130 °C, 150 °C, and 180 °C in all cases. The sample temperature was
monitored for constant pressure samples. Under reflux conditions the sample temperature
rose rapidly to an equilibrium value, which was always somewhat less than the bath

5
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temperature. This is attributed to the substantial loss of heat to the condenser. Under
distillation conditions the sample temperature quickly rose to approximately the bath
temperature. The actual sample temperature was not measured for constant volume
experiments but it is expected to be nearly equal to the bath temperature. The extent of
reaction, as measured by the amount of gas evolved per unit quantity of TBP, also
increased with temperature for all but the distillation condition. Under distillation
conditions the total amount of gas produced was greater at 130 °C with the amount
produced at 150 °C and 180 °C being nearly equal and somewhat less than that at the
lowest temperature. This effect most likely results from the rapid distillation of nitric acid
from the mixture at 150 °C and at 180 °C because of rapid heat transfer from the bath to
the sample. If nitric acid is driven from the reaction vessel faster than it can react with
TBP and its hydrolysis products then the extent of reaction will be reagent limited.

Effect of nitric acid concentration

Appendices B-E give graphical summaries of the effects of nitric acid concentration on
TBP reactions at 150 °C under the following conditions: single phase, constant pressure,
distillation (B); single phase constant volume (C); two phase, constant pressure,
distillation (D); and two phase, constant volume (E). Reactions were conducted using
TBP phases equilibrated with either 3 M or 6 M nitric acid in all cases.

More gaseous moles are generated per mole of TBP charged for 6 M HNO; in all cases
except Appendix D (two-phase, constant pressure, distillation) where a slightly higher
amount of gas was generated using 3 M HNO;, apparently from higher NO production in
this case. By far, however, the greatest gas generation occurred for the cases in Appendix
E (two-phases, constant volume) where 6 M HNO; generates over twice as much gas per
mole of TBP charged as does the 3 M case. This effect is probably due to the fact that the
extent of reaction is not HNO; limited in this case. About twice as much HNOj is
consumed compared to 3 M HNO,. Also, twice as much CO, is produced and the CO,
NO and N,O concentrations are significantly higher. Both the increasing pressure, by

reducing the rate of HNO; evaporation, and the excess acid in the second phase can
contribute to this effect.

Comparing the residual liquid species (Fig C.4 and E.4), we see that the relative effect of
acid is about the same for the single phase cases, for the constant pressure, distillation
cases versus the constant volume cases. However, the overall extent of reaction is greater
in the constant volume cases, especially in the 6 M cases, where about twice as much gas
is produced at constant volume.

Effect of Zr(IV)

Appendices M and N provide graphical summaries of the effects of presence of Z* on
single phase reactions of TBP in 6 M nitric acid at 150 °C with either constant pressure or
constant volume conditions. For the constant pressure experiments (Appendix M), the
experiments were conducted in the distillation mode (see Section II). In the experiments

6
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with Zr4+, water and nitric acid saturated TBP was equilibrated with zirconyl nitrate
hydrate solid. The resulting TBP extract was then reacted at either constant pressure, or
constant volume conditions. For the constant pressure distillation experiments (Appendix
M), the presence of /3 slightly increases the extent of reaction, i.e. the total amount of
gas produced, without significant changes in the gas composition (Figs. M-1 and M-2).
The composition of the liquid species, however, is significantly affected as can be seen
from Fig. M-3. For the constant volume experiments, however, the presence of v/
produces an overshoot in the pressure transient (i.e. gas production rate), as can be seen in
Figure N-3. This phenomenon was observed only for constant volume experiments in the
presence of ZI4+, and was clearly repeatable, as evidenced by behavior shown for
Experiments #163 and 166 (Fig. N-3). While the final amount of gas produced is
essentially unaffected by the presence of Zr4+, the gas composition appears to be
significantly affected with a relatively large increase in the amount of nitrogen produced
and a total absence of nitric oxide (Fig. N-2).

Effect of Reduced Water Content

Appendix F provides graphical representation of the effects of reduced water content on
single phase reactions of TBP in 3 M nitric acid at 150 °C with constant pressure,
distillation conditions. The water in the initial reactants was removed by purging the initial
water and nitric acid saturated TBP with helium for an extended period. The 3 M value
represents the final nitric acid concentration in the reactants for the experiments with
(#136) and without (#147A) water. The experiments were conducted to examine the
effect of routine purging operations on aged reactants which may reside in the process
vessels for extended periods. As can be seen from Fig. F-1 removal of water from the
reactants will significantly increase the extent of the reaction, ie. the amount of gas
produced per mole TBP charged; the normalized gas production (mole/mole TBP) nearly
doubles. The normalized gas composition is also affected (Fig. F-2) with significant
increases in the fractions of nitrogen and nitric oxide and corresponding reductions in the
fraction of CO and CO,. The N;O fraction is slightly reduced. The effect of purging on
the liquid product species is shown in Figure F-4; the resulting amounts of water, DBP,
and BuONO; per mole TBP charged are all reduced.

Possible Origins of Products

It is impossible to suggest precise mechanisms of formation for all of the products,
gaseous and condensed phase, that have been observed as products of the decomposition
of TPB. It would be even more impossible to account for the apparent stoichiometries
that are observed. It is possible, however, to suggest how some of the observed products
may arise based upon literature precedents.

Formation of DBP and MBP may each arise by two pathways, either acid catalyzed
hydrolysis of the P-O bond to give 1-butanol (reaction 1) or transesterification with nitric
acid to give butyl nitrite (reaction 2). Butyl nitrite is observed as a product, whereas 1-
butanol is not in most cases. These compounds are related by the equilibrium shown in
reaction 3.
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BU3.x (HO)XPO + HzO e 4 BU3_(X+1)(HO),‘+1PO + BuOH (1)
Bus, (HO)XPO + HNO; — BU3_(x+|)(I'IO)x+lPO + BuONO, (2)
BuOH + HONO; — BuONO; + H,O 3

Studies by Moffat and Thompson’ suggest that (2) is more important than (1) and that the
presence of Zr(IV) in the TBP phase can accelerate the decomposition of TBP. The
literature states that hydrolysis of nitrate esters is slow,® even at elevated temperatures, so
that establishment of equilibrium in (3) may not occur prior to decomposition of the
nitrate ester or reaction of 1-butanol, if indeed it is ever present. In any case it is the
oxidation of these two species that is responsible for the production of gases.

The complexity of nitrogen chemistry is such that it is impossible to predict stoichiometric
reactions for formation of the gaseous products. Nitric acid oxidations are generally
subject to autocatalysis so there is usually an induction period unless nitrite or nitrous acid
has been added initially.” Several species are believed to be involved in “nitric acid"
oxidations, including NO, NO,, N,O; and HONO. The following reactions account for
the autocatalysis and for the production of the actual oxidants.

3HONO —» HONO; + 2 NO + H,0 @
HONO: + HONO = N0, + H,0 (5)
N,O, = 2 NO; (©6)
N:Os+2NO+2H,0=4HONO Q)
NO + NO, = N;0; =NO" + NO," - @®)

Nitric oxide, nitrous oxide and nitrogen are typical reduction products from nitric acid
oxidations; however, it is well established that N, can only arise from nitric acid provided
negative oxidation states are first formed so that they may be oxidized by nitric acid.
Nitrous oxide probably arises from a related pathway. The nitrogen species with a
negative oxidation state that is most likely to be formed in TBP decomposition reactions is
hydroxyl amine (H,NOH), which can be formed by hydrolysis of oximes. Oximes can
form by tautomerization of nitroso alkanes (RCH,NO), which are known products of both
NO and NO? with several types of organic molecules, including alcohols and carbonyl
compounds.'° This reaction sequence is shown is shown in (9)-(10).

RCH;NO — RCH =NOH ®)

RCH = NOH + H,0 — RCHO + H,NOH (10)
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The oxidation of hydroxyl amine has been investigated under acidic conditions.''"?
Reaction is only observed at sufficiently high nitric acid concentrations and autocatalysis
by nitrous acid was observed. The distribution of products changes markedly with
hydroxylamine concentration with nitrogen being observed only at low hydroxylamine
concentrations and the yield of nitrous oxide increasing at higher hydroxylamine
concentrations. Hydroxyl amine has not been detected as a product in our study but this is
not surprising given its high reactivity and probable low concentration.

There are several possible routes to oxidation products of 1-butanol. Elimination of
HONO from the nitrite ester can lead to aldehyde (A-elimination, reaction 11) or olefin (8-
elimination, reaction 12). Homolytic cleavage of the N-OC bond is also a possibility
(reaction 13)

PrCH,ONO, — PrCHO + HONO (11)
EtCH,CH:;ONO — EtCH=CH, + HONO L (12)
PrCH,ONO — PrCH;O' + NO; (13)

Reaction (12) must have a higher activation energy than the other two, or any other
reactions that may be involved, since olefin was not observed as a product in this study.

Oxidation of aldehydes and alcohols can occur by several pathways.10 Degradation of
carboxylic acids by nitric acid to give smaller carboxylic acids, i.e., butanoic to propanoic,
and carbon monoxide and carbon dioxide is well known although the precise mechanisms
are apparently not so well established.

CONCLUSIONS AND RECOMMENDATIONS

A total of thirty three experiments have been conducted at various temperatures, and acid
concentrations for both single (organic) phase and two-phase systems in the presence and
absence of Zr** (saturated). Experiments were conducted under both constant pressure
(ambient) and constant volume conditions.

The obvious conclusions are that an increase in temperature or acid concentration results
in an increased rate and quantity of gas produced. The addition of Zr** had a slight effect
on the amount of gas produced under constant pressure conditions, but had essentially no
effect on total gas production under constant volume conditions. The latter experiments
did show unusual overshoots in pressure that suggest the initial formation of gaseous
products that were subsequently consumed. The origin of this phenomenon is not known
although reaction (7) would produce this result. The effect of Zr** observed here is not
inconsistent with the constant pressure experiments. This is true since the greater the gas
pressure, the rate of both gas phase and solution phase reactions will increase because of
the higher concentrations. The effect of such pressure overshoots in a sealed, or poorly
ventilated, storage tank cannot be estimated on the basis of these data.
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A greater nitric acid/water ratio in the TBP, which was achieved in our experiments by
inert gas purging, also increases the amount of gas produced.

Although some differences in gaseous product ratios have been observed, we are unable to
provide an explanation for these differences at the present time. It might be possible to
_proviae an interpretation of these differences if more concrete mechanistic information
weic available.

It is noteworthy that no "run-away" reactions were observed in these studies and as such
they may not be considered as particularly good models for the reactions of Red Oil
There are several possible reasons why they do not show the same behavior as Red Oil.
First, the small size of the sample and the isothermal conditions used in these studies may
have prevented self-heating. Second, the absence of nitrite, which would be present in
Red Oil due to radiolytic decomposition of nitrate’*”®, which would reduce the rate of the
initial reaction may be significant. Finally, the presence of actinide ions may also be
important in determining the reactivity of Red Oil. The effect of added nitrite and the use
of nonisothermal conditions can be readily tested experimentally.

Although oxidations by nitric acid are very complicated mechanistically, the complexity of
the TBP system studied here makes any definitive statement of reaction pathways
impossible. If, however, it is concluded that a more detailed mechanistic approach to the
origin of products is desired, then the reactions of several known, or suspected,
intermediates such as butyl nitrate, butanol, butyraldehyde, and butyric acid with nitric
acid could be undertaken.

Only a small fraction of factors affecting gas production and, potentially, safety issues
have been studied. Sample aging and gamma irradiation effects, for example, should be
examined. The sample sizes were small in our study due to safety considerations, and
reacting samples were alway well mixed. Larger unmixed samples may undergo localized
heating that could cause runaway reactions; these factors should also be studied
experimentally under comparable conditions.

Zirconium (IV) was shown to affect the reaction path. The effect of uranyl nitrate should
also be evaluated.

Higher reactivities resulted from He purging to remove water prior to decomposition, but
no experiments were conducted to assess the effects of oxygen and ozone. So the results
presented here may underestimate the hazards associated with the use of air-lift pumps
since oxygen partial pressures over TBP solutions are higher under plant conditions, and
since oxygen will almost certainly affect the reaction path significantly. Ozone, of course,
is formed whenever dissolved oxygen is irradiated; this factor should also be examined
experimentally.

In a few experiments (see Fig. N-4), we observed higher intermediate pressures than

existed at the end of the experiment. This behavior was replicated in two independent
tests, and it may have important implications for safety, if substantially higher initial

10
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overpressure can occur as indicated. Also, the effects of sample size, mixing, and the other
variables discussed above should be carefully assessed in regard to this behavior.
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LIST OF COMPLETED EXPERIMENTS

I. Single Phase

1. Constant Pressure

Exp. No Bath Temp Acid in TBP Refluxing/Distillation Zr4+

136 150 °C 3M D -
137 . 150°C 6 M D .
139 130 °C 6M D ,
140 150 °C 6M D Zri+
141 180 °C 6 M D i
144 150 °C 6 M R .
145 1130°C 6M R -
146 180 °C 6 M R -

2. Constant Volume

Exp. No Bath Temp  Acid in TBP Zri+

134 150 °C 3M -
135 150 °C 6 M .
142 130 °C . 8M .
143 180 °C 6 M ;
163 150 °C 6 M Zrd+

II. Two Phase

1. Constant Pressure

Exp. No Bath Temp Acid in TBP Refluxing/Distillation Zr#*

150 150 °C 6 M R -
151 150 °C 3M D -
152 150 °C 6 M D -
153 180 °C .~ 6M D -
154 130 °C 6 M D -
159 180 °C 6 M R -
160 - 130°C 6 M R -
D Zri+

161 150 °C 6 M

13
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2. Constant Volume
Exp. No Bath Temp  Acid in TBP - Zr4+
155 150 °C 6M -
156 150 °C 3M -
157 130 °C 6M -
158 180 °C 6 M -
162 . 150°C 6 M Zri+

III. Additional Experiments
1L Single Phase with No Water TBP (Purged Samples)
Exp. No Bath Temp Acidin TBP Const. Pr re/Volum Zrt+

147A 150 °C ~3 M Const. Pressure (D) -
147B 150 °C ~3M Const. Volume -

2. Reproducibility Experiments

Exp. No Checking Exp. No
148A 137
148B 136
148C 140
165 154

166 163

14
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APPENDIX A

ANALYTICAL DATA

This appendix provides a listing of analytical data for each of the thirty three experiments
conducted in this investigation prior to, and after, reaction. A summary of experimental

conditions for all experiments is given in Table 1.
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Results of Experiment No. 134 (Const. Volume, Single Phase)

Reaction Ccnditions:

Bath Temperature: 150 °C Acid Concentration: 3M
Sample Volume: 5 mL Atmosphere: Helium
Before Reaction:

Sample Weight: 5.10g

[H+1: 15.0 mmol (3.00 M)
[H201: 7.42 mmol (1.48 M)
[TBPI: 14.20 mmol (2.84 M)

After Reaction:
Total Gas Pressure: 4.5 atms (25 °C, 58 mL volume)
Gas Composition: Nog O2 CO CO2 NO N20 He
total mol % 237 0 177 285 56 105 161
normalized mol % 276 O 206 331 65 122
Residue Weight: 4.65 g (weight loss = 0.45 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: 8.79 mmol (1.89 M)

[HoO1: 12.00 mmol (2.58 M)
[TBPI: 9.94 mmol (2.23 M)
[DBP]: 4.26 mmol (0.95 M) wu® ¥

[BuONO2]: 3.00 mmol (0.65 M)

Material Balance M7

Gas Pressure (atm/mL TBP Charged)

C lost from residue: 5.74 mmol -
C present in gas: 5.04 mmol -
N lost from residue: 7.47 mmol n
N present in gas: 9.20 mmol
| ]
0.0 . . .
0 0 40 60 8 100
Time (min)

A-2
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Results of Experiment No. 135 (Const. Volume, Single Phase)

Reaction Conditions:

Bath Temperature: 150°C Acid concentration: 6M
Sample Volume: 5 mL Atmosphere: Helium
Before Reaction:

Sample Weight: 5.10g

H+1: 29.25 mmol (5.85 M)
[H201: 9.40 mmol (1.88 M)
[TBPI: 13.23 mmol (2.65 M)

After Reaction:
Total Gas Pressure: 10.3 atms (25 °C, 58 mL: volume)
Gas Composition: Ng Og2 CO COz NO NoO He

total mol % 77 0 251 323 77 104 91

normalized mol % 93 O 302 388 93 125
Residue Weight: 4.25 g (weight loss = 0.85 g)
Residue Composition (from acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: 12.79 mmol (3.01 M)
[H20]: 16.83 mmol (3.96 M) 3
[TBPI: 7.02 mmol (1.56 M) .
(DBP]: 6.21 mmol (1.38 M)
[BuONO2]: 3.51 mmol (0.83 M)
Material Balance
C lost from residue: 10.8 mmol
C present in gas: 16.9 mmol
N lost from residue: 19.2 mmol
N present in gas: 12.9 mmol

B P {atm/mi)

Pressure (atm/mL TBP Charged)

0 . 1 i ¥ ¥
0 20 40 60 80 100

Time (min)
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Results of Experiment No. 136 (Const. Pressure, Single Phase)

Reaction Conditions:

Bath Temperature: 150 °C Acid concentration:

Sample Volume: 5 mL Atmosphere:

Refluxing/Distillation D

Before Reaction:

Sample Weight: 5.13g

[H+]: 15.00 mmol (3.00 M)

[H201: 7.40 mmol (1.48 M)

[TBPIL: 14.20 mmol (2.84 M)

After Reaction:

Total Gas Volume: 165 mL (25 °C, 1 atm)

Gas Composition: No Og2. CO COg2 NO NoO He
total mol % 35 0 180 298 314 84 35

normalized mol % 3.8 0

198 327 345 92

Residue Weight: 4.10 g (weight loss = 1.03 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)

=+ 9.37 mmol (2.29 M)
[H20l: 3.15 mmol (0.77 M)
[TBPI: 9.42 mmol (2.30 M)
[DBPIL 4,78 mmol (1.17 M)

[BuONOgl: 0.22 mmol (0.05 M)
[MeCOOH]: 0.22 mmol (0.05 M)
Condensate Compositions:
Aqueous Phase (0.41 g)

[H+]: 2.21 mmol (5.52 M)
Organic Phase (0.30 g)
[BuONOg2}: 2.39 mmol (8.20 M)
Material Balance

C lost from residue: 8.24 mmol

C present in Gas: 3.55 mmol
N lost from residue: 5.81 mmol
N present in Gas: 4.10 mmol

3M
Helium

40
T 1 - 150
o0
() .
£ 304
U .
by _
£ L=
i 100 E
E 2 I 2
— <
E ol
£ £
3 i -50. B
5 10 —®—  V (ml/mi) !
> | tempeor | |
e 4
Q

0 T - T T 0

) 20 40 60 80 100
Time (min)




Results of Experiment No. 137 (Const. Pressure, Single Phase)

Reaction Conditions:

Bath Temperature: 150 °C Acid concentration:
Sample Volume: 5 mL Atmosphere:
Refluxing/Distillation D '

Before Reaction:

Sample Weight: 543¢

[H+]: 28.75 mmol (5.75 M)

[H2O]: 9.40 mmol (1.88 M)

[TBPI: 13.25 mmol (2.65 M)

After Reaction:

Total Gas Volume: 235 mL (25 °C, 1 atm)

Gas Composition: Ng Oz CO CO2 NO NO He
total mol % 34 0 143 301 276 70 1.6

normalized mol % 41 O 174 365 335 85
Residue Weight: 3.58 g (weight loss = 1.85 g)

Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)

[H+]: 7.88 mmol (2.20 M)
[H201: 3.37 mmol (0.94 M)

WSRC—RP-95-259

6 M

Helium

[TBPI: 7.91 mmol (2.21 M)

[DBPI: 5.33 mmol (1.49 M) 4 | [
[BuONO2]: 0.51 mmol (0.14 M) 1
SR

Condensate Composition:
Aqueous Phase (0.90 g)
[(H+]: 8.60 mmol (12.62 M)

Organic Phase (0.42 g)
[BuONO2]: 3.35 mmol (8.16 M)

20

Gas Volume (mL/mL TBP)

—a— V(mi/m)
|=—0— Temp(Q

Material Balance e

C lost from residue: 5.88 mmol

8

C present in Gas: 5.19 mmol 0 0 40 60
N lost from residue: 13.7 mmol Time (min)

N present in Gas: 5.65 mmol

100

Temperature (°C)
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Results of Experiment No. 139 (Const. Pressure, Single Phase)

Reaction Conditions:

Bath Temperature: 130°C Acid concentration: 6 M
Sample Volume: 5 mL Atmosjphere: Helium
Distillation/Refluxing D

Before Reaction:

Sample Weight: 545¢

[H*]: 28.75 mmol (5.75 M)

[Ho01: 9.40 mmol (1.88 M)

[TBPI: 13.30 mmol (2.66 M)

After Reaction:

Total Gas Volume: 255 ml (25 °C, 1 atm)

Gas Composition: No ©O2 CO CO2 NO NoO He
total mol % 23 0 95 278 442 59 16

normalized mol % 26 O 106 310 493 66
Residue Weight: 3.77 g (weight loss = 1.68 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[(H+]: 13.5 mmol (3.58 M)
[H201: 3.39 mmol (0.90 M)

[TBPIL 7.80 mmol (2.07 M) - ® ] | 0
(DBP: 5.50 mmol (1.46 M) 3 osof 120
[BuONOz2l: trace 5 } i
Condensate Composition: E | 107 [ E
Aqueous Phase (0.80 g) E - oo g
[H+): 703 mmol (1L60 M) 72 £
Organic Phase (0.33 g) ¢ 201 CI
[BuONOgl: 2.63 mmol (8.15 M) 3 == Ve ||
Material Balance 3 107 =% [ 40

C loss from residue = 11.48 mmol . i "

C presentingas=  4.34 mmol 0 100 200

N loss from residue = 11.09 mmol Time (min)

N presentin gas =  7.07 mmol
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Results of Experiment No. 140 (Const. Pressure, Single Phase)

Reaction Conditions:

Bath Temperature: 150 °C Acid concentration: 6 M
Sample Volume: 5 mL Atmosphere: Helium
Refluxing/Distillation D Catalyst: Zri+

Before Reaction:
Sample Weight: 5.75¢

[H+]: 29.25 mmol (5.85 M)

{H201: 16.35 mmol (3.27 M)

[TBPI: 12.80 mmol (2.56 M)

After Reaction:

Total Gas Volume: 246 mL (25 °C, 1 atm)

Gas Composition: No O CO COg NO NoO He
total mol % 36 0 119 283 244 50 69

normalized mol % 49 O 163 367 333 68
Residue Weight: 3.89 g (weight loss = 1.86 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)

(H*]: | *
[TBP}: 9.24 mmol (2.38 M) 6
[DBP): 3.56 mmol (0.92 M) 3 ] -
[MBPI: trace E’ 50._ [
[BuONOg]: 2.12 mmol (0.54 M) 5w _% 5
[PrCOOH]: trace F Lo S
[EtCOOH]: trace £ - , 2
[MeCOOHI: 0.42 mmol (0.11M) £ .
[HCOOH] trace £ == varm| |[s» &
Condensate Composition: i 10 —— T '
Aqueous Phase (0.63 g) O
[H+]: 5.73 mmol (12.00 M) 0 I ——

0 20 40 60 80 100

Organic Phase (0.89 g)
[BuONO3g}: 7.11 mmol (8.22 M)
Material Balance

Not available due to the incompleteness of this set of data

Time (min)

* Not available because of solid residue

A-7
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Results of Experiment No. 141 (Const. Pressure, Single Phase)

Reaction Conditions:

Bath Temperature: 180 °C Acid concentration: 6 M
Sample Volume: 5mL Atmosphere: Helium
Distillation/Refluxing D

Before Reaction:

Sample Weight: 544g

H+]: 28.75 mmol (5.75 M) (HxOl: 9.40 mmol (1.88 M)
[TBP}: 13.30 mmol (2.66 M)
After Reaction:
Total Gas Volume: 227 mL (25 °C, 1 atm)
Gas Composition: N O CO CO;, NO N-2O He
total mol % 3.0 0 93 231 300 42 6.5

normalized mol % 43 0 134 332 431 6.0
Residue Weight: 3.37 g (weight loss = 2.07 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: 7.01 mmol (2.08 M)

[H,Ol: 1.08 mmol (0.32 M)

[TBP): 8.01 mmol (2.38 M) »0 20
[DBP}: 434mmol 129M) 3 |

[MBP:  095mmol (028M) 3

[BuONO3]: 0.24 mmol (0.07 M) = 407 ‘9
[PrCOOH]: trace 5 g
[EtCOOH]:  0.16 mmol (0.05 M) § ) 1% g
[MeCOOH]: 0.11 mmol (0.03 M) S 54 —— U (mi/m) E
[HCOOHJ 033 mmol (0.10M) 3 | — = ©
Condensate Composition: ; 10

Aqueous Phase (1.80 g) ©

[H: 17.19 mmol (12.60 M) O 2w 1 o oo
Organic Phase (0.33 g) Time (min)

[BuONOQOa2l: 2.63 mmol (8.20 M)

Material Balance:

C loss from residue = 12.45 mmol C present in gas = 4.33 mmol

N loss from residue = 8.52 mmol N present in gas = 5.92 mmol
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Results of Experiment No. 142 (Const. Volume, Single Phase)

Reaction Conditions:

Bath Temperature: 130°C Acid concentration: 6M
Sample Volume: 5 mL Atmosphere: Helium
Before Reaction:

Sample Weight: 542¢

H+1: 29.25 mmol (5.85 M)
[H201: 9.40 mmol (1.88 M)
[TBPI: 13.30 mmol (2.66 M)

After Reaction:
Total Gas Pressure: 8.7 atms (25 °C, 58 mL volume)
Gas Composition: Nog O CO CO2 NO N2O He
total mol % 7 0 203 321 157 70 90
normalized mol % 93 0 245 388 190 85
Residue Weight: 4.67 g (weight loss = 0.75 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)

Organic Phase (4.41 g)

[H+]: 16.35 mmol (3.50 M)

[H0): 13.03 mmol (2.79 M) 3

[TBPI: 7.88 mmol (1.56 M) g > L

[DBPI: 5.42 mmol (1.38 M) o ‘_f’

{MBP]: trace E ..'

[BuONOg2]: 1.66 mmol (0.70 M) - é -

[PrCOOH]: trace g o] 4

[EtCOOHI: 2.25 mmol (0.48 M) = .

[MeCOOH]: 0.79 mmol (0.17 M) E .
[HCOOH]: trace é .

Aqueous Phase (0.26 g) 0.0 Ju— i

[H]: 1.19 mmol (5.50 M) Y 100 A0
[(BuONOg2}: trace Time (min)
Material Balance '

Carbon loss from residue = 6.71 mmol Carbon present in gas = 13.07 mmol

Nitrogen loss from residue = 18.51 mmol  Nitrogen present in gas = 11.27 mmol
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Results of Experiment No. 143 (Const. Volume, Single Phase)

Reaction Conditions:

Bath Temperature: 180 °C Acid concentration: 6 M
Sample Volume: 5 mL Atmosphere: Helium
Before Reaction:

Sample Weight: 546¢

(H*]: 28.75 mmol (5.75 M)

[H201: 9.40 mmol (1.88 M)

[TBP}: 13.30 mmol (2.66 M)

After Reaction:

Total Pressure: 10.8 atms (25 °C, 58 mL volume)

Gas Composition: N Og CO CO2 NO N20O He
total mol % 83 O 260 350 53 132 60
normalized mol % 95 0 206 399 60 150

Residue Weight: 4.29 g (weight loss = 1.17 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
Organic Phase

(H+]: 16.04 mmol (3.74 M)

[HzO]: 22.61 mmol (5.27 M) = guas ® =
[TBP: 5.41 mmol (1.26 M) 8 I

[DBP: 554 mmol (1.29 M) 5 1 "

[MBP}: 2.35 mmol (0.55 M) = ] .

[BuONO2]: 1.08 mmol (0.25 M) -

[Bu-OH]:  1.02 mmol (0.24 M) e

[PrCOOH]: Trace © =
[EtCOOH]: 1.42 mmol (0.33 M) g2 |

[MeCOOH]: 1.29 mmol (0.30 M) &

[HCOOHJ:  0.34 mmol (0.08 M) S

Aqueous Phase (0.17 g) M ® @ s
[H+]: 0.64 mmol (4.52 M) Time (min)
[BuONOg]: trace

Material Balance
Carbon loss from residue = 25.38 mmol Carbon present in gas = 17.81 mmol

Nitrogen loss from residue = 24.28 mmol Nitrogen present in gas = 14.10 mmol

A-10
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Results for Experiment No. 144 (Const. Pressure, Single Phase)

Reaction Conditions:

Bath Temperature: 150 °C Acid concentration: 6M
Sample Volume: 5.0 mL Atmosphere: Helium
Distillation/Refluxing R

Before Reaction:

Sample Weight: 543g

[H+]: 29.0 mmol (5.80 M)

[HoO0l: 9.40 mmol (1.88 M)

[TBP}: 13.3 mmol (2.66 M)

After Reaction:

Total Gas Volume: 312 mL (25 °C, 1 atm)

Gas Composition: Ng O2 CO COz NO NO He
total mol % 26 0 70 166 407 35 218

normalized mol % 37 O 99 236 578 50
Residue Weight: 4.83 g (loss =0.60 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)

Organic Phase (4.52 g)

[H+]: 18.13 mmol (4.01 M) 80 -
[H20]: 10.94 mmol (2.42 M) =

[TBP]: 8.39 mmol (1.86 M) B 120
[DBP}: 4.91 mmol (1.09 M) g [
{MBPI: Trace g <
[BuONO2l: 2.62 mmol (0.58 M) E w e £
[PrCOOH] trace E! g
[EtCOOH]: 0.74 mmol (0.16 M) £ 0§
[MeCOOH]: 0.65 mmol (0.14 M) 5 e e

[HCOOH]: trace 3 [
Aqueous Phase (0.31 g) 0 . ‘ 20

[H+): 2.05 mmol (8.26 M) 0 100 20 e
[BuONOg2]: trace (e ()

Material Balance

Carbon loss in residue = 5.64 mmol Carbon present in gas = 4.28 mmol
Nitrogen loss in residue = 12.50 mmol Nitrogen present in gas = 9.60 mmol

A-11
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Results of Experiment No. 145 (Const. Pressure, Single Phase)

Reaction Conditions:

Bath Temperature: 130 °C Acid concentration: 6 M
Sample Volume: 5 mL Atmosphere: Helium
Distillation/Refluxing R

Before Reaction:

Sample Weight: 541g

(H*]: 28.75 mmol (5.75 M)

{(H201: 9.40 mmol (1.88 M)

(TBPI: 13.30 mmol (2.66 M)

After Reaction:

Total Gas Volume: 351 mL (25 °C, 1 atm)

Gas Composition: Ng Oz CO COz NO NoO He
total mol % 14 O 67 194 470 39 159

normalized mol % 18 O 85 247 599 50
Residue Weight: 4.74 g (weight loss = 0.67 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+: 19.01 mmol (4.01 M)

[Ho01: 6.73 mmol (1.42 M)

[TBP): 8.30 mmol (1.75 M) %

[DBPI: 5.00 mmol (1.05 M) g [
[MBP]: Trace g 60 L 100
[BuONO2]: 2.42 mmol (0.51 M) & 3]
[PrCOOHI: trace 5 o &
[EtCOOHJ: 0.61 mmol (0.13 M) N i
[MeCOOH]: 0.61 mmol (0.13 M) g 60 g
[HCOOH]: trace ER —— V(mi/ml) =
Material Balance ~ o s 40

C loss from residue: 7.27 mmol Y

C present in gas: 4.77 mmol °3 o R

N loss from residue: 13.54 mmol Time (min)

N present in gas: 10.55 mmol
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Results of Experiment No. 146 (Const. Pressure, Single Phase)

Reaction Conditions:

Bath Temperature: 180°C Acid concentration: 6M
Samnple Volume: 5 mL Atmosphere: Helium

Refluxing/Distillation R
Before Reaction:
Sample Weight: 543g

[H+]: 28.75 mmol (5.75 M)

[H20]: 9.40 mmol (1.88 M)

[TBPI: 13.30 mmol (2.66 M)

After Reaction:

Total Gas Volume: 432 ml (25 °C, 1 atm)

Gas Composition: Ng 0O CO COs NO N2O He
total mol % 10 0 41 211 473 52 149

normalized mol % 13 0 52 268 60.1 66
Residue Weight: 4.66 g (weight loss =0.77 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)

Organic Phase (4.01 g)

[H+]): 16.56 mmol (4.13 M) 100 -
[H201: 12.6 mmol (3.14 M) _ Lo
[TBPI: 7.24 mmol (1.81 M) % ] L%
[DBPI: 5.43 mmol (1.35 M) &

[MBP]: 0.63 mmol (0.16 M) g - 10 Y
[BuONOg]: 3.14 mmol (0.78 M) E L £ |
[PrCOOH]: trace T . i §.
[EtCOOH]: 1.13 mmol (0.28 M) = 60 E
[MeCOOH]: 0.64 mmol (0.16 M) 2 L el
[HCOOH]: trace 2 40
Aqueous Phase (0.65 g) ©

[H+]: 4.26 mmol (7.87 M) °o %0 20
(BuONOg]: trace Time (min)

Material Balance

Carbon loss from residue =9.53 mmol Carbon present in gas = 5.65 mmol

Nitrogen loss from residue = 13.25 mmol Nitrogen present in gas = 13.41 mmol
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WSRC-RP-95-259

Results of Experiment No. 147A (Const. Pressure, Single
Phase, No Water)

Reaction Conditions:

Bath Temperature: 150 °C Acid concentration: 3M
Sample Volume: 5 mL Atmosphere: Helium
Refluxing/Distillation D

Before Reaction:

Sample Weight: 5.13g

[H+]: 15.75 mmol (3.15 M) [{H20]: 0 mmol.

[TBPI: 15.85 mmol (3.17 M)

After Reaction:

Total Gas Volume: 289 mL (25 °C, 1 atm)

Gas Composition: No O CO CO2 NO NsO He
total mol % 50 O 84 235 341 57 100

normalized mol % 65 O 110 306 445 74

Residue Weight: 4.17 g (weight loss = 0.97 g)

Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: 7.38 mmol (1.77 M)
[H2Ol: 2.63 mmol (0.63 M)
[TBP]: 11.57 mmol (2.77 M)
[DBPI: 4.18 mmol (1.00 M)
[MeCOOH]: 0.13 mmol (0.03 M)
Condensate Composition:
Aqueous Phase (0.20 g)

[H+]: 1.45 mmeol (9.44 M)
Organic Phase (0.32 g)
[BuONOg2] 2.55 mmol (8.61 M)
Material Balance
C loss from residue: 6.26 mmol
C present in gas: 3.89 mmol 0 50 100 =0
N loss from residue: 8.64 mmol T ()

N present in gas: 8.55 mmol

Temperature (°C)

—% V(ml/mD
—0— Temp (°C)

Gas Volume (mL/mL TBP Charged)




WSRC-RP-95-259

Results of Experiment No. 147B (Const. Volume, Single Phase,

No Water)
Reaction Conditions:
Bath Temperature: 150 °C Acid Concentration: 3M
Sample Volume: 5 ml Atmosphere: Helium
Before Reaction:
Sample Weight: 5.15¢g
[(H+I: 15.75 mmol (3.15 M)
[H20]: 0 mmol
[TBPI: 15.85 mmol (3.17 M)

After Reaction: _
Total Gas Pressure: 5.4 atm (25 °C, 58 mL volume)
Gas Composition: Ng Oz CO CO2 NO N0 He
total mol % 234 07 201 244 O 90 140

normalized mol % 302 09 259 314 O 116
Residue Weight: 4.68 g (weight loss =0.47 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: 8.85 mmol (1.89 M)
[H201: 9.69 mmol (2.07 M)
[TBPI: 11.20 mmol (2.39 M)
[DBPIL 4.55 mmol (0.97 M)
[BuONO2]: 1.86 mmol (0.40 M)
[PrCOOH]: 0.65 mmol (0.14 M)
[EtCOOH]: 0.48 mmol (0.10 M)
[MeCOOH]: 1.01 mmol (0.22 M)
[HCOOH]: 0.16 mmol (0.03 M)
Material Balance
C loss from residue: 4.54 mmol
C present in gas: 7.35 mmol ot ‘ ' ‘ .
N loss from residue: 11.89 mmol 0 20 40 60 80 100
N present in gas: 10.72 mmol Time (min)

1.2
1.01
0.8
0.6 1
0.4

® P (atm/ml)

0.21

Gas Pressure (atm/mL TBP Charged, 25 °C)
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Results of Experiment No. 148A (Const. Pressure, Single

Phase)

Bath Temperature: 150°C Acid concentration: 6 M
Sample Volume: 5 mlL Atmosphere: Helium
Refluxing/Distillation D
Before Reaction:
Sample Weight: 549¢
[E*]: 28.75 mmol (5.75 M) - [HeOL 9.40 mmol (1.88 M)
[TBPI: 13.25 mmol (2.65 M)
After Reaction:
Total Gas Volume: 243 mL (25°C, 1 atm)
Gas Composition: N Og CO CO2 NO N9oO He

total mol % 15 O 90 186 186 41 274

normalized mol % 29 O 174 359 359 79
Sample Weight: 3.65 g (weight loss = 1.84 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: 7.98 mmol (2.19 M)
[H201: 3.17 mmol (0.87 M)
[TBPI: 8.36 mmol (2.29 M) , .
[DBP: 4.89 mmol (1.34 M) 601 M 150
[BuONO2l: 0.72 mmol (0.14 M) ]
[MeCOOH]: 0.24 mmol (0.07 M)
Condensate Composition:
Aqueous Phase (0.98 g)
[H+]: 9.21 mmol (12.41 M)
Organic Phase (0.22g)
(BuONO32]: 1.76 mmol (8.23 M)
Material Balance
C loss from residue: 9.16 mmol 0
C present in Gas: 5.30 mmol
N loss from residue: 14.21 mmol
N present in Gas: 5.72 mmol

8

Temperature (°C)

= V(ml/ml)
00—  Temp (°C)

g

Gas Volume (mL/mL TBP Charged)

0 20 40 60 80 100

Time {(min)
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WSRC-RP-95-259

Results of Experiment No. 148B (Const.Pressure, Single Phase)

Bath Temperature: 150 °CAcid concentration: 3M
Sample Volume: 5 mLAtmoJsphere: Helium
Refluxing/Distillation D

Before Reaction:

Sample Weight: 5.13g

[(H+: 15.00 mmol (3.00 M)

[H201: 7.40 mmol (1.48 M)

[TBPIL 14.20 mmol (2.84 M)

After Reaction:

Total Gas Volume: 185 mL (25 °C, latm)

Gas Composition: Nog O2 CO CO2 NO NoO He
total mol % 21 O 116 156 158 41 432

normalized mol % 43 0 236 317 321 83
Sample Weight: 3.92 g (weight loss = 1.21 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: 8.82 mmol (2.25 M)
[H201: 3.18 mmol (0.81 M)
[TBPI: 9.57 mmol (2.44 M) 50
[DBPI: 4.63 mmol (1.18 M)
{(BuONO2l: 0.54 mmol (0.14 M)
[MeCOOH]: 0.34 mmol (0.09 M)
Condensate Composition:
Aqueous Phase (0.29 g)
[H+]: 1.60 mmol (5.78 M)
Organic Phase (0.32 g)
[BuONOsg]: 2.25 mmol (8.20 M)
Material Balance

30 4

201

Temperature (°C)

—® V(ml/mi)
—0— Temp (°C)

Gas Volume (mL/mL TBP Charged)

C lost from residue: 6.68 mmol
C present in Gas: 4.19 mmol 0 2 4« 6 80 100

C lost from residue: 6.76 mmol Time (min)
C present in Gas: 4.34 mmol
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WSRC—-RP-95-259

Results of Experiment No. 148C (Const. Pressure, Single

Phase)

Reaction Conditions:
Bath Temperature: 150 °C Acia cc ‘centration: 6 M
Sample Volume: 5 mL Atmosphere: Helium
Refluxing/Distillation D Catalyst: Zrd+
Before Reaction:
Sample Weight: 6.04¢g
[H+]: 29.25 mmol (5.85 M) [H201]: 16.35 mmol (3.27 M)
[TBPI: 12.80 mmol (2.56 M)
After Reaction:
Total Gas Volume: 228 ml (25 °C, 1 atm)
Gas Composition: No O2 CO CO2 NO NoO He

total mol % 16 0 96 183 117 43 409

normalized mol % 35 O 211 402 257 95
Residue Weight: 4.14 g (weight loss = 1.90 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: *
[H20L *

[TBP}: 9.74 mmol (2.35 M) * ,
[DBP]. 3.06 mmol (0.74 M) 50- 150
[MBPI: trace |

[BuONO2]: 2.05 mmol (0.50 M)
[PrCOOHI: trace
[EtCOOH]: trace
[MeCOOH]: 0.57 mmol (0.14 M)
[HCOOH] trace
Condensate Composition:
Aqueous Phase (0.74 g)
[H+]: 6.93 mmol (12.36 M) 0 : ; . : 0
Organic Phase (0.91 g) L
[BuONO2]: 7.25 mmol (8.20 M)
Material Balance
Not available due to the incompleteness of this set of data

* Not available because of solid residue

40
- 100
30 4

—® V(mi/mi)
—0— Temp (°Q)

Temperature (°C)

T
w
[=]

Gas Volume (mL/mL TBP Charged)

Time (min)
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WSRC-RP-95-259
Results of Experiment No. 150 (Const. Pressure, Two Phase)

Reaction Conditions:

Bath Temperature: 150 °C Acid coitcertration: 6M
Sample Volume: 2.5 mL each phase Atmosphere: Helium
Distillation/Refluxing R

Before Reaction:

Sample Weight: 2.65 g of organic and 3.51 g of aqueous phase

[H+]: 14.5 mmol (5.80 M, organic) and 36.13 mmol (14.45 M, aqueous)
[H201: 4.70 mmol (1.88 M, organic)
(TBP]: 6.65 mmol (2.66 M)
After Reaction:
Total Gas Volume: 750 mL (25 °C, 1 atm)
Gas Composition: Ng Oz CO COz NO N0 He
total mol % 69 O 0 242 401 64 207

normalized mol % 89 O 0 312 517 82
Residue Weight: 1.91 g of organic (loss=0.74 g) and 3.05 g of aqueous (loss=0.56 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
Orgénic Phase

[H+): 10.51 mmol (5.50 M)

[H201: 6.25 mmol (3.27 M) % 0 W -120
[TBPI: 3.40 mmol (1.78 M) 2 '
[DBP: 3.25 mmol (1.70 M) S M
(MBPI: trace =R <
[BuONO2]: 0.17 mmol (0.09 M) E (% E
{PrCOOH]: trace % . é.
(EtCOOH]: 0.35 mmol (0.18 M) E 10 —=— V@ e~
[MeCOOH]: 0.19 mmol (0.10 M) > o Tempeo | |
[HCOOH]: trace S

Aqueous Phase 0 : r 20
[H*): 22.02 mmol (9.24 M) ° e 20 3

Time (min)

[BuONO2]: trace

Material Balance

Carbon loss from residue = 10.89 mmol Carbon present in gas = 9.58 mmol
Nitrogen loss from residue = 21.72 mmol Nitrogen present in gas = 26.36 mmol
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Results of Experiment No. 151 (Const. Pressure, Two Phase)

Reaction Conditions:
Bath Temperature: 150 °C Acid concentration: 3M
Sample Volume: 2.0 mL of each phase Atmosphere: Helium
Distillation/Refluxing D ‘
Before Reaction:
Sample Weight: 2.04 g of organic and 2.46 g of aqueous phase
(H+*]: 6.00 mmol (3.00 M, organic) and 11.50 mmol (5.75 M, aqueous)
[H20]: 2.96 mmol (1.48 M, organic) [TBP]: 5.68 mmol (2.84 M)
After Reaction:
Total Gas Volume: 101 mL (25 °C, 1 atm)
Gas Composition: N2 Og2 CO CO2 NO NoO He

total mol % 45 0 88 165 208 36 377

normalized mol % 83 O 162 304 384 66
Residue Weight: 1.59 g of organic phase (loss = 0.45 g) and no aqueous phase
Residue Compositions: (by acid-base titration, Karl-Fisher titration and 1H NMR)

[H*]: 3.91 mmol (2.46 M) [H201: 0.65 mmol (0.41 M)
[TBPI: 3.13 mmol (1.97 M)
[DBPI: 2.04 mmol (1.28 M) 60 150
[MBP]: 0.51 mmol (0.32 M) 5 1
[BuONOgJ:  0.37mmol (023M) & *] _
[Pr-COOH]: trace E 104 o 5
[Et-COOH]:  0.24 mmol (0.15 M) £ s
[CH3COOH]: 0.09 mmol (0.06 M) § 301 - 130 ‘;’
[HCOOHI: 0.08 mmol (0.05 M) £ &
Condensate Compositions: £ 7 S p— | &
Aqueous Phase (2.37 g) >j 10- —O— Temp O)
[(H+]: 11.5 mmol (5.80 M) S
[MeCOOH]: 0.29 mmol (0.15 M) 0 . . T : 110
Organic Phase (0.14 g) ° T

Time (min)
[BuONO3]: 1.12 mmol (8.23 M)
Material Balance
Carbon loss from residue = 5.30 mmol Carbon present in gas = 1.92 mmol
Nitrogen loss from residue = 4.36 mmol Nitrogen present in gas = 2.82 mmol
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WSRC-RP-95-259

Results of Experiment No. 152 (Const. Pressure, Two Phase)

Reaction Conditions:

Bath Temperature: 150 °C Acid concentration: 6 M
Sample Volume: 2.0 mL of each phase Atmosphere: Helium
Distillation/Refluxing D

Before Reaction:

Sample Weight: 2.20 g of organic and 2.81 g of aqueous phase

[H+]: 11.50 mmol (5.75 M, organic) and 30.08 mmol (15.04 M, aqueous)
[H20l: 3.76 mmol (1.88 M, organic) [TBP]: 5.32 mmol (2.66 M)
After Reaction:
Total Gas Volume: 85 mL (25 °C, 1 atm)
Gas Composition: No O CO CO2 NO N20 He

total mol % 20 0 54 131 115 32 419

normalized mol % 57 0 1563 372 327 91
Residue Weight: 1.37 g of organic phase (loss = 0.83 g) and no aqueous phase
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+]: 3.37 mmol (2.46 M) [H201: 1.12 mmol (0.82 M)
[TBPI: 3.00 mmol (2.19 M)
[DBP: 1.79 mmol (1.31 M)
[MBP]: 0.53 mmol (0.39 M)
[BuONO2]: 0.25 mmol (0.18 M)
[PrCOOH]: trace
[EtCOOH]: 0.24 mmol (0.18 M)
[MeCOOH]: 0.12 mmol (0.09 M)
[HCOOH]: 0.05 mmol (0.04 M)
Condensate Composition:
Aqueous Phase (3.09 g)
(H*]: 31.2 mmol (14.1 M)
(EtCOOH]: 0.94 mmol (0.42 M) ‘ ‘ ‘
[MeCOOH]: 0.29 mmol (0.13 M) 0 20 40 60 8
Organic Phase (0.04 g) - Time (min)
[BuONO2]: 0.32 mmol (8.23 M)
Material Balance
Carbon loss from residue = 4.71 mmol Carbon present in gas = 1.21 mmol
Nitrogen loss from residue = 10.93 mmol  Nitrogen present in gas = 2.18 mmol

- 150

301

8

201

Terﬁperature 0

—%— V(ni/m)
—O— Temp Q)

10 1

Gas Volume (ml/ml TBP Charged)
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WSRC—RP-95-259
Results of Experiment No. 153 (Const. Pressure, Two Phase)

Bath Temperature: 180 °C Acid concentration: 6 M
Sample Volume: 2.0 mL of each phase Atmosphere: Helium
Distillation/Refluxing D '

Before Reaction:

Sample Weight:  2.20 g of organic and 2.83 g of aqueous phase

[H+]: 11.50 mmol (5.75 M, organic) and 30.08 mmol (15.04 M, aqueous)
{(H201: 3.76 mmol (1.88 M, organic) [TBPI: 5.32 mmol (2.66 M)
After Reaction: '
Sample Weight: 1.32 g of organic phase (loss = 0.88 g) and no aqueous phase

Total Gas Volume: 75 mL (25 °C, 1 atm)
Gas Composition: No O CO CO2 NO NoO He
total mol % 13 0 2.3 9.6 152 18 46.9

normalized mol % 43 0 76 318 503 60
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
H+: 2.98 mmol (2.26 M)

[H201: 0.90 mmol (0.68 M)

[TBP]: 3.02 mmol (2.29 M) 50 200
[DBPI 1.76 mmol (1.33 M) 1

[MBP]: 0.54 mmol (0.41 M) 10-

[BuONOg2}: trace

[EtCOOH]: 0.21 mmol (0.16 M)
[MeCOOH]: 0.10 mmol (0.08 M)
[HCOOH]: 0.07 mmol (0.05 M)
Condensate Composition:
Aqueous Phase (3.08 g)

[(H*]: 31.57 mmol (14.35 M)
[EtCOOH]: 0.92 mmol (0.42 M) 0
[MeCOOH]: 0.31 mmol (0.14 M)

Organic Phase (0.04 g)

[BuONO2]: 0.34 mmol (8.74 M)

Material Balance

Carbon loss in residue = 5.72 mmol Carbon present in gas = 1.21 mmol
Nitrogen loss in residue = 10.9 mmol Nitrogen present in gas = 2.18 mmol

30
100

20

Temperature (°C)

—8— V(mi/ml)
—— Temp(°Q)

10 1

Gas Volume (ml/ml TBP Charged)

0 10 20 30 40

Time (min)
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Results of Experiment No. 154 (Const. Pressure, Two Phase)

Reaction Conditions:

Bath Temperature: 130°C Acid concentration: 6 M
Sample Volume: 2.0 mL of each phase Atmosphere: Helium
Distillation/Refluxing D

Before Reaction:

Sample Weight: 2.19 g of organic and 2.82 g of aqueous phase

[H+]: 11.50 mmol (5.75 M, organic) and 30.08 mmol (15.04 M, aqueous)
[H201: 3.76 mmol (1.88 M, organic) (TBP}: 5.32 mmol (2.66 M)
After Reaction:
Total Gas Volume: 167 mL (25 °C, 1 atm)
Gas Composition: No O CO COg NO NoO He

total mol % 48 0 19 490 0.8 08 69.9

normalized mol % 390 O 154 325 65 65
Residue Weight: 1.14 g of organic phase (loss = 1.05 g) and no aqueous phase
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
[H+: 4.71 mmol (4.13 M) [H20]: 0.78 mmol (0.68 M)
[TBPI: 2.16 mmol (1.89 M)
[DBPI: 2.50 mmol (2.19 M) 1%0 o
[(MBP]: 0.66 mmol (0.58 M) !
[BuONOg2]: 0.16 mmol (0.14 M) -120
[PrCOOH]: trace
[EtCOOH]: 0.14 mmol (0.12 M)
[MeCOOH]: 0.09 mmol (0.08 M)
[HCOOH]: 0.02 mmol (0.02 M)
Condensate Composition:
Aqueous Phase (2.75 g)
[H+]: 26.83 mmol (12.88 M)
[EtCOOH]: 1.13 mmol (0.55 M) : 0
[MeCOOH]: 0.56 mmol (0.27 M) 0 1y 200
Organic Phase (0.18 g) Time (min)
[BuONO9o] 1.44 mmol (8.63 M)
Material Balance
Carbon loss from residue = 3.75 mmol Carbon present in gas = 3.27 mmol
Nitrogen loss from residue = 14.20 mmol  Nitrogen present in gas = 6.66 mmol

- 100

- 80

Temperature (°C)

—®— V(mi/ml)
—— Temp (°C)

Gas Volume (ml/ml TBP Charged)
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WSRC-RP-95-259

Results of Experiment No. 155 (Const. Volume, Two Phase)

Reaction Conditions:
Bath Temperature: 150 °C Acid concentration: 6 M
Sample Volume: 2 ml of each phase Atmosphere: Helium
Before Reaction:
Sample Weight:  2.18 g of organic and 2.80 g of aqueous phase
[H+: 11.50 mmol (5.75 M, organic) and 30.08 mmol (15.04 M, aqueous)
[HoO1: 3.76 mmol (1.88 M, organic) [TBPI: 5.32 mmol (2.66 M)
After Reaction:
Total Gas Pressure: 17.5 atms (25 °C, volume = 58 ml)
Gas Composition: No 0O2 CO CO2 NO N2O He
total mol % 53 O 143 364 236 124 46
normalized mol % 58 O 155 396 257 135
Residue Weight: 1.09 g of organic phase (loss = 1.09 g) and 2.03 g of aqueous
phase (loss = 0.77 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
Organic Phase (1.09 g)

[H+: 5.79 mmol (5.31 M, organic) [H20): 3.96 mmol (3.63 M, organic)
[TBPI: 1.05 mmol (0.96 M)

[DBP:  2.10 mmol (1.93 M) o 7 e

[MBP:  1.19 mmol (109 M) 8 -

[BuONOgl: 0.32 mmol (0.29 M) I R

[PrCOOH]: 1.84 mmol (1.69 M) o =

[EtCOOH]: 1.84 mmol (1.69 M) = .

[MeCOOHI: 1.14 mmol (1.05 M) T ] .

[HCOOH]}: trace g i

Aqueous Phase (2.03 g) g 21

[H+]: 9.31 mmol (5.41 M) g

[EtCOOH]: 1.62 mmol (112 M) a |,

[MBP:  0.97 mmol (0.69 M) 00 e g
[(MeCOOH]: 1.63 mmol (1.12 M) Time (min)

Material Balance

Carbon loss from residue = 1.12 mmol Carbon present in gas = 22.89 mmol
Nitrogen loss in residue = 37.15 mmol Nitrogen present in gas = 26.71 mmol
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Results of Experiment No. 156 (Const. Volume, Two Phase)

Acid concentration: 3M
Atmosphere: Helium

150°C
2 ml of each phase

Bath Temperature:
Sample Volume:
Before Reaction:
Sample Weight: 2.08 g of organic and 2.44 g of aqueous phase
[H*]: 6.00 mmol (3.00 M, organic) and 11.50 mmol (5.75 M, aqueous)
[H201: 2.96 mmol (1.48 M, organic) [TBPIL: 5.68 mmol (2.84 M)
After Reaction:
Total Gas Pressure:
Gas Composition: No O9
total mol % 55 0 170 363 141 125 139
normalized mol % 64 O 199 425 165 146
Residue Weight: 1.85 g of organic phase (loss = 0.23 g) and 2.06 g of aqueous
phase (loss = 0.38 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
Organic Phase

6.0 atms (25 °C, 58 mL volume)
CO CO9 NO NoO He

(H+): 6.18 mmol (3.34 M)

[(Hz0l: 5.03 mmol (2.72 M) o

[TBPI: 2.58 mmol (1.39 M) :«:’ 3.0 ELLh
(DBPI: 1.69 mmol (0.91 M) ® =

[MBPI: 1.03 mmol (0.56 M) 3 =3
[BuONOgl: 1.31 mmol (0.71 M) 5 20 .

[PrCOOH]: trace 2 "

[EtCOOH]: 1.27 mmol (0.69 M) E

[MeCOOH]: 0.31 mmol (0.17 M) ¥ 10 -
[HCOOH]: trace %
Aqueous Phase i .

(H*1: 4.90 mmol (2.56 M) O oe . .
[EtCOOH]: 0.49 mmol (0.26 M) ° » e %0
[MBP]: 0.39 mmol (0.20 M) Ut (it

[MeCOOH]: 0.61 mmol (0.32 M)
Material Balance v

Carbon loss from residue = 5.76 mmol
Nitrogen loss from residue = 11.54 mmol

Carbon present in gas = 8.89 mmol
Nitrogen present in gas = 8.33 mmol
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Results of Experiment No. 157 (Const. Volume, Two Phase)

Reaction Conditions:
Fath Temperature:
Sampie Volume:
Before Reaction:
Sample Weight: 2.16 g of organic and 2.85 g of aqueous phase

[(H+]: 11.50 mmol (5.75 M, organic) and 30.08 mmol (15.04 M, aqueous)
[H201: 3.76 mmol (1.88 M, organic) [TBPL 5.32 mmol (2.66 M)
After Reaction:
Total Gas Pressure:

6M
Helium

Acid concentration:
Atmosphere:

130°C
2 ml of each phase

12.1 atms (25 °C, 58 mL volume)

Gas Composition: Nog O2 CO CO2 NO N9O He
total mol % 65 O 144 365 255 59 70
normalized mol % 73 O 162 414 287 66

Residue Weight: 1.58 g of organic phase (loss = 0.58 g) and 2.10 g of aqueous
phase (loss = 0.75 g)

Residue Compositidn: (by acid-base titration, Karl-Fisher titration and 1H NMR)

Organic Phase (1.58 g)

[(H*]: 9.01 mmol (5.70 M)

[H01: 8.17 mmol (5.17 M) c s

[TBPI: 1.95 mmeol (1.23 M) 8 ) " "
[DBPL 1.94 mmol (1.23 M) En "
{MBPI: 1.42 mmol (0.90 M) & 41 "
[BuONOgl: 0.21 mmol (0.13 M) &

[(PrCOOH]: trace S 3

[EtCOOH}:  1.30 mmol (0.82 M) R

[MeCOOH]J: 0.86 mmol (0.54 M) A

[HCOOH]: trace g ) -'
Aqueous Phase (2.10 g) = t

(H+: 12.57 mmol (7.18 M) o , ‘
[PrCOOH]: trace 0 100 2
[EtCOOH]: 0.65 mmol (0.37 M) Time (min)
(MeCOQOH]: 1.58 mmol (0.90 M)

Material Balance
Carbon loss from residue = 7.55 mmol
Nitrogen loss from residue = 28.96 mmot

A-26

Carbon present in gas = 16.54 mmol

Nitrogen present in gas = 16.23 mmol




s

3

WSRC-RP-95-259
Results of Experiment No. 158 (Const. Volume, Two Phase)

Reaction Conditions:
Bath Temperature: 180 °C Acid concentration: 6 M
Sample Volume: 2 ml of each phase Atmosphere: Helium
Before Reaction:
Sample Weight: 2.18 g of organic and 2.82 g of aqueous phase
(H+: 11.50 mmol (5.75 M, organic) and 30.08 mmol (15.04 M, aqueous)
{(HoO1: 3.76 mmol (1.88 M, organic) (TBPI: 5.32 mmol (2.66 M)
After Reaction:
Total Gas Pressure: 17.1 atms (25 °C, volume = 58 ml)
Gas Composition: No O2 CO CO2 NO N2O He
total mol % 86 O 219 414 34 173 54
normalized mol % 93 0 237 447 37 187
Residue Weight: 0.87 g of organic phase (loss = 1.31 g) and 2.14 g of aqueous
phase (loss = 0.68 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)

Organic Phase (0.87 g)

[H+]: 4.79 mmol (5.50 M) [H20]: 3.68 mmol (4.23 M)
[TBPL: *

[DBP}: * s

[(MBPI: * g -I... -
[BuONOgJ: * S e

[PrCOOH]: * B 6] gut"

[EtCOOH]: * 5 |

(MeCOOH]: * E N

(HCOOH]: * E

Aqueous Phase (2.14 g) § =

[H+]: 10.16 mmol (5.70 M) é‘ 24 '
[PrCOOH]: 0.45 mmol (0.25 M) £

[EtCOOH]: 1.03 mmol (0.58 M) 3

[MeCOOH]: 1.92 mmol (1.08 M) T T W 1o
[MBP}: 0.93 mmol ( 0.52 M) e (cminy

*  The presence of paramagnetic material made 1H NMR analysis unavailable
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Results of Experiment No. 159 (Const. Pressure, Two Phase)

Reaction Conditions:

Bath Temperature: 180 °C Acid concentration: 6M
Sample Volume: 1.5 mL of each phase Atmosphere: Helium

Distillation/Refluxing R
Before Reaction:
Sample Weight: 1.61 g of organic and 2.13 g of aqueous phase

[H+]: 8.63 mmol (5.75 M, organic) and 22.56 mmol (15.04 M, aqueous)
[H201: 2.82 mmol (1.88 M, organic) (TBP}L 3.99 mmol (2.66 M)
After Reaction:
Total Gas Volume: 417 mL (25 °C, 1 atm)
Gas Composition: Nog O CO CO2 NO N0 He

total mol % 149 O 137 178 171 44 18.7

normalized mol % 219 O 202 262 252 65
Residue Weight: 1.09 g of organic phase (loss = 0.52 g) and 1.72 g of aqueous
phase (loss =0.31 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)
Organic Phase (1.09 g)

[H+]: 6.32 mmol (5.80 M) '

[H20l: 3.56 mmol (3.27 M) 5 #‘m% - 120
[TBPI: 1.90 mmol (1.74 M) & :
[DBP:  182mmol(L67M) & 00
[MBP::  0.27 mmol (0.25 M) & e
[BuONOg]: 0.29 mmol (0.27 M) ] I
[PrCOOH]: trace :é §
[EtCOOH]: 0.50 mmol (0.46 M) : | 0§
[MeCOOH]: 0.29 mmol (0.27 M) cJ T Yl
(HCOOH]: trace é’ [
Aqueous Phase (1.72 g)

[H*: 12.62 mmol (9.54 M) " w | me | o

[EtCOOH]: 0.94 mmol (0.71 M) Time (min)

{MeCOOH]: 1.27 mmol (0.96 M)

Material Balance

Carbon loss from residue = 0.84 mmol Carbon present in gas = 7.92 mmol
Nitrogen loss from residue = 17.32 mmol  Nitrogen present in gas = 13.99 mmol
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Results of Experiment No. 160 (Const. Pressure, Two Phase)

Reaction Conditions:
Bath Temperature: 130°C : Acid concentration: 6 M

Sample Volume: 1.5 mL of ea.h phase Atmosphere: Helium
Distillation/Refluxing R

Before Reaction:

Sample Weight: 1.63 g of organic and 2.15 g of aqueous phase

[H+]: 8.63 mmol (5.75 M, organic) and 22.56 mmol (15.04 M, aqueous)
[H201: 2.82 mmol (1.88 M, organic) [TBP]: 3.99 mmol (2.66 M)
After Reaction:
Total Gas Volume: 342 mL (25 °C, 1 atm)
Gas Composition: No O CO CO2 NO N2O He

total mol % 165 O 164 162 105 44 24.3

normalized mol % 258 0 256 253 164 69
Residue Weight: 1.10 g of organic phase (loss = 0.53 g) and 1.69 g of aqueous
~ phase (loss = 0.46 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and !H NMR)

Organic Phase (1.10 g)

H+]: 6.05 mmol (5.50 M) 300
[H201: 3.89 mmol (3.54 M) _ | Lo
[TBPI: 1.77 mmol (1.61 M) A |
[DBP}: 1.81 mmol (1.64 M) LI L
(MBP]: 0.41 mmol (0.38 M) 'E =007 g
[BuONO2]: 0.15 mmol (0.14 M) = Fs0 ¥
[PrCOOH]: trace E g
[EtCOOHL: 0.41 mmol (0.38 M) 0l o0 E
[MeCOOH]: 0.25 mmol (0.22 M) E —— Vo =
[HCOOH]: trace 2 Temp O | teo
Aqueous Phase (1.69 g) ©
H: 12.91 mmol (9.93 M) g ' ™ 20

4] 100 200 300

(EtCOOH]: 0.70 mmol (0.54 M)
[MeCOOH]}: 1.09 mmol (0.84 M)
Material Balance

Carbon loss from residue = 3.91 mmol Carbon present in gas = 7.13 mmol
Nitrogen loss from residue = 17.16 mmol  Nitrogen present in gas = 11.45 mmol

Time (min)
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Results of Experiment No. 161 (Const. Pressure, Two Phase)

Reaction Conditions:

Bath Temperature: 150 °C Acid concentration: 6 M
Sample Volume: 2.0 mL of each phase Aimospbere: Helium
Catalyst: Zrd+ Distillation/Refluxing R

Before Reaction:
Sample Weight: 2.23 g of organic and 2.81 g of aqueous phase

[H]: 11.60 mmol (5.80 M, organic) and 30.90 mmol (15.45 M, aqueous)
[H20]: 6.54 mmol (3.27 M, organic) [TBP]: 5.12 mmol (2.56 M)
After Reaction:
Total Gas Volume: 82 mL (25 °C, 1 atm)
Gas Composition: Ng O CO CO2 NO N20O He

total mol % 3.8 0 84 180 115 41 371

normalized mol % 83 0 183 393 251 90
Residue Weight: 1.10 g of solid residue
Residue Composition: (by acid-base titration, Karl-Fisher titration and !H NMR)
[H+]: N/A**

[H20l: N/A**
[TBP}: 2.93 mmol _
[DBPI: 2.19 mmol 3 10
[BuONOgl: 0.86 mmol £
[EtCOOH]: 0.35 mmol - 5
[MeCOOHI: 0.16 mmol £ 0 o S
[HCOOH]: 0.03 mmol £ [ =
Condensate Composition: % 20 qé-
Aqueous Phase (3.09 g) E Lo F
(H*: 31.03 mmol (14.06 M) > 10 o e |
[MBPI: 0.34 mmol (0.15 M) G
[EtCOOH]: 0.99 mmol (0.45 M) 0 . : . 0

¢] 20 40 60 80

[MeCOOH]: 0.23 mmol (0.10 M)
Organic Phase (0.07 g)

[BuONOs9] 0.59 mmol (8.67 M)
Material Balance ‘
Carbon loss from residue = 0.85 mmol Carbon present in gas = 1.94 mmol

** Not available because of solid residae

Time (min)
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Results of Experiment No. 162 (Const. Volume, Two Phase)

Reaction Conditions:

Bath Temperature: 150 °C Acid concentration: 6 M
Sample Volume: 1 ml of each phase Atmospb-re: felium
Catalyst: Zr+

Before Reaction:
Sample Weight: 1.12 g of organic and 1.44 g of aqueous phase
[H+]: 5.80 mmol (5.80 M, organic) and 14.45 mmol (14.45 M, aqueous)
[Ho01: 3.27 mmol (3.27 M, organic) [TBPI: 2.56 mmol (2.56 M)
After Reaction:
Total Gas Pressure: 7.9 atms (25 °C, 58 mL volume)
Gas Composition: No Og CO CO2 NO NoO He
total mol % 48 0 164 379 150 116 114
normalized mol % 56 O 191 42 175 135
Residue Weight: 0.48 g of organic phase (loss = 0.64 g) and 0.91 g of aqueous
phase left (loss = 0.53 g)
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)

Organic Phase (0.48 g)

[H+: N/A** .
Ho01: N/A**

[TBP: 0.56 mmol v - "
[DBPI: 1.00 mmol 6 “n'

[MBP]: 0.56 mmol
(BuONO32}: 0.37 mmol
[PrCOOH]: 0.72 mmol
[EtCOOH]: 0.72 mmol
[(MeCOOH]: 0.54 mmol
Aqueous Phase (0.91 g)

Gas Pressure (atm/imL TBl’.Chargcd, 25 ()

[H+): 3.00 mmol (4.33 M) .
[EtCOOHI: 0.80 mmol (1.16 M) s o e
[MBP}: 0.43 mmol (0.62 M) )

Time (min)

[MeCOOH]: 0.96 mmol (1.39 M)

+* Not available because of solid residue
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Results of Experiment No. 163 (Const. Volume, Single Phase)

Reaction Conditions:

Bath Temperature: 150°C Acid concentration: tM
Sample Volume: 5 ml Atmosphere: Helium
Catalyst: Zri+

Before Reaction:
S