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P r e f a c e  

The enclosed final report, GTRSR-023, "Thermal De 

W S R C - R P - 9 5 - 2 5 9  

siti n 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. 
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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. EGgher 
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/HN03 and the H N O G P  molar ratios, and whether the decomposition occurs at 
isobaric or constant volume conditions. Higher gaseous production results from condensate 
reflux, lower H20/HN03 ratios, and with excess HN03 and water present as a second liquid 
phase. Principal gaseous products include N2, CO, C O 2 ,  NO and N20. Measurable 
concentrations of NO;! were not observed, although gas coloration indicative of No2 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 
H20/HN03 molar ratios. Runaway reactions were not observed under the conditions of this 
study. Possible reaction mechanisms and pathways are discussed. 
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I. INTRODUCTION 

i 

Contact between tributyl phosphate (T€3P) and aqueous solutions of nitric acid and/or 
heavy metal nitrate salts at elevated temperatures can lead to exothermic reactions of 
explosive violence. Even thoufh such o_Derations have been routinely performed safely for 
decades as an intrinsic part of the :'=ex separatian processes, several so-called "red oil" 
explosions are known to have occurred in the United States, Canada, and the former 
Soviet Union.12 The most recent red oil explosion occurred at the Tomsk-7 separations 
facility in Siberia, in April, 1993. That explosion destroyed part of the u n r e i n f o ~  
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.i2 The recent Tomsk-7 explosion has 
renewed concerns about h e x  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 a c i m p  proce~ses.~ The data suggest 
that vent areas per unit mass greater than - l ~ l O - ~  m 2 / g  would prevent 
overpressurization in such systems. Differential scanning calorimetry was used to 
determine the energy release in open (vented) nitric acidEE3P reactions;43 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-~anyon.~ 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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II. EXPERIMENTAL PROCEDURES 

II.1. Sample and standards preparation 

Samples were prepared using the highest purity reagents that were available. Tri-n-butyl 
phosphate (TBP), 99%, was obtained from Aldicn Chemkc! Co. and used as nxeived 
Reagent grade nitric acid was diluted with distilled x~ter s ~!xluired. 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 HNO3 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 HN03 ( either concentrated or 9h4) that was saturated in zrO(NO& (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 B@V) salt. 

II.2. 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 inframi 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 
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measurement system. Runs done under reflux conditions had sample temperatures 
that were about 15 OC 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 or” e@!!itratetl 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 
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 infrsrred 
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 fjlled 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 lilling 
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. Dist i I la tion 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 procedum 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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11.3. 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 devi,:e (MU Baratron, 
Model 122A), rupture disk assembly, and separate outlets for connecri~i rrf a vxuwn 
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. 

II.4. Reactant and Product AnaIyses 

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 in imy 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-Packad 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 N2, 0 2 ,  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 mllmin. The second chromatograph 
was equipped with a Porapak Q column and was used for determination of CO, C02, and 
N20. 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 mumin. 

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 
CH2Cl2 internal standard). Residual nitric acid was determined in some instances by I4N 
NMR spectroscopy and in other cases by difference based upon the amount of DBP and 
MBP determined by 31P 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 zt(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/HNO3 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, =action 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 - 0  provide graphical comparisons of product distributions for related 
experiments. The next four sections will discuss the effects of temperature, acid 
concentration, zr(rv) 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 smarized 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 35%. Residual liquids and solids and, therefore, overall material 
balance estimate were less accurate because of the small quantities involved. 

III.l. 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 0; single phase, constant 
volume (I); two phase, constant pressure, distillation (Q; two phase, constant pressure, 
reflux (K); and two phase, constant volume (L). Reactions were conducted at bath 
temperatures of 130 OC, 150 OC, 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 
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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 OC 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 O C  and at 180 O 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. 

III.2 Effect of nitric acid concentration 

Appendices B-E give graphical summaries of the effects of nitric acid concentration on 
TBP reactions at 150 OC under the following conditions: single phase, constant pressure, 
distillation (€3); single phase constant volume (C); two phase, constant pressure, 
distillation @); and two phase, constant volume (E). Reactions were conducted using 
Tl3P 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 €€NO3 in all cases 
except Appendix D (two-phase, constant pressure, distillation) where a slightly higher 
amount of gas was generated using 3 M HNO3, appmntly 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 HNO, is 
consumed compared to 3 M HNO,. Also, twice as much C 0 2  is produced and the CO, 
NO and N20 concentrations are significantly higher. Both the increasing pressure, by 
reducing the rate of HN03 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. 

II1.3. Effect of ZrW) 

4+ Appendices M and N provide graphical summaries of the effects of presence of Zr on 
single phase reactions of TBP in 6 M nitric acid at 150 OC 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 11). In the experiments 
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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 Zr slightly increases the extent of reaction, Le. 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 

4+ from Fig. M-3. For the constant volume experiments, however, the presence of ZS 
produces an overshoot in the pressure transient (Le. gas production rate), as can be seen in 
Figure N-3. This phenomenon was observed only for constant volume experiments in the 
presence of E&, 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 Zr&, the gas composition appears to be 
signifkantly affected with a relatively large increase in the amount of nitrogen produced 
and a total absence of nitric oxide (Fig. N-2). 

4+ 

III.4. 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 O 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 Erom Fig. F-1 removal of water from the 
reactants will significantly increase the extent of the reaction, i.e. the amount of gas 
produced per mole TBP charg&, the normalized gas production (mole/mole TBP) nearly 
doubles. The normalized gas composition is also affected (Fig. F-2) with signifhnt 
increases in the fractions of nitrogen and nitric oxide and corresponding reductions in the 
fraction of CO and 0 2 .  The N20 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 BuON02 per mole TBP charged are all reduced. 

III.5. Possible Origins of Products 

It is impossible to suggest precise mechanisms of formation for al l  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 s o w  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-0 bond to give 1-butanol (reaction 1) or transesterifkation 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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Studies by Moffat and Thompson' suggest that (2) is more important than (1) and that the 
presence of zr(rv) in the TBP phase can accelerate the decomposition of TBP. The 
litera- 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 I-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, N02, N203 and HONO. The following reactions account for 
the autocatalysis and for the production of the actual oxidants. 

3HONO -+ HONG + 2 NO + H20 (4) 

N204 + 2 NO + 2 H20 = 4 HONO (7) 

NO + NO2 = N203 = NO+ + NO; (8) 

Nitric oxide, nitrous oxide and nitrogen are typical reduction products from nitric acid 
oxidations; however, it is well established that N2 can only arise from nitric acid provided 
negative oxidation states are frst 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 (HzNOH), which can be formed by hydrolysis of oximes. Oximes can 
form by tautomerization of nitroso aLkanes (RCHzNO), 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). 

RCH2NO -+ RCH =NOH (9) 

RCH = NOH + H,O + RCHO + HZNOH (10) 

8 
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The oxidation of hydroxyl amine has been investigated under acidic conditions."*'2 
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 (&elimination, reaction 11) or olefin (B- 
elimination, reaction 12). Homolytic cleavage of the N-OC bond is also a possibility 
(reaction 13) 

PrCH2ON02 + M H O  + HONO 

EtCHzCHzONO + EtCH=CH2 + HONO 

PrCH20NO 3 PrCH20 + NO2 (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." Degradation of 
carboxylic acids by nitric acid to give smaller carboxylic acids, Le., butanoic to propanoic, 
and carbon monoxide and carbon dioxide is well hown 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 pxesent time. It might be possible to 
provide an interpretation of these differences if more concrete mechanistic information 
weic dvailable. 

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 ni~rate*~-l~, which would reduce the rate of the 
initial reaction may be sigruficant. 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, €or example, should be 
examine& 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 0 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 &-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 
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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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TABLE 1 

LIST OF COMPLETED EXPERIMENTS 

I. Single Phase 

1, Constant Pressure 

Exp. No Bath TemD Acid in TBP RefluxindDistillation 

136 150 "C 
137 . 150°C 
139 130 "C 
140 150 "C 
141 180 "C 
144 150 "C 
145 130 "C 
146 180 "C 

2. Constant Volume 

3 M  
6 M  
6 M  
6 M  
6 M  
6 M  
6 M  
6 M  

Exp. No Bath TemD Acid in TBP 

134 
I35 
142 
143 
163 

150 "C 
150 "C 
130 "C 
180 "C 
150 "C 

11. Two Phase 

I, Constant Pressure 

3 M  
6 M  

6 M  
6 M  

. 6 M  

D 
D 
D 
D 
D 
R 
R 
R 

- z++ 

Exp. No Bath TemD Acid in TBP RefluxindDistillation 

150 
151 
152 
153 
154 
159 
160 
161 

150 "C 
150 "C 
150 "C 
180 "C 
130 "C 
180 "C 
130 "C 
150 "C 

6 M  
3 M  
6 M  
6 M  
6 M  
6 M  
6 M  
6 M  

R 
D 
D 
D 
D 
R 
R 
D 
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2. Constant Volume 

Exp. No Bath TemQ Acid in TBP z zr4+ 

155 150 "C 6M - 
156 150 "C 3M - 
157 130 "C 6M - 
158 180 "C 6M 
162 . 150°C 6 M  z++ 

III. Additional Experiments 

1. 

Exp. No BathTemD Acid in TBP Const. PressureNolume @+ 

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

Single Phase with No Water TBP (Purged Samples) 

2. Reproducibility Experiments 

Exp. No Checking Exp. No 

148A 137 
14233 136 
148c 140 
165 154 
166 163 
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APPEND= 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) 

150 "C 
5 m L  

Acid Concentration: 
Atmosphere: 

3M 
Helium 

Reaction Casditioris: 
Bath Temperature: 
Sample Volume: 
Before Reaction: 
Sample Weight: 5.10g 
m+1: 15.0 m o l  (3.00 M) 
m201: 7.42 m o l  (1.48 M) 
WPI: 14.20 m o l  (2.84 MI 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO C02 NO N2O He 

4.5 atms (25 "C, 58 mL volume) 

total  mol % 23.7 0 17.7 28.5 5.6 10.5 16.1 
normalized mol % 27.6 0 20.6 33.1 6.5 lZ.2 

4.65 g (weight loss = 0.45 g) Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
m+1: 8.79 m o l  (1.89 M) 
m201: 12.00 mmol(2.58 M) 
[TBP]: 9.94 m o l  (2.23 M) 
[DBP]: 4.26 mmol (0.95 M) 
@uON02]: 3.00 m o l  (0.65 M) 
Material Balance 
C lost  from residue: 
C present in gas: 

5.74 mmol 
5.04 mmol 

N lost from residue: 
N present in gas: 

7.47 mmol 
9.20 mmol 

0 20 10 60 80 100 

Time ( m i d  
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Results of Experiment No. 135 (Const. Volume, Single Phase) 

Reaction Conditions: 
Bath Temperature: 150 O C  Acid concentration: 6M 
Sample Volume: 5 m L  Atmosphere: Helium 
Before Reaction: 
Sample Weight: 5.10g 
m+1: 29.25 m o l  (5.85 M) 
m201: 9.40 m o l  (1.88 M) 
[rnP]: 13.23 mmol (2.65 M) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO CO2 NO N20 He 

total mol % 7.7 0 25.1 32.3 7.7 10.4 9.1 
normalized mol % 9.3 0 30.2 38.8 9.3 l2.5 

4.25 g (weight loss = 0.85 g) 

10.3 atms (25 "C, 58 mL volume) 

Residue Weight: 
Residue Composition (from acid-base titration, Karl-Fisher titration and 1H NMR) 
m+3: 12.79 m o l  (3.01 M) 
m201: 16.83 m o l  (3.96 M) 
[TBP]: 7.02 mmol (1.56 M) 
[DBP]: 6.21 m o l  (1.38 M) 
@3uONO2]: 3.51 mmol (0.83 MI 
Material Balance 
C lost from residue: 
C present in gas: 
N lost from residue: 
N present in gas: 

10.8 m o l  
16.9 mmol 
19.2 mmol 
12.9 mmol 

0 20 u3 60 80 100 

Time (mid 



I ?  

WSRC-RP-95-259 

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

150 "C 
5 m L  
D 

Acid concentration: 
Atmosphere: 

3M 
Helium 

Reaction Conditions: 
Bath Temperature: 
Sample Volume: 
RefluxingDistilIation 
Before Reaction: 
Sample Weight: 5.13g 
@+I: 15.00 m o l  (3.00 M) 
cH203: 7.40 mmoI(1.48 M) 
[TBPI: 14.20 mmol(2.84 M) 
After Reaction: 
Total Gas Volume: 165 mL (25 "C, 1 atm) 
Gas Composition: N2 0 2  CO C02 NO N20 He 

total mol % 3.5 0 18.0 29.8 3L4 8.4 3.5 
normalized mol % 3.8 0 19.8 327 34.5 9.2 

4.10 g (weight loss = 1.03 g) Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
cH+3 : 9.37 mmol (2.29 M) 
cH201: 3.15 m o l  (0.77 M) 
[TBP]: 9.42 mmol(2.30 M) 
@BPI: 4.78 mmol(1.17 M) 
BuONOg: 0.22 mmol (0.05 M) 
[MeCOOH: 0.22 mmol (0.05 MI 
Condensate Compositions: 
Aqueous Phase (0.41 g) 
[H+J: 2.21 m o l  (5.52 M) 
Organic Phase (0.30 g) 
@uON02]: 2.39 m o l  (8.20 M) 
Material Balance 
C lost from residue: 
C present in Gas: 

8.24 mmol 
3.55 m o l  
5.81 m o l  
4.10 m o l  

N lost from residue: 
N present in Gas: 

30 

20 

10 

- 150 

- 100 

-50.  

Time ( m i d  
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Results of Experiment No. 137 (Const. Pressure, Single Phase) 

Reaction Conditions: 
Bath Temperature: 150 "C 

RefluxingDistillation D 
Before Reaction: 
Sample Weight: 5.43g 
E+]: 28.75 mmol (5.75 M) 
cH201: 9.40 mmol (1.88 M) 
mp1: 13.25 mmol (2.65 M) 
After Reaction: 
Total Gas Volume: 235 mL (25 "C, 1 atm) 
Gas Composition: N2 0 2  CO CO2 NO N20  He 

total mol % 3.4 0 14.3 30.1 27.6 7.0 1.6 
normaIized mol % 4.1 0 17.4 36.5 33.5 8.5 

3.58 g (weight loss = 1.85 g) 

Sample Volume: 5 m L  

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
@+I: 7.88 mmol(2.20 MI 
E 2 0 I :  3.37 m o l  (0.94 iM) 
[TBP]: 7.91 mmol (2.21 M) 
DBP]: 5.33 m o l  (1.49 M) 
PuONOd: 0.51 mmol (0.14 M) 
Condensate Composition: 
Aqueous Phase (0.90 g) 
E+]: 8.60 mmoI(12.62 M) 
Organic Phase (0.42 g) 
DuONOd: 3.35 mmol(8.16 M) 
Material Balance 
C lost from residue: 
C present in Gas: 
N lost from residue: 
N present in Gas: 

5.88 m o l  
5.19 m o l  
13.7 mmol 
5.65 m o l  

v) 

u" 

Acid concentration: 
A t ~ o q  h e w  

6M 
Helium 

60 1 1 

30 

t o  

10 
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Results of Experiment No. 139 (Const. Pressure, Single Phase) 

Reaction Conditions: 
Bath Temperature: 130 "C 

DistillatiodReflwing D 
Before Reaction: 
Sample Weight: 5.45g 
m+1: 28.75 m o l  (5.75 M) 
cH201: 9.40 mmol(1.88 M) 
WPI: 13.30 m o l  (2.66 M) 
After Reaction: 
Total Gas Volume: 255 mL (25 "C, 1 atm) 
Gas Composition: N2 0 2  CO CO2 NO N20 He 

total mol % 2.3 0 9.5 27.8 44.2 5.9 1.6 
normalized mol 9% 26 0 10.6 31.0 49.3 6.6 

3.77 g (weight loss = 1.68 g )  

Sample Volume: 5 m L  

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
E+]: 13.5 m o l  (3.58 M) 
EsOl :  3.39 m o l  (0.90 M) 
[TBPI: 7.80 mmol (2.07 M) 
DBP]: 5.50 m o l  (1.46 M )  
BuON02]: trace 
Condensate Composition: 
Aqueous Phase (0.80 g) 
m+1: 7.03 mmol(11.60 M) 

Organic Phase (0.33 g) 
lJ3uONOzl: 2.63 m o l  (8.15 M) 
Material Balance 
C loss from residue = 11.48 m o l  
C present in gas = 
N loss from residue = 11.09 mmol 
N present in gas = 

4.34 m o l  

7.07 m o l  

Acid concentration: 
A tmo si ,here: 

6M 
Helium 
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Results of Experiment No. 140 (Const. Pressure, Single Phase) 

150 "C 
5 m L  
D 

Acid concentration: 
Atmosphere: 
Catalyst : 

6M 
Helium 
z++ 

Reaction Conditions: 
Bath Temperature: 
Sample Volume: 
Refluxing/Distillation 
Before Reaction: 
Sample Weight: 5.75g 
m+1: 29.25 m o l  (5.85 M) 
m201: 16.35 m o l  (3.27 M) 
mp3: 12.80 m o l  (2.56 M) 
After Reaction: 
Total Gas Volume: 246 mL (25 "C, 1 atm) 
Gas Composition: N2 0 2  CO C02 NO N20 He 

total mol % 3.6 0 11.9 28.3 24.4 5.0 6.9 
normalized mol % 4.9 0 16.3 36.7 33.3 6.8 

3.89 g (weight loss = 1.86 g) Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 

* m+1: 
[TBP]: 9.24 m o l  (2.38 M) 
[DBP]: 3.56 mmol (0.92 M) 
CMBPI: trace 
DuONOd: 2.12 m o l  (0.54 M) 
[PrCOOH]: trace 
[EtCOOE.rl: trace 
[MeCOOH]: 0.42 mmol (0.11 M) 
CHCOOH] trace 
Condensate Composition: 
Aqueous Phase (0.63 g) 
m+1: 5.73 m o l  (12.00 M) 
Organic Phase (0.89 g )  
@uON02]: 7.11 mmol(8.22 M) 
Material Balance 
Not available due to  the incompleteness of this set  of data 

a 
F 
Y 

4 

6 

cl 
E 
3 
E 
Y 

rn 

d 

50 

40 

30 

20 

10 

0 0 

Time (mid  

20 40 60 80 100 0 

* Not available because of solid residue 
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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: 5 mL Atmosphere: Helium 
Distillation/Refluxing D 
Before Reaction: 
Sample Weight: 5 . 4 g  
H+l: 28.75 mmol (5.75 M) [HzOI: 9.40 mmol (1.88 M) 
[TBP]: 13.30 mmol (2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: Nz Q CO Co;! NO N20 He 

total mol % 3.0 0 9.3 23.1 30.0 4.2 6.5 
normalized mol % 4.3 0 13.4 33.2 43.1 6.0 

3.37 g (weight loss = 2.07 g)  

227 mL (25 OC, 1 atm) 

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
W I :  7.01 m o l  (2.08 iM) 
EWl: 1.08 mmol (0.32 M) 
[TBP]: 8.01 mmol (2.38 MI 
[DBPJ: 4.34 mmol (1.29 M) B 

F 
s [MBP]: 

[BuON02]: 0.24 mmol (0.07 M) I z [PrCOOHl: trace II 

EEtCOOHJ: 0.16 m o l  (0.05 M) 
[MeCOOHl: 0.11 mmol (0.03 M) 

2 c 
[HCOOH]: 0.33 mmol ( 0.10 M) 
Condensate Composition: 3l 

rn 0.95 m o l  ( 0.28 M) 
;I 

E 
2 
E - 
a 

> 3 

Aqueous Phase (1.80 g )  5 
E+]: 17.19 m o l  (12.60 M) 
Organic Phase (0.33 g> 
CBllONO~: 2.63 m o l  (8.20 MI 
Material Balance: 
C loss from residue = 12.45 mmol 
N loss from residue = 8.52 mmol 

C present in gas = 4.33 mmol 
N present in gas = 5.92 mmol 
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Results of Experiment No. 142 (Const. Volume, Single Phase) 

Acid concentration: 
Atmosphere: 

6M 
Helium 

Reaction Conditions: 
Bath Temperature: 130 "C 

Before Reaction: 
Sample Weight: 5.42g 
m+1: 29.25 mmol (5.85 M) 
m201: 9.40 m o l  (1.88 M) 
[TBPI: 13.30 mmol (2.66 M) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO CO2 NO N20 He 

total mol % 7.7 0 20.3 32.1 15.7 7.0 9.0 
normalized mol % 9.3 0 24.5 38.8 19.0 8.5 

4.67 g (weight loss = 0.75 g) 

Sample Volume: 5 m L  

8.7 atms (25 O C ,  58 mL volume) 

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
Organic Phase (4.41 g) 
m+1: 16.35 m o l  (3.50 M) 
IH203: 13.03 mmol (2.79 M) 
[rnP]: 7.88 mmol (1.56 M) 
DBP]: 5.42 mmol(1.38 M) 
IMBPI: trace 
(BuONO~]: 1.66 m o l  (0.70 M) 
[PrCOOH]: trace 
CEtCOOHJ: 2.25 m o l  (0.48 M) 
[MeCOOHl: 0.79 m o l  (0.17 M) 
BCOOH]: trace 
Aqueous Phase (0.26 g> 
B+l: 1.19 m o l  (5.50 M) 
CBuONOd: trace 
Material Balance 

E 
2 
E 
m 

c 

0 100 

Time (mid  

Carbon loss from residue = 6.71 mmol 
Nitrogen loss from residue = 18.51 mmol 

Carbon present in gas = 13.07 m o l  
Nitrogen present in gas = 11.27 m o l  
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Results of Experiment No. 143 (Const. Volume, Single Phase) 

Reaction Conditions: 
Bath Temperature: 180 "C Acid concentration: 6M 
Sample Volume: 5 m L  Atmosphere: Helium 
Before Reaction: 
Sample Weight: 5.46g 
m+1: 28.75 mmol(5.75 M) 
cH201: 9.40 m o l  (1.88 M) 
[TBPI: 13.30 m o l  (2.66 M) 
After Reaction: 
Total Pressure: 
Gas Composition: N2 0 2  CO C02 NO N20 He 

total mol % 8.3 0 26.0 35.0 5.3 13.2 6.0 
normalized mol % 9.5 0 29.6 39.9 6.0 15.0 

4.29 g (weight loss = 1.17 g) 

10.8 atms (25 "C, 58 mL volume) 

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
Organic Phase 
W+l: 16.04 m o l  (3.74 M) 
cH201: 22.61 m o l  (5.27 M) 
CTBPI: 5.41 m o l  (1.26 M) 
DBP]: 5.54 m o l  (1.29 M) 
[MBPI: 2.35 m o l  (0.55 M) 
CBuON023: 1.08 mmol(0.25 M) 

[PrCOOH]: Trace 
[EtCOOHJ: 1.42 m o l  (0.33 M) 
[MeCOOH]: 1.29 m o l  (0.30 M) 
CHCOOH]: 0.34 m o l  (0.08 M) 
Aqueous Phase (0.17 g )  
m+1: 0.64 m o l  (4.52 M) 
[BuONOfj: trace 
Material Balance 

DU-OKJ: 1.02 m o l  (0.24 M) 

...a 
m 

m 

Carbon loss from residue = 25.38 mmol 
Nitrogen loss from residue = 24.28 mmol 

Carbon present in gas = 17.81 m o l  
Nitrogen present in gas = 14.10 m o l  
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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 
DistillatiodRefluxing R 
Before Reaction: 
Sample Weight: 5.43g 
CH+l: 29.0 mmol(5.80 M) 
CH201: 9.40 m o l  (1.88 M) 
[TBP]: 13.3 m o l  (2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO C 0 2  NO N f l  He 

312 mL (25 "C, 1 atm) 

total mol % 26 0 7.0 16.6 40.7 3.5 2L8 
normalized mol % 3.7 0 9.9 23.6 57.8 5.0 

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

4.83 g (loss = 0.60 g) 

Organic Phase (4.52 g) 
E+]: 18.13 m o l  (4.01 M) 
E 2 0 1 :  10.94 mmol(2.42 M) 
[T€3P]: 8.39 m o l  (1.86 MI 
DBP]: 4.91 m o l  (1.09 M) 
CMBPI: Trace 
Q3uONOd: 2.62 m o l  (0.58 MI 
[PrCOOH] trace 
@3COOH]: 0.74 m o l  (0.16 M) 
[MeCOOa: 0.65 m o l  (0.14 M) 
[HCOOIFJ: trace 
Aqueous Phase (0.31 g)  
E+]: 2.05 m o l  (8.26 M) 

[BuONOA: trace 
M a t e r i a l  Balance 

L W  

- 120 

- 100 

-80 

-60 

40 / 1 
i 20 

0 100 200 300 

Time (mid  

e - 
Y h 
3 

Y 

- 
E 

F 

Carbon loss in residue = 5.64 mmol 
Nitrogen loss in residue = 12.50 mmol 

Carbon present in gas = 4.28 m o l  
Nitrogen present in gas = 9.60 mmol 
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Results of Experiment No. 145 (Const. Pressure, Single Phase) 

Reaction Conditions: 
Bath Temperature: 130 "C Acid concentration: 
Sample Volume: 5 m L  Atmosphere: 
DistillatiodRefluxing R 
Before Reaction: 
Sample Weight: 5.41g 
W+I: 28.75 mmol (5.75 M) 
B201: 9.40 m o l  (1.88 M) 
CTBPI: 13.30 m o l  (2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO COz NO N20 He 

351 mL (25 "C, 1 atm) 

total mol % L4 0 6.7 19.4 47.0 3.9 15.9 
normalized mol % 1.8 0 8.5 24.7 59.9 5.0 

4.74 g (weight loss = 0.67 g) Residue Weight: 

6 M  
Helium 

Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR)  
E+]: 19.01 m o l  (4.01 M) 
~ 2 0 1 :  6.73 m o l  (1.42 M) 
ETBPI: 8.30 mmol(1.75 M) 
[DBPJ: 5.00 m o l  (1.05 M) 
CMBPI: Trace 
CBuONOd: 2.42 mmol (0.51 M) 
[PrCOOH]: trace 
[EtCOOH]: 0.61 mmol (0.13 M) 
[MeCOOHl: 0.61 m o l  (0.13 M) 
ECOOH]: trace 
Material Balance 
C loss from residue: 

N loss from residue: 
N present in  gas: 

7.27 m m o l  
4.77 m o l  
13.54 m o l  
10.55 m o l  

C present in gas: 

A-I2 
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Results of Experiment No. 146 (Const. Pressure, Single Phase) 

Reaction Conditions: 
Bath Temperature: 180 "C Acid concentration: 6M 
--a G-nnle Volume: 5 m L  Atmosphere: Helium 
Refluxing/Distillation R 
Before Reaction: 
Sample Weight: 5.43g 
m+1: 28.75 mmol(5.75 M) 
E 2 0 1 :  9.40 m o l  (1.88 M) 
mp1: 13.30 m o l  (2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO C02 NO N20 He 

432 ml(25 OC, 1 atm) 

total mol % LO 0 4.1 2L1 47.3 5.2 14.9 
normalized mol % L3 0 5.2 26.8 60.1 6.6 

4.66 g (weight loss = 0.77 g) Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
Organic Phase (4.01 g) 
CH+l: 
w201: 12.6 mmol (3.14 M) 
[?'BPI: 

CMBPI: 
CBuONOd: 3.14 m o l  (0.78 M) 
[PrCOOHl: trace 
mtCOOH3: 1.13 mmol(0.28 M) 
[MeCOOHl: 0.64 mmol(0.16 M) - g 20 
[HCOOH3: trace I 

c? Aqueous Phase (0.65 g) 
B+l: 4.26 m o l  (7.87 M) 0 100 

Material Balance 
Carbon loss from residue =9.53 mmol 
Nitrogen loss from residue = 13.25 mmol 

16.56 mmol (4.13 M) 
100 

7.24 mmol (1.81 M) 2 
$ 80 

E 6 0  

s @BPI: 5.43 mmol (1.35 M) u 
0.63 m o l  (0.16 M) L 

a 
E 
4 
E - 4 0  

E 

\ 

0)  

I 

0 

(BuONO~]: trace Time (mid 

Carbon present in gas = 5.65 m o l  
Nitrogen present in gas = 13.41 m o l  
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Results of Experiment No. 147A (Const. Pressure, Single 
Phase, No Water) 

Reaction Conditions: 
Bath Temperature: 150 "C Acid concentration: 3M 
Sample Volume: 5 m L  Atmosphere: Helium 
Refluxing/Distillation D 
Before Reaction: 
Sample Weight: 5.13g 
m+1: 15.75 m o l  (3.15 M) CH201: 0 mmol 
[TBPJ: 15.85 m o l  (3.17 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO COS NO N20 He 

289 mL (25 OC, 1 atm) 

total mol % 5.0 0 8.4 23.5 34.1 5.7 10.0 
normalized mol % 6.5 0 11.0 30.6 44.5 7.4 

4.17 g (weight loss = 0.97 g)  Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
H+I: 7.38 mmol(1.77 M) 
cH201: 2.63 mmol (0.63 MI 
mp1: 11.57 m o l  (2.77 M) 
DBP]: 4.18 mmol(l.00 M) 
[MeCOOH]: 0.13 mmoi (0.03 M) 
Condensate Composition: 
Aqueous Phase (0.20 g) 
m+1: 1.45 m o l  (9.44 M) 
Organic Phase (0.32 g) 
[BuON02] 2.55 mmol(8.61 M) 
Material Balance 
C loss from residue: 6.26 m o l  
C present in gas: 3.89 mmol 
N loss from residue: 8.64 m o l  
N present in gas: 8.55 m o l  

A-14 
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Results of Experiment No. 147B (Const. Volume, Single Phase, 
No Water) 

Reaction Conditions: 
Bath Temperature: 150 "C 

Before Reaction: 
Sample Weight: 5.15g 
m+1: 15.75 mmol (3.15 M) 
IH201: 0 mmol 
WPI: 15.85 mmol (3.17 M) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 02 CO C02 NO N20 He 

Sample Volume: 5 m l  

5.4 atm (25 "C, 58 mL volume) 

total mol % 23.4 0.7 20.1 24.4 0 9.0 14.0 
normalized mol % 30.2 0.9 25.9 31.4 0 ll.6 

4.68 g (weight loss = 0.47 g) Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
@+I: 8.85 m o l  (1.89 M) 
IH201: 9.69 m o l  (2.07 M) 
[TBP]: 11.20 m o l  (2.39 M) 
DBP]: 4.55 mmol(0.97 M) 
DUONO~]: 1.86 m o l  (0.40 M) 
[PrCOOH]: 0.65 m o l  (0.14 M) 
(EXCOOHI: 0.48 mmol(O.10 M) 
[MeCOOHJ: 1.01 mmol(0.22 M) 
CHCOOH]: 0.16 m o l  (0.03 MI 
Material Balance 
C loss from residue: 4.54 m o l  

7.35 m o l  
N loss from residue: 11.89 mmol 
N present in gas: 10.72 m o l  

C present in gas: 

Acid Concentration: 
Atmosphere: 

3M 
Helium 
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Results of Experiment No. 148A (Const. Pressure, Single 
Phase) 

Bath Temperature: 150 "c Acid concentration: 6M 
Sample Volume: 5mL Atmosphere: Helium 
RefluxingDistillation D 
Before Reaction: 
Sample Weight: 5.49g 
m+1: 28.75 m o l  (5.75 M) IHZOl: 9.40 m o l  (1.88 M) 
mp1: 13.25 mu101 (2.65 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO C02 NO N20 He 

243 mI, (25 "C, 1 a h )  

total mol % 1.5 0 9.0 18.6 18.6 4.1 27.4 
normalized mol % 29 0 17.4 35.9 35.9 7.9 

3.65 g (weight loss = 1.84 g) Sample Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
m+1: 7.98 mmol (2.19 M) 
CH201: 3.17 mmol(0.87 M) 
CTBPI: 8.36 mmol (2.29 M) 
DBP]: 4.89 m o l  (1.34 M) $ 6 0  

tBuONOZ]: 0.72 m o l  (0.14 M) 
[MeCOOKJ: 0.24 m o l  (0.07 M) E Condensate Composition: , a  
Aqueous Phase (0.98 g) 2 

H Organic Phase (0.22g) - 
8 

70 

e 
a s u 50 
L 

E 
E 30 

a 20 

Y [H+]: 9.21 m o l  (12.41 M) 

10 
DuON02]: 1.76 m o l  (8.23 M) m 

Material Balance 3 
C loss from residue: 9.16 m o l  0 

C present in Gas: 
N loss from residue: 
N present in Gas: 

0 20 .u) 60 so 100 

Time ( m i d  
5.30 m o l  
14.21 m o l  
5.72 mmol 
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Results of Experiment NO. 148B (Const.Pressure, Single Phase) 

Bath Temperature: 150 "CAcid concentration: 3 M  
Sample Volume: 5 mLAtmosphere: Helium 
RefluxingDistillation D 
Before Reaction: 
Sample Weight: 5.13g 
m+1: 15.00 mmol (3.00 M) 
D3201: 7.40 m o l  (1.48 M) 
WPI: 14.20 mmol (2.84 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO COS NO N20 He 

185 mL (25 O C ,  latm) 

total mol % 21 0 11.6 15.6 15.8 4.1 43.2 
normalized mol % 4.3 0 23.6 31.7 321 8.3 

3.92 g (weight loss = 1.21 g) Sample Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
m+1: 8.82 mmol(2.25 M) 
m201: 3.18 mmol(0.81 MI 
CTBPI: 9.57 mmol(2.44 M) 
DBP]: 4.63 mmol(1.18 M) 
LBuONOd: 0.54 mmol(0.14 M) 
[MeCOOHl: 0.34 mmol (0.09 M) 
Condensate Composition: 
Aqueous Phase (0.29 g) 
E+]: 1.60 mmol (5.78 M) 
Organic Phase (0.32 g) 
CBuONOd: 2.25 mmol(8.20 M) 
Material Balance 
C lost from residue: 
C present in Gas: 
C lost from residue: 

6.68 mmol 
4.19 m o l  
6.76 m o l  
4.34 m o l  C present in Gas: 

L 
30 

el 

2 
E - 20 

i a 
I 

10 
m 

d 
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-100 - 9 
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Results of Experiment No. 148C (Const. Pressure, Single 
Phase) 

Reaction Conditions: 
Bath Temperature: 150 "C 

Refluxing/Distillation D 
Before Reaction: 
Sample Weight: 6.04g 
B+l: 29.25 mmol(5.85 M) 
WPI: 12.80 mmol (2.56 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: Nz 0 2  CO COz NO N20 He 

Sample Volume: 5 m L  

228 mL (25 "C, 1 atm) 

total mol % L6 0 9.6 18.3 11.7 4.3 40.9 
normalized mol % 3.5 0 21.1 402 25.7 9.5 

4.14 g (weight loss = 1.90 g) Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
m+1: 
m201: 
CTBPI: 9.74 m o l  (2.35 M) 
fDBP]: 3.06 mmol(0.74 M) 
CMBPI: trace 
@uON02]: 2.05 mmol(0.50 M) 
[PrCOOH]: trace 
@X.COOHl: trace 
[MeCOOHl: 0.57 m o l  (0.14 M) 
WCOOH] trace 

* 
* 

Acia ec \centration: 
Atmosphere: 
Catalyst: 

6 M  
Helium 
zr4+ 

B201: 16.35 m o l  (3.27 M) 

b 

- 150 

s - 
-100 2 
I 

0) a 

* 
2 

-50 

0 
0 20 40 60 YO 100 

Time ( m i d  

Condensate Composition: 
Aqueous Phase (0.74 g) 
W+l: 6.93 mmol (12.36 MI 

Organic Phase (0.91 g) 
[BuONOd: 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 
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Results of Experiment No. 150 (Const. Pressure, Two Phase) 

Acid coiiceP tration: 6M 
Atmosphere: n a i u m  TT 1' 

Reaction Conditions: 
Bath Temperature: 150 "C 
Sample Volume: 
DistillatiodRefluxing R 
Before Reaction: 
Sample Weight: 
m+1: 
m201: 
[TBP]: 6.65 m o l  (2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 02 CO C02 NO N20 He 

2.5 mL each phase 

2.65 g of organic and 3.51 g of aqueous phase 
14.5 mmol (5.80 M, organic) and 36.13 mmol(14.45 M, aqueous) 
4.70 m o l  (1.88 M, organic) 

750 mL (25 "C, 1 atm) 

total mol % 6.9 0 0 24.2 40.1 6.4 20.7 
normalized mol % 8.9 0 0 31.2 51.7 8.2 

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

1.91 g of organic (loss=0.74 g )  and 3.05 g of aqueous (loss=O.56 g )  

Organic Phase 
m+1: 10.51 mmol (5.50 M) 
cH201: 6.25 m o l  (3.27 M) 
[TBP]: 3.40 m o l  (1.78 M) 
[DBP]: 3.25 m o l  (1.70 M) 
[MBP] : trace 
[BuONOd: 0.17 mmol (0.09 M) 
[PrCOOHJ: trace 
[EtCOO€€j: 0.35 mmol (0.18 M) 
[MeCOOHI: 0.19 mmol(O.10 M) 
[HCOOH]: trace 
Aqueous Phase 
[H+]: 22.02 mmol(9.24 M) 
[BuONO~]: trace 
Material Balance 
Carbon loss from residue = 10.89 m o l  
Nitrogen loss from residue = 21.72 mmol 

0 100 200 

Time (mid  

120 

40 

20 
300 

Carbon present in gas = 9.58 mmol 
Nitrogen present in gas = 26.36 m o l  
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Results of Experiment No. 151 (Const. Pressure, Two Phase) 

Reaction Conditions: 
Bath Temperature: 150 "C Acid concentration: 3 Id 
Sample Volume: 2.0 mL of each phase Atmosphere: Helium 
DistillatiodRefluxing D 
Before Reaction: 
Sample Weight: 2.04 g of organic and 2.46 g of aqueous phase 
cH+I: 6.00 mmol(3.00 M, organic) and 11.50 m o l  (5.75 M, aqueous) 
cH201: 2.96 mmol(1.48 M, organic) D P ] :  5.68 m o l  (2.84 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO CO2 NO N20 He 

101 mL (25 "C, 1 atm) 

total mol % 4.5 0 8.8 16.5 20.8 3.6 37.7 
normalized mol 96 8.3 0 16.2 30.4 38.4 6.6 

Residue Weight: 
Residue Compositions: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
m+1: 3.91 mmol (2.46 M) [H201: 0.65 m o l  (0.41 M) 
[TBP]: 3.13 mmol(1.97 M) 
[DBP]: 2.04 m o l  (1.28 M) 60 

CMBPI: 0.51 m o l  (0.32 M) 
IJ3uON021: 0.37 mmol (0.23 M) 
[Pr-COOHI: trace 
Et-COO€€J: 0.24 m o l  (0.15 M) 
[CH3COOHl: 0.09 m o l  (0.06 MI 
ECOOHI: 0.08 m o l  (0.05 M) - 
Condensate Compositions: 
Aqueous Phase (2.37 g) 
E+]: 11.5 m o l  (5.80 MI 3 
[MeCOOH]: 0.29 m o l  (0.15 MI 0 

1.59 g of organic phase (loss = 0.45 g> and no aqueous phase 

3 
P) p 50 
2 u = #  m 
b 
a 

rl 
$ 30 

E 
?! 20 C 
1 
3 
- 
> 
n 10 

Organic Phase (0.14 g) 
CBuON021: 1.12 m o l  (8.23 M) 

0 20 w 60 so 100 

Time (mid 

Material Balance 
Carbon loss from residue = 5.30 m o l  
Nitrogen loss from residue = 4.36 rnmol 

Carbon present in gas = 1.92 mmol 
Nitrogen present in gas = 2.82 mmol 
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Results of Experiment No. 152 (Const. Pressure, Two Phase) 

Reaction Conditions: 
Bath Temperature: 150 "C Acid concentration: 6M 
Sample Volume: 2.0 mL of each phase Atmosphere: Helium 
DistillatiodRefluxing D 
Before Reaction: 
Sample Weight: 
m+1: 11.50 m o l  (5.75 M, organic) and 30.08 mmol(15.04 M, aqueous) 
m201: 3.76 m o l  (1.88 M, organic) WPI: 5.32 m o l  (2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: Nz 0 2  CO COz NO N20 He 

2.20 g of organic and 2.81 g of aqueous phase 

85 mL (25 "C, 1 atm) 

total mol % 2.0 0 5.4 13.1 11.5 3.2 4L9 
normalized mol % 5.7 0 15.3 37.2 327 9.1 

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
E+]: 3.37 mmol (2.46 M) m201: 1.12 m o l  (0.82 M) 
CTBPI: 3.00 m o l  (2.19 M) 
IDBP]: 1.79 mmol (1.31 M) 7 

0.53 m o l  (0.39 M) CMBPI: 
DuONOd: 0.25 mmol(0.18 M) 

CEtCOOHJ: 0.24 m o l  (0.18 M) 
[MeCOOHl: 0.12 mmol (0.09 M) 

Condensate Composition: 

@+I: 31.2 mmol (14.1 M) 
EtCOOHJ: 0.94 m o l  (0.42 M) 
EMeCOOHl: 0.29 mmol(0.13 M) 0 20 40 60 80 

Organic Phase (0.04 g )  
IBuON021: 0.32 m o l  (8.23 M) 
Material Balance 
Carbon loss from residue = 4.71 m o l  
Nitrogen loss from residue = 10.93 mmol 

1.37 g of organic phase (loss = 0.83 g) and no aqueous phase 

50 3 

- 150 2 
[PrCOOH]: trace V 

t? 
a c 

f 
30 - loo 
d 

E 
E 
2 
a -9 

- - 
IHCOOHI: 0.05 mmol (0.04 MI - 
Aqueous Phase (3.09 g) 8 

G 

c - 
fn 

I) l a  

Time (mid 

Carbon present in gas = 1.21 mmol 
Nitrogen present in gas = 2.18 mmol 
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Results of Experiment No. 153 (Const. Pressure, Two Phase) 

180 "C Acid concentration: 
2.0 mL of each phase Atmosphere: 
D 

6 M  
Helium 

Bath Temperature: 
Sample Volume: 
Di s tillati on/€€efluxing 
Before Reaction: 
Sample Weight: 
m+1: 11.50 m o l  (5.75 M, organic) and 30.08 m o l  (15.04 M, aqueous) 
IH203: 3.76 rnmol(1.88 M, organic) WP]: 5.32 mmol(2.66 M) 
After Reaction: 
Sample Weight: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO CO2 NO N20 He 

2.20 g of organic and 2.83 g of aqueous phase 

1.32 g of organic phase (loss = 0.88 g )  and no aqueous phase 
75 mL (25 "C, 1 atm) 

total mol % L3 0 2.3 9.6 15.2 L8 46.9 
normalized mol % 4.3 0 7.6 31.8 50.3 6.0 

Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
m+1: 2.98 m o l  (2.26 M) 
m201: 0.90 mmol (0.68 M) 
WPI: 3.02 mmol (2.29 M) 
DBP]: 1.76 mmol (1.33 33) 
CMBPI: 0.54 rnmol (0.41 M) 
@uONOd: trace 
EtCOOH]: 0.21 mmol (0.16 M) 
WeCOOHl: 0.10 mmol(0.08 M) 
lfICOOH]: 0.07 m o l  (0.05 M) 
Condensate Composition: 
Aqueous Phase (3.08 g> 
m+1: 31.57 mmol(14.35 M) 
CEtCOOl3J: 0.92 m o l  (0.42 M) 
[MeCOOHl: 0.31 m o l  (0.14 M) 
Organic Phase (0.04 g> 
fBuONOz]: 0.34 m o l  (8.74 MI 
Material Balance 
Carbon loss in  residue = 5.72 mmol 
Nitrogen loss in residue = 10.9 m o l  

v) 

3 
O + '  I ' I ' 1 . ! 0 
0 IO 20 30 40 

Time ( m i d  

Carbon present in gas = 1.21 m o l  
Nitrogen present in gas = 2.18 m o l  
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Results of Experiment No. 154 (Const. Pressure, Two Phase) 

Acid concentration: 6 M  
Atmosphere: Helium 

Reaction Conditions: 
Bath Temperature: 130 "C 
Sample Volume: 
DistillatiodRefluxing D 
Before Reaction: 
Sample Weight: 2.19 g of organic and 2.82 g of aqueous phase 
m+1: 
B201: 3.76 m o l  (1.88 M, organic) [TBPJ: 5.32 m o l  (2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO C02 NO N20 He 

2.0 mL of each phase 

11.50 m o l  (5.75 M, organic) and 30.08 m o l  (15.04 M, aqueous) 

167 mL (25 OC, 1 atm) 

total mol % 4.8 0 L9 4.0 0.8 0.8 69.9 
normalized mol % 39.0 0 15.4 32.5 6.5 6.5 

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
E+]: 4.71 m o l  (4.13 M) H201: 0.78 m o l  (0.68 M) 
[TBPI: 2.16 m o l  (1.89 M) 
DBP]: 2.50 m o l  (2.19 M) 
CMBPI: 0.66 m o l  (0.58 M) 
BuONO~]: 0.16 mmol ( 0.14 M) 
[PrCOOHl: trace 
CEXCOOHJ: 0.14 m o l  (0.12 M) 
[MeCOOKJ: 0.09 m o l  (0.08 M) 
NCOOH]: 0.02 m o l  (0.02 MI 
Condensate Compo si tion: 
Aqueous Phase (2.75 g) 
ET+]: 26.83 rnmol(12.88 M) 
CEtCOOKJ: 1.13 m o l  (0.55 M) 
[MeCOOKJ: 0.56 m o l  (0.27 MI 
Organic Phase (0.18 g) 
CI3uON021 1.44 m o l  (8.63 M) 
Material Balance 
Carbon loss from residue = 3.75 m o l  
Nitrogen loss from residue = 14.20 mmol 

1.14 g of organic phase (loss = 1.05 g )  and no aqueous phase 

Carbon present in gas = 3.27 m o l  
Nitrogen present in gas = 6.66 mmol 

f 
0 
0 100 200 

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

6 M  
Helium 

Reaction Conditions: 
Bath Temperature: 150 "C Acid concentration: 
Sample Volume: 2 ml of each phase Atmosphere: 
Before Reaction: 
Sample Weight: 2.18 g of organic and 2.80 g of aqueous phase 
E+]: 11.50 m o l  (5.75 M, organic) and 30.08 m o l  (15.04 M, aqueous) 
cH201: 3.76 m o l  (1.88 M, organic) D P I :  5.32 mmol(2.66 M) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO C02 NO N20 He 

total mol % 5.3 0 14.3 36.4 23.6 124 4.6 
normalized mol % 5.8 0 15.5 39.6 25.7 13.5 

17.5 atms (25 O C ,  volume = 58 ml) 

Residue Weight: 

Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
Organic Phase (1.09 g) 
m+1: 5.79 m o l  (5.31 M, organic) cH201: 3.96 mmol(3.63 M, organic) 

1.09 g of organic phase (loss = 1.09 g) and 2.03 g of aqueous 
phase (loss = 0.77 g) 

1.05 mmol(0.96 M) [TBP]: 
DBP]: 2.10 m o l  (1.93 M) 
CMBPI: 1.19 mmol(1.09 M) 
IJ~UONO~]: 0.32 m o l  (0.29 M) 
[PrCOOK]: 1.84 mmol (1.69 MI 
CEtCOOKJ: 1.84 m o l  (1.69 MI 
[MeCOOH]: 1.14 mmol(1.05 M) 
[HCOOE-fl: trace 
Aqueous Phase (2.03 g> 
m+1: 9.31 m o l  (5.41 M) 
CEtCOOHI: 1.62 m o l  (1.12 MI 
mp1: 0.97 m o l  (0.69 M) 
[MeCOOH]: 1.63 m o l  (1.12 M) 
Material Balance 
Carbon loss from residue = 1.12 m o l  
Nitrogen loss in residue = 37.15 m o l  

87 

6' 
I' 

a 

4 -  
H 

H 

2 -  
m 

0 

0 50 100 

Time ( m i d  

150 

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

Bath Temperature: 150 "C Acid concentration: 3 M  
Sample Volume: 2 ml of each phase Atmosphere: Helium 
Before Reaction: 
Sample Weight: 
m+1: 
IH201: 2.96 mmol(1.48 M, organic) WPI: 5.68 m o l  (2.84 M) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO C02 NO N20 He 

total mol % 5.5 0 17.0 36.3 14.1 lZ.5 13.9 
normalized mol % 6.4 0 19.9 42.5 16.5 14.6 

2.08 g of organic and 2.44 g of aqueous phase 
6.00 m o l  (3.00 M, organic) and 11.50 m o l  (5.75 M, aqueous) 

6.0 atms (25 OC, 58 mL volume) 

Residue Weight: 

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

1.85 g of organic phase (loss = 0.23 g) and 2.06 g of aqueous 
phase (loss = 0.38 g )  

Organic Phase 
W+l: 6.18 m o l  (3.34 MI 
m201: 5.03 mmol(2.72 M) 
[TBP]: 2.58 mmol (1.39 M) 
DBP]: 1.69 m o l  (0.91 M) 
mp1: 1.03 m o l  (0.56 M) 
muON02]: 1.31 mmol(0.71 M) 
[PrCOOH]: trace 
CEtCOOH1: 1.27 mmol (0.69 M) 
[MeCOOHJ: 0.31 m o l  (0.17 MI 
CHCOOH]: trace 
Aqueous Phase 
E+]: 4.90 mmol (2.56 MI 
EtCOOH]: 0.49 mmol (0.26 M) 
CMBPI: 0.39 m o l  (0.20 M) 
[MeCOOH]: 0.61 mmol(0.32 M) 
Material Balance 
Carbon loss from residue = 5.76 m o l  

50 100 I 5 0  

Time (min) 

Carbon present in gas = 8.89 m o l  
Nitrogen loss from residue = 11.54 mmol Nitrogen present in gas = 8.33 mmol 
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6 -  

P 
mp1: 1.95 mmol (1.23 M) e4 

a a 

6 .I- 
E 

EtCOOHI: 1.30 mmol (0.82 M) 2 - 
[MeCOOHl: 0.86 mmol(0.54 M) E 

cH+I: 12.57 m o l  (7.18 MI oh 

cH201: 8.17 mmol (5.17 MI 

CDBPI: 1.94 mmol (1.23 M) 
CMBPI: 1.42 m o l  (0.90 MI 
BuONOz]: 0.21 m o l  (0.13 MI 
[PrCOOHl: trace 

ln 
5- 

P 
a 

CI I 

-1 3 -  
E 

5 2 -  

I 
m m 
2 

WCOOH]: trace 
L Aqueous Phase (2.10 g> m 

Results of Experiment No. 157 (Const. Volume, Two Phase) 

m m =  
rn 

I 
rn 

lr 
I 

m rn 
I 

m 
I.P(arm/ml)I I 

8 
1'. 
I 
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Results of Experiment No. 158 (Const. Volume, Two Phase) 

Reaction Conditions: 
180 "C 
2 ml of each phase 

Acid concentration: 6M 
Atmosphere: Helium 

Bath Temperature: 
Sample Volume: 
Before Reaction: 
Sample Weight: 
E+]: 11.50 mmol(5.75 My organic) and 30.08 mmol(15.04 M, aqueous) 
E20l: 3.76 m o l  (1.88 My organic) CTBPI: 5.32 -01 (2.66 M) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO C02 NO N20 He 

total mol % 8.6 0 21.9 41.4 3.4 17.3 5.4 
normalized mol % 9.3 0 23.7 44.7 3.7 18.7 

2.18 g of organic and 2.82 g of aqueous phase 

17.1 atms (25 "C, volume = 58 ml) 

Residue Weight: 

Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
Organic Phase (0.87 g) 
mil: 4.79 m o l  (5.50 M) l3203: 3.68 m o l  (4.23 M) 
mp1: 
DBP]: * 
CMBPI: 
IBuONOd: * 
[PrCOOH]: * 
cEtcooH3: * 
[MeCOOHJ: * 
CI-fCOOH]: * 
Aqueous Phase (2.14 g> 
W+l: 10.16 mmol(5.70 M) 
[PrCOOHl: 0.45 mmol (0.25 M) 
l?3tCOOHl: 1.03 m o l  (0.58 M) 
[MeCOOH]: 1.92 mmol(1.08 M) 
fMBf1: 0.93 m o l  ( 0.52 M) 

0.87 g of organic phase (loss = 1.31 g) and 2.14 g of aqueous 
phase (loss = 0.68 g) 

* 

* 
8 

i? 
m 
e4 

E - ; - cp '1 
0 2 0 4 0 6 0 8 0 1 0 0  

Time (mid  

* 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 ITL, d each phase Atmosphere: Helium 
Distillatioflefluxing R 
Before Reaction: 
Sample Weight: 
m+1: 8.63 mmol(5.75 M, organic) and 22.56 m o l  (15.04 M, aqueous) 
IH201: 2.82 m o l  (1.88 M, organic) WPI: 3.99 mmol(2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO CO2 NO N20 He 

1.61 g of organic and 2.13 g of aqueous phase 

417 mL (25 OC, 1 atm) 

total mol % 14.9 0 13.7 17.8 17.1 4.4 18.7 
normalized mol % 21.9 0 20.2 26.2 25.2 6.5 

Residue Weight: 

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

1.09 g of organic phase (loss = 0.52 g) and 1.72 g of aqueous 
phase (loss = 0.31 g)  

Organic Phase (1.09 g) 
B+I: 6.32 mmol (5.80 M) 
cH201: 3.56 mmol(3.27 M) 
mp1: 1.90 m o l  (1.74 M) 
DBP]: 1.82 m o l  (1.67 M) 
CMBPI: 0.27 m o l  (0.25 MI 
WuONOd: 0.29 mmol (0.27 M) 
[PrCOO€€j: trace 
@XCOO€€J: 0.50 m o l  (0.46 MI 
[MeCOOHJ: 0.29 m o l  (0.27 M) 
@COOHI: trace 
Aqueous Phase (1.72 g) 

120 

W+l: 12.62 m o l  (9.54 MI 0 100 200 300 

CMeCOOm: 1.27 mmol(O.96 M) 
Material Balance 
Carbon loss from residue = 0.84 mmol 
Nitrogen loss from residue = 17.32 mmol 

EtCOOHl: 0.94 m o l  (0.71 MI Time (mid  

Carbon present in gas = 7.92 mmol 
Nitrogen present in gas = 13.99 m o l  

40 

20 
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Results of Experiment NO. 160 (Const. Pressure, Two Phase) 

Acid concentration: 6M 
Atmosphere: Helium 

Reaction Conditions: 
Bath Temperature: 130 "C 
Sample Volume: 
DistillatiodRefluxing R 
Before Reaction: 
Sample Weight: 
B+l: 8.63 m o l  (5.75 M, organic) and 22.56 m o l  (15.04 M, aqueous) 
cH201: 2.82 m o l  (1.88 M, organic) lTBPJ: 3.99 -01 (2.66 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: Nz 0 2  CO COz NO N20 He 

1.5 mL of ez& 2hase. 

1.63 g of organic and 2.15 g of aqueous phase 

342 mL (25 "C, 1 atm) 

total mol % 16.5 0 16.4 16.2 10.5 4.4 24.3 
normalized mol % 25.8 0 25.6 25.3 16.4 6.9 

Residue Weight: 

Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
Organic Phase ( 1.10 g) 
E+]: 6.05 mmoi (5.50 M) 
[H201: 3.89 m o l  (3.54 M) 
[TBPI: 1.77 mmol (1.61 M) 
DBP]: 1.81 m o l  (1.64 MI 
CMBPI: 0.41 m o l  (0.38 M) 
DUONO~]: 0.15 m o l  (0.14 M) 
[PrCOOH]: trace 
EtCOOHI: 0.41 m o l  (0.38 M) 
[MeCOOH]: 0.25 mmol (0.22 M) 
@3COOKJ: trace 
Aqueous Phase (1.69 g )  
m+1: 12.91 mmol (9.93 M) 
IEtCOOH]: 0.70 m o l  (0.54 M) 
[MeCOOm: 1.09 mmol (0.84 MI 
Material Balance 
Carbon loss from residue = 3.91 mmol 
Nitrogen loss from residue = 17.16 mmol 

1.10 g of organic phase (loss = 0.53 g) and 1.69 g of aqueous 
phase (loss = 0.46 g) 

Carbon present in gas = 7.13 m o l  
Nitrogen present in gas = 11.45 mmol 

A-29 



WSRC-Rp-95-259 

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

Reaction Conditions: 
Bath Temperature: 150 "C Acid concentration: 6M 
Sample Volume: 2.0 mL of each phase Aimasphere: Helium 
Catalyst: zr4* DistillatiodReflwting R 
Before Reaction: 
Sample Weight: 
E+]: 11.60 m o l  (5.80 M, organic) and 30.90 m o l  (15.45 M, aqueous) 
E201: 6.54 mmol(3.27 M, organic) ETBPI: 5.12 m o l  (2.56 M) 
After Reaction: 
Total Gas Volume: 
Gas Composition: N2 0 2  CO C02 NO N20 He 

2.23 g of organic and 2.81 g of aqueous phase 

82 d (25 O C ,  1 atm) 

total mol % 3.8 0 8.4 18.0 ll.5 4.1 37.1 
normalized mol % 8.3 0 18.3 39.3 25.1 9.0 

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMFt) 
m+1: N/A** 
[HzOl: N/A** 
WPI: 2.93 mmol 
DBP]: 2.19 mmol 
@3uONOd: 0.86 m o l  
@Z'tCOORJ: 0.35 m o l  
[MeCOOH]: 0.16 m o l  
WCOOH]: 0.03 mmol 
Condensate Composition: 
Aqueous Phase (3.09 g) 
m+1: 31.03 m o l  (14.06 M) 
IMBPI: 0.34 mmol(0.15 MI 
@tCOOH]: 0.99 mmol (0.45 MI 
[MeCOOHl: 0.23 m o l  (0.10 MI 
Organic Phase (0.07 g> 
Il3uONO2l 0.59 mmol (8.67 M) 
Material Balance 
Carbon loss from residue = 0.85 m o l  
** Not available because of solid resldae 

1.10 g of solid residue 

Carbon present in gas = 1.94 mmol 
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Results of Experiment No. 162 (Const. Volume, Two Phase) 

Reaction Conditions: 
Bath Temperature: 150 "C 

1 ml of each phase 
zr4+ 

Acid concentration: 
Atmospb ?re: 

6 M  
1-f elium Sample Volume: 

Catalyst : 
Before Reaction: 
Sample Weight: 
m+1: 5.80 m o l  (5.80 M, organic) and 14.45 mmol(14.45 M, aqueous) 
m201: 3.27 mmol(3.27 M, organic) ["BPI: 2.56 m o l  (2.56 M) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO CO2 NO N20 He 

total mol % 4.8 0 16.4 37.9 15.0 1L6 11.4 
normalized mol c/o 5.6 0 19.1 44.2 17.5 13.5 

1.12 g of organic and 1.44 g of aqueous phase 

7.9 atms (25 OC, 58 mL volume) I 

Residue Weight: 

Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
Organic Phase (0.48 g) 
m+1: N/A* * 
m201: N/A** 
[TBP]: 0.56 m o l  
[DBP]: 1.00 mmol 
W P I :  0.56 m o l  
DuONOd: 0.37 mmol 
[PrCOOW: 0.72 m o l  
IEtCOOffl: 0.72 mmol 
[MeCOOHl: 0.54 m o l  
Aqueous Phase (0.91 g) 
[H+]: 3.00 mmol (4.33 MI 
EtCOOHI: 0.80 mmol (1.16 M) 
[MBP]: 0.43 m o l  (0.62 M) 
[MeCOOW: 0.96 m o l  (1.39 311 

0.48 g of organic phase (loss = 0.64 g) and 0.91 g of aqueous 
phase left (loss = 0.53 g) 

8 ... 
m 

n 

0 

Time (rnin) 

100 

:@* Not availabie 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: EM 
Sample Volume: 5 m l  Atmosphere: Helium 
Catalyst: z+ 
Before Reaction: 
Sample Weight: 5.56g 
B+l: 29.00 mmol(5.80 M) 
E2OI: 16.35 m o l  (3.27 M) 
CTBPI: 12.80 m o l  (2.56 ;"I) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO CO2 NO N20 He 

total mol % 14.8 0 24.7 38.3 0 8.7 8.1 
normalized mol 96 17.1 0 28.6 44.3 0 10.1 

11.0 atms (25 "C, 58 d volume) 

Residue Weight: 
Residue Composition: (by acid-base titration, Karl-Fisher titration and 1H NMR) 
E+]: 15.07 m o l  (3.74 MI 
m201: 19.18 m o l  (4.76 M) 
[TBPI: 
[DBP]: * 
mp1: 
[BuONOd: * 

4.03 g (loss = 1.53 g) 

2 3  

U 

* 

* 

[PrCOOHl: * 
rJ3tCOOHl: * 
[MeCOOHl: * 
CHCOOH]: * 

Time (mint 

* The presence of paramagnetic materi 1 made 1H NMR analysis unavailable 
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Results of Experiment No. 165 (Const. Pressure, Two Phase) 

Reaction Conditions: 
Bath Temperature: 130 "C Acid concentration: 6 M  
Sample Volume: 2.0 mL of each phase Atmosphere: Helium 
DistillatiodRefluxing D 
Before Reaction: 
Sample Weight: 
m+1: 11.50 m o l  (5.75 M, organic) and 30.08 m o l  (15.04 M, aqueous) 
cH201: 3.76 mmol (1.88 M, organic) ["BPI: 5.32 m o l  (2.66 M) 
After Reaction: 
Total Gas Volume: 166 mL (25 "C, 1 atm) 
Gas Composition: N2 0 2  CO C02 NO N20 He 

total mol % 25.5 0 5.8 23.4 3.9 1.3 39.0 
normalized mol % 426 0 9.7 39.1 6.5 2.2 

2.22 g of organic and 2.81 g of aqueous phase 

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

cH+l: 5.89 m o l  (4.15 M) 
IH201: 0.92 mmol (0.65 M) 

1.42 g of organic phase (loss = 0.80 g) and no aqueous phase 

[TBP]: 2.10 mmol(1.48 M) 
DBP]: 2.55 mmol (1.80 M) 
CMBPI: 0.67 m o l  (0.47 M) .G 5 1  

2 - M -i ,P 
rn 

W 
CI 6 0 -  a 
b 

P e 

R 
BuON02]: 0.16 m o l (  0.11 M) 

2 [MeCOOH]: 0.08 mmol (0.06 M) 
CHCOOH]: 0.02 m o l  (0.01 M) ' 

Condensate Composition: - 9 20- 
Aqueous Phase (2.70 g> a 
[H+]: 25.94 m o l  (12.68 M) d 
[EtCOOHl: 1.04 m o l  (0.51 M) 0. 

rn cEtC00H-J: 0.10 mmol (0.07 M) J 
m 

m 
m 

m 
- 
z a Irr= 

p-K iZ iZ j  
w 

[MeCOOKJ: 0.59 mmol(0.29 M) 
Organic Phase (0.22 g) 
CBuONOd: 1.85 m o l  (8.65 M) 
Material Balance 
Carbon loss from residue = 2.74 mmol 
Nitrogen loss in residue = 13.46 mmol 

Carbon present in  gas = 3.31 m o l  
Nitrogen present in gas = 6.53 m o l  
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Results of Experiment No. 166 (Const. Volume, Single Phase) 

Reaction Conditions: 
Bath Temperature: 150 "C Acid concentration: 6 M  
Sample Volume: 5 m l  Atmosphere: Helium 
z++: z++ 
Before Reactioa. 
Sample Weight: 5.55 g 
E+]: 29.00 m o l  (5.80 M) 
IH201: 16.35 mmol(3.27 M) 
[TBP]: 12.80 m o l  (2.56 M) 
After Reaction: 
Total Gas Pressure: 
Gas Composition: N2 0 2  CO C02 NO N 2 0  He 

total mol % 14.8 0 24.3 36.7 0 8.5 10.1 
nonnalizedmol% 17.6 0 28.8 43.5 0 10.3 

10.5 atms (25 OC, 58 mL volume) 

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

3.95 g (loss = 1.60 g> 

[H+-J: 15.21 m o l  (3.85 M) 
CH201: 18.05 m o l  (4.57 MI 
[TBP]: * 
[DBP]: * 
[rnP]: * 
[BuON02]: * 
[PrCOOH]: * 
(EtCOOH]: * 
[MeCOOH]: * 
[HCOOHf: * 

0 20 40 60 80 

Time ( m i d  

* The presence of paramagnetic mater ia-hade IH NMR analysis unavailable 
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APPENDICES B-E 

EFFECT OF ACID CONCENTRATION 

Appendices B through E provide graphical summaries of the effects of acid concentrations 
for reactions of TBP at a bath temperature of 150°C. Appendix B summarizes the data for single 
phase, constant pressure, distillation experiments (Expts ## 136 and 137), while Appendix C 

provides data for single phase, constant voIume conditions (Expts ## 134 and 135). Similar data 

for two phase constant pressure (Expts # 151 and 152), and two phase constant volume (Expts # 

156 and 157) conditions are given in Appendices D and E, respectively. 
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Fig. B-1 Effect of Acid Concentration (SP,CP,D,150 OC) 
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Fig. B-2 Effect of Acid Concentration (SP,CP,D,lSO "C) 
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Fig. B-3 Effect of Acid Concentration (SP,CP,D,150 "C) 
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Fig. E-4. Effect of Acid Concentration (SP,CP,D,lSO "C) 
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, 

Fig. C-1 Effect of Acid Concentration (SP,CV,150 "C) 
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Fig. C-2 Effect of Acid Caxe2tration (SP,CV,150 "C) 
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Fig. C-3 Effect of Acid Concentration (SP,CV,150 "C) 
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Fig. C-4 Effect of Acid Concentration (SP,C'J,150 "C) 
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Fig. D-1 Effect of Acid Concentration (TP,CP,D,150 "Ci 
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Fig. D-2 Effect of Acid Concentration tTP,CP,D,150 "C) 
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Fig. D-3 Effect of Acid Concentration (TP,CP,D,lSO "C) 
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Fig. 0 - 4  Effect of Acid Concentration (TP,CP,D,150 "C) 
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Fig. E-2 Effect of Acid Concentration (TP,CV,l50 "C) 
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Fig. E-3 Effect of Acid Concentration (TP,CV,150 "C) 
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Fig. E 4  Effect of Acid Concentration (SP,CV,150 "C)  

tl EXP 156 (3 M HN03 IN TBP) 

2 -  

DBP Bu-ON02 HN03 (consumed) 

Liquid Species 

A-5 f 



WSRC-RP-95-259 

APPENDIX F 

EFFECT OF REDUCED WATER CONTENT 

This appendix provides graphical representation of the effects of reduced water content on 
single phase reactions of TBP in 3M nitric acid at 150°C with constant pressure distillation 

conditions (Expts #f 136 and 147A). 



Fig. F-1 Effect of Purging (SP,CP,3M,D,150 "C) 
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Fig. F-2 Effect of Purging (SP,CP,3M,D,150 "C) 
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Fig. F-3 Effect of Purging (SP,CP,3M,D,lSO "C) 
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Fig. F-4 Effect of Purging (SP,CP,3M,D,150 OC) 
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APPENDICES G L  

EFFECT OF TEMPERATURE 

Appendices G-L provide graphical representation of the effects of temperature for 
reactions of TBP that is 6M 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). 
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Fig. G-2 Effect of Temperature [SP,CP,GM,D) 
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Fig. G-3 Effect of Temperature EP,'ZP,6M,D) 
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Fig. (2-4 Effect of Temperature (SP,CP. 6M,3? 
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Fig. H-1 Effect of Temperature (SP,CP,GM,R) 
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Fig. H-3 Effect of Temperature (SP,CP,6M,R) 
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Fig. H-4 Effect of Temperature (SP,CP,6M,R) 
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Fig. 1-2 Effect of Temperature (SP,CV,6M) 
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Fig. 1-3 Effect of Temperature (SP,CV,GM) 
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Fig. i-4 Effect of Temperature (SP,CV,GM) 
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Fig. J-1 Effect a i r  Temperature (TP,CP,GM,D) 
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Fig. J-2 Effect of Temperature (TP,CP,GM,D) 
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Fig. J-3 Effect of Temperature (TP,CP,6M,D) 
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Fig. J-4 Effect of Temperature (TP,CP,GM,D) 
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Fig. K-1 Effect of Temperature (TP,CP,GM,R) 

3.0 

2.0 

1 .o 

0.0 

[II EXP 160 (130 "C) 
B EXP 150 (150 "C) 

I EXP 159 (180 "C) 

N2 co co2 NO 

Gaseous Species 

N20 TOTAL 

A-74 



WSRC-RP-95-259 

, 

v) 

G 
W 

' Q )  
' N  

Fig. K-2 Effect of Temperature (TP,CP,6M,R) 

6o I 

40 

30 4 
20 1 
lo! 0 

Exp 150 (150 "C) 

N2 

1 

m 
co c02 NO 

Gaseous Species 

m 
N20 

A-75 



WSRC-RP-95-259 

Fig. K-3 Effect of Temperature (TP,CP,GM,R) 
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Fig. I<-4 Effect of Temperature (TP,CP,GM,R) 
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Fig. L-'i Er'l'ect of Temperature (TPrCVr6M) 

0.0 

CI EXP 157 (130 "C) 
Exr 155 (150 "C) 

H EXP 158 (180 "C) 

N2 co c02 NO N20 TOTAL 

Gaseous Species 

A-73 



, 

WSRC-Rp-95-259 

Fig. L-2 Effect of Temperature (TP,CV,GM) 
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Fig. L-3 Effect of Tempcrsixe !T'P,CV,GM) 
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Fig. L-4 Effect of Temperature ;TP,CV,6M) 
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APPENDICES M-N 

EFFECT OF Zr *+ 

Appendices M and N provide graphical summaries of the effects of presence of Zr4' on 

single phase reactions of TBP in 6M nitric acid with either constant pressure (Appendix M) or 

constant volume (Appendix N) conditions. 
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Fig. M-1 Effect of Zr4+ (SP,CP,6M,D,150 OC) 
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Fig. M-2 Effect of Zr4+ fSP,CP,GM,D,150 O C )  
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Fig. M-3 Effect of Zr4+ (SP,CP,6M,D,150 "C) 
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Fig. N-2 Effect of Zr4+ (SP,CV,6M,l50 "C) 
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APPENDIX 0 

COMPA-iUSON SETWEEN DISTILLATION AND REFLUX CONDITIONS 

This Appendix provides graphical summaries of the effect of experimental conditions 

(distillation versus reflux) for reaction of TBP under single phase, constant pressure, 6M, and 

150°C conditions. 
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Fig. 0-2 Effect of DistillatiodRefluxing (SP,CP,6M,150 OC) 
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Fig. 0 - 3  Effect of DistiIlatiodRefuxing ~ D A  'P l3 ,CP,6M,150 "C) 

80 

60 

40 

20 

0 
0 

UCI. 

Ci 

. = =  

100 200 

Time (mid 

300 



WSRC-RP-95-259 

ED137 (DISIILLATION) 1 1  EXP144 (REFLUXING) 

, 

Fig. 0 - 4  Effect of Distillation/Refluxing (SP,CP .6M,lSfi "C) 

>s 

E: 
cp 

Y .- 
Y 

6 

1 .o 1 

0.0 
H 2 0  
il 

DBP 

1 

BuON02 HN03 (Consumed) 

Liquid Species 

A-94 



Georgia 

WSRC-RP-95-259 

ATTACHMENT #l 

Tech's Technical Proposal 



1 '  

Proposal to 

WESTINGHOUSE SAVANNAH RIVER COMPANY 

Through the 

Education, Research and Development AssodatIon (ERDA) of Georgia Universities 

For 

THERMAL DECOMPOSITION OF NITRATED TRIBU'lTL PHOSPHATE 

Principal Investigator: . 

Co-hves tiga tors: 

Proposal Period: 

Total Cost of Proposal: 

Principal Participants: 

Atlanta, GA 30332-0420 
(404)894-48 17 

Dr. S. I. Abdel-Khalik, Southern Nuclear Professor 
School of Mechanical Engineering 

Dr. E. K. Barefield, Professor 
School of Chemistry 

Dr. D. W. Tedder, Associate Professor 
School of Chemical Engineering 

6 Months 

$74,993 

(404)894-4002 (404)894-2856 

&/fY 
Date 



STATEMENT OF SCOPE 

THERMAL DECOMPOSITION OF NITRATED 
TRIBUTYL PHOSPHATE 

1.0. SCOPE OF WORK 

1.1. Introduction 

Contact between tributyl phosphate W P )  and aqueous solutions of Ntric acid and/or 
heavy-metal nitrate salts can lead to exothermic reactions of explosive violence. Even 
though this operation has routinely been performed safely for decades as an intrinsic part of 
the Purex separations process, four such major explosions are known to have occunred. The 
most recent explosion occurred at the Tomsk-7 separations facility in Siberia, in April, 1993. 
That explosion destroyed part of the urninforced masonry walls of the canyon-type building 
in which the process was housed, and allowed the release of a significant quantity of 
radioactive material. 

The Tomsk incident raised questions about the effects of a Mi explosion occurring in 
SRS separations processes. In order to assess the severity of such explosions, it is necessary 
to estimate the yield of volatile flammable gases that may be produced. To this end, this 
work will provide data to characterize the chemistry of decomposition reactions involving 
nitrated tributyl phosphate (TBP), and its derivatives. 

1.2. Objectives 

This study will focus on analytical techniques to accurately and reproducibly provide 
material balance information describing the decomposition products in both the gaseous and 
liquid phases. The ultimate goal of the experiments is to provide the basis for estimating the 
energetics of the organic-nitrate reactions in real systems. The research will provide 
estimates of the yield of volatile flammable gases that may escape from the process vessel 
and represent an ignition hazard. 

1.3. Statement of Work 

1. Design, construct, and instrument an experimental apparatus to determine the material 
balance in the partiaI thermal decomposition of nitrated tributyl phosphate (TBP). 

2. Conduct single phase and two-phase thermal decomposition experiments as outlined in 
the experimental protocol described in Appendix A. 

3. Provide progress reports and a final report summarizing the findings of the investigation. 
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1.4. 

1.5. 

2.0 

3.0 

4.0 

5.0 

Reporting 

Monthly status reports shall be issued to the WSRC technical representative by the tenth of 
each month. 

Deliverables 

In addition to the monthly status reports, the following reports will be provided 

1. A progress report summarizing the results of the Single phase thermal decomposition 
experiments will be provided after two months of project hitiation. 

2. A final report summarizing the results of the investigation should be provided to WSRC 
upon conclusion of the project. 

Both the progress report and final report shall meet the nquirements of WSRC’s 
“Specification for Technical Information”. 

RESPONSIBILITIES 

The Process Safety Technology Section of SRTC will provide any technical information on 
prior TBP decomposition experiments and related literature to the Principal Investigator. 

PERIOD OF PERFORMANCE 

The contract will be for a period of six months after the Task Order Award date. 

LEVEL OF EFFORT 

See attached budget explanation for the required level effort and associated costs. 

QUALITY ASSURANCE PLAN 

The checklist requirements for the Quality Assurance Plan attached to the RFP (M4060) are 
acceptable. 

The Thermal Decomposition of Nitrated Tributyl Phosphate project has three related 
subtasks as specified in Section 1.3 above. The Principal Investigator, Dr. S. I. Abdel- 
Khalik, will coordinate all three subtasks. The PI will achieve the quality assurance by 
transmitting all requirements to the co-investigators and a l l  other participants through 
weekly project review meetings. Decisions and actions taken during these meetings will be 
reported in the monthly progress reports, 
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Tasks have-been planned based on preliminary discussions between the PI, the CO- 
investigators. and the WSRC Technical Representative. Progress will be monitored 
regularly and reported monthly. 

Due to the specialized nature of the software used and developed for data collection and 
analysis, the PI will reIy on the evaluation and effort of each researcher. The PI wiu 
establish that all researchers are aware of aIl requirements and will actively pursue the 
compliance of aIl requirements. 

Records of procurements are maintained by existing staff within the Georgia Institute of 
Technology, at an Institute wide and School (department) levet The PI will maintain access 
to these records. In addition, a file will be maintained of all purchases by the PI. 

Any equipment or material affecting test results will be documented by the PL S i y ,  
technical task records, task data, and logbooks/laboratory notebooks will be generated by 
each researcher. In order to promote full use of these record keeping devices, the weekly 
progress meetings will compare activities planned and undertaken to the documentation 
supplied for task records. These reviews will be based on group participation to stimulate 
technical communication among researchers and to give the most thorough review. 

Logbooks will be maintained by each researcher. One of the Cu-investigators, Dr. D. W. 
Tedder, will review logbooks and generate monthly entties into an index to the history of 
the overall task. 

Logbooks shall be bound and shall have numbered pages. Entries shall be legible in ink with 
no erasers. Any changes or corrections to entries shall be made by drawing a single line 
through the erroneous entry and having the corrections entered adjacent to the error, dated 
and initialed. E the reason for the change is Significant and not obvious, then the reason 
shall be recorded next to the change as well. Pages of the logbook shall be frled 
consecutively. Spaces and pages left blank shall be crossed out so that there is no doubt 
about whether data should have been recorded or is missing. Supporting documentation 
(e.g., data sheets, drawings, computer printouts) shall be inserted into the logbook when 
practicable, or otherwise referenced. Logbook entries shall be signed and dated by the 
person making the entry. If only one person is making entries into a logbook, that person 
need only sign and date the logbook at the end of the operation. If however, more than one 
person is making entries into the same logbook during inspection or task, each person shall 
sign and date his entries upon completing them. 

Monthly reports will be generated by the PI based on a survey of the researchers, the 
account records, and the weekly research meetings. Technical reports to WSRC will be 
coordinated by the PI. The PI will establish a consistent format for all sections and will be 
responsible for prompt delivery. All reports, including the final report, shall be reviewed 
and approved by the PI as evidenced by signature and title. The Technical Representative is 
the point of contact for WSRC review/approval and distribution. 
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Appendix A 

EXPERIMENTAL PROTOCOL 

THERMAL DECOMPOSITION OF NITRATED TRIBUTYL PHOSPHATE 

I 1. Sample Preparation 

Reagent grade nitric acid, TBP and distilled water will be used. Equal volumes of pure TBP 
and 9 M nitric acid solution (e.g., 100 mL samples of each) will be gently mixed at room 
temperature to yield approximately a 6 M aqueous phase in equilibrium With an organic 
phase containing about 3 M HN03. Equilibration will be carried out at room temperature 
over 24 hours with gentle stirring of the aqueous phase. Afterwards this mixture will be 
sealed and used for decomposition tests within 48 hours of preparation. 

Samples for decomposition experiments (either single or two phase tests) will be removed 
volumetrically (e.g., 1 mL samples). Both phases will be subjected to chemical analysis. 

Mixture samples will be saved for eventual decomposition tests on aging extract. Initial 
experiments will be conducted using W y  equilibrated samples that have not been aged 
more than 48 hours. Aged samples will be periodidly subjected to chemical analysis, 
especially to monitor TBP decomposition. 

2. Extract Decomposition (Single Phase Tests) 

Constant pressure (1 atm) experiments will be completed by gently heating extract for 
varying lengths of time at specified temperatures. Liquid compositions will be analyzed at 
the start and end of each experiment. AU residual liquid will be transferred into a graduated 
cylinder to inspect for multiple phases and weighed. Phase volumes will be noted and 
samples talcen for chemical analysis. Decomposition gas volumes will be measured at one 
atmosphere at room temperature. During a test, approximate volume versus time data will 
be obtained. Final gas compositions will be determined using chromatogxaphy. 

Several constant volume experiments will be completed in small 316 stainless steel pressure 
bombs fust to characterize decomposition rates and verify that decomposition at constant 
pressure can be performed safely in glassware. In these tests, steel pressure bombs will be 
gradually heated while container pressure is measured using a baratron. The rate of 
pressure rise will be measured as a function of temperature and heating rates. 

Liquid phase samples will be analyzed at the start and end of each experiment. Gas 
compositions will be determined by chromatography. After depressurization, all residual 
liquid will be transferred into a graduated cylinder to inspect for multiple phases and 
weighed, Phase volumes will be noted and samples taken for chemical analysis. 
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4. 

5. 

3. Two Phase Decomposition Tests 

These experiments are similar to those planned for the Single Phase system with one 
difference. 4 u a l  volumes of each phase (see Step 1 above) will be removed from 
freshly equilibrated mixtures and subjected to decomposition. 

Constant pressure (1 atm) experiments will be completed by gently heating extract for 
varying lengths of time at specified temperatures. Liquid compositions will be analyzed 
at the start and end of each experiment All residual liquid will be transferred into a 
graduated cylinder to inspect for multiple phases and weighed. Phase volumes will be 
noted and samples taken for chemical analysis. Decomposition gas volumes will be 
measured at one atmosphere and room temperature. During a test, approximate volume 
versus time data will be obtained. l%al gas compositions will be determined using 
chromatography. 

Several constant volume experiments will be completed fust in small 316 stainless steel 
pressure bombs to characterize decomposition rates and verify that decomposition at 
constant pressure can be performed safely in glassware. In these tests, steel pressure 
bombs will be gradually heated while container pressure is measured using a baratron. 
The rate of pressure rise will be measured as a function of temperature and heating ram. 

Liquid phase samples will be analyzed at the end of each experiment. Gas compositions 
will be determined by chromatography. After samples have been depressurized, all 
residual liquid will be poured into a graduated cylinder to inspect for multiple phases by 
volume and then weighed. Samples will be taken of each residual phase for analysis. 

Liquid Phase Analysis 

Liquid phases (both extracts and reacted phase residuals) will be analyzed several ways. 
Nitric acid concentrations will be titrated using 0.1 M NaOH calibrated with potassium 
biphthalate. Bromthymol blue indicator will be titrated to a pH of 7. 

Water concentrations will be measured using Karl Fischer titration and proton NMR. 

TBP and organophosphate degradation product concentrations wilI be measured using high 
pressure liquid chromatography (HPLC). 

Gas Phase Analysis 

Decomposition product volumes will be measured at one atmosphere and room temperature 
to obtain a quantitative relationship between gaseous yields per gm of extract. Gas 
Chromatography will be used to determine the composition of decomposition products. 
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Georgia Tech's Monthly Progress Reports 



August 9,1994 

Mr. I). T. Paddleford 
Sa6ety Technalagy Department 
Westinghouse Savannah River Company 
1991 S. Centenaial Avenue 
Men, South Carolina 29803-7657 

Dear Ron: 

Attached is the first monthly status report for our ERDA contract on the thermal decomposition 
of nitrated TBP. Work is progressing on schedule. As specified in the task order, we expect to 
complete the single phase experiments by mid September* 

Please feel free to call me if you have any questions. 

Sincerely, 

SIAIvbc 
cc: Dr. E. K Batefield 

Dr. D. W. Tedder 
Dr, R. A. Karam, ERDA 
Mr. Pete Dawkins 
OCNGTeorgia Tech (2) 

. - -. -_ . 1,,.-.-.----.. . - . 
Telephone: 4Ui 4894 a3739 Telex: 512507 f;mm.Lxl L Fax! 404 *6% 4 3733 : 

An Equal Education arid Ernploynrsnt Opprtunity Institution A Cnic of thc University Systcm of (>ern@ 



WSRC-RP-95-259 
ERDA MONTXLY STATUS mPORT 

Task Order ## 94054 MontNYear -94 

Send Monthly Status Report by the 10th of each month to: 
Dr. Ratib Karam, ERDA 

NeeIy Nuclear Research Center 
900 Atlantic Drive 

A t h t a ,  GA 30332-0405 

University _1Georp ia In.stitvte of Techlow PI Qr. s. I. Ab_del-Khalik- 

project Title Thermal Decompx ition of Nitrated mtyl Phosphate 

Period of performance: 
WSRC Techdd 

7/11 /94 To 1 /3 1/95 RepresentativeJ-d 
~~ ~ 

A. ]project Accomplishments; 

See attached. 

6, Milestones achfeved (Based an those identified in the Task Order): 

Work is progressing on schedule+ As spec%ed in the Task Order, single-phase experiments vdl  be 
coqiicted two months after project initiation (9/11/94). 

C, Problems Encountered: 

None 

\ 
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E W A  TASK ORDER #94054 

Thermal Decampositbn of Nitrated Tributyl Phusphate 

Monthly Status Report 
(July 11, 1994 - August 10. 1994) 

Reagent grade nitric acid, TBP md distilled water were equilibrated to y k l ~  a TBP phase in 
equilibfium with approximately 6 M nitric acid. Titration and proton NMR analysis indicated that 
the equilibrated organic phase contained about 3 M KN03 and 2 M H20- 

Single phase decomposition sxprhents were conducted at 1 atm totar pressure and constant 
temperatures of 130, 150 and 180OC. Five mL of equilibrated TBP were maintained at the 
respective temperatures for periods of lime up to six hours. The gas volumes evolved from these 
samples were measured at standard temperature and pressure over the dine of the experiment 
(Figure 1). The nonvolatile miduals from each experiment were arlalyzed using proton NMR, 
and titrated for acidic proton content. Phosphorous NMR analysis Wiu. be performed. Figure 2 
shows typical NMR spectra fur the residual liquid of the l 8 O T  experiment. 

The NMR results suggest that at high temperatures (e.g, l$O°C), signifkant amounts of TBP wjll 
undergo hydrolysis to produce dibutyl phosphate, aIong with small mounts of monobutyl 
phclsphate. At low temperatures, however, (e& l3O0C), much of the residual liquid was 
urnacted TBP. Gas analysis has not yet been completed, but we suspect that ths results will 
primarily show the presence of nitrogen oxides and, secondarily, small amounts of TBP 
degradation products. 

Isothermal gas product formation from TBP extract appears to consist ~ f :  ( 1 )  m induction period, 
(2) a period of constant gas formation, and (3) an approxh to equilibrium in which gas generation 
stops. Our results show that the induction period decreases with increasing temperature and that 
the rate of gas formation increases with temperature (Figures 1 and 3). 

A single experiment at l5OT was completed in which water and nitric acid saturated TBP was 
equilibrated with &cony1 nitrate hydrate solid. The resulting TIBP extract was then reacted at 
constant pressure and temperature of 1 atm and I S O T ,  respectively. The observed induction 
period was much shorter than without zb at the same teemperatuure (F~~Lw 3). The rate of gas 
production was rtlso greater with Zr than without, however, the total amount of gas produced was 
slightly reduced (Figure 4). These results sugsest that Zr catalyzes gas formation from TEIP 
extract, and that measuring gas evolution without the presence of Zr or other similar catalysa 
(e.g., U, Pu or Th) may significantly underestimate risk. 
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Gas Produced a3 Function of Time 
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Figure 1: Cumulative Gas Production from Organic Phase Decampdtion at 
Various Temparcrtures 
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Linear Part of Volume-Time Plots 
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Figure3: Gas Production Rates From Organic Phase Decromposltion at 
Various Temperatures - 
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Gas Produced withlwithout Catalyst 
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Figure 4: Effect of Zlrconyl Nitrate on Gas Production from Organic Phase 
Decomposition at lSO°C 
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TRERMaL DECOMPOSITION OF NITRATER TRXBUTYL PHOSPHATE 

Progress Report 

(July 11,1994 - September 9,1994) 

Submitted to 

Westinghouse Savannah River Company 
vask Order H4054 of ERDA Subcontract #AA46420T) 

Y. ?IOU', E. K Barefield', 0. W. Teddei?, and S. I. Abdel-Khalik' 

Georgia Institute of Technology 

September 9,1994 

School of MechaniA Engineering 
School of Chemistry 
School of Chemical Engineering 
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.E.xeclttive Summnry 

Gas production f?om sbgle-phase mixtures of tri-rr-butyl phosphate (TBP), water, and nitric 
acid was studied at constant pressure and undet reflux conditions 85 a finction of temperature (130, 
1 SO and 180 "C), acid concentration (nomhdly 3 M and 6 MJ, and in the presence and absence of 
W+ (saturated). The rate of gas production increased with temperature, with i n c r ~ e d  acid 
cancentration and in the presence af a*+. The quantity of gas per u ~ t  volume of samplc increased 
with temperature and acid concentration but was sli&ttly less in the presence of Zr4+. Dibutyl 
phosphate @BP) and monobutyl phosphate (MPB) were obsezved as praducts of the decomposition 
reactions in all cases except in cuns involving Zr*. Smd amounts of 1-butanol and butyl nitrate were 
also observed ia the residua In the presence of Z f  the residue h m  the decomposition was a solid, 
which was poorly soluble in organic solvents. Phosphates other than TEP were not positively 
identified far runs hvolvhg Z f .  A similar series of experbents has been recently initiated in which 
volatiles were distilled from the m o r  as they are fomed. Substantial mounts of butyl nitrate were 
collected under these conditions. 

1. Experimental Procedures 

Sample and S tandads Preparation 

. Samples were prepared using the highest purity reagents that were available, Tri-n-butyl 
phosphate (TBP), 99%, was obtained h m  Adrich Chemical Co. and used as received. Reagent 
grade nitric acid was.dYuted with distilled water as required. All solutions were purged with argon 
and stored in sealed vessels under an argon 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 indicateh 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 have been 
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 argon for 
30 minutes, sealed and allowed to cquilibrate at room temperature with gentle stirring, Titrations of 
aliquots taken 6om the aqueous phase as a fiinction of time indicated that equilibrium was achieved 
after 24 hours of mixing. Equilibrativns with the 9 M acid gave acid concentrations of 3 -00 M in the 
organic phase and 6.3 M acid in the aqueous phase. Equilibrations with concentrated acid gave acid 
concentrations of 5.7 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 argon since their 
preparation to determine the effects of aging. 

2 
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Procedure for Constant Pressure Decompositions 

Decomposition reactions of eqdlibrated 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 infixred spectroscopy. This apparatus allows for volumetric 
determination of gas production up to 600 mL. In ntns where the volatiles were collcc2ed, the 
condenser was repositioned to allow for distillation rather than reflux and a rcceivcr placcd between 
the condenser and gm measurement systcm. Runs done under reflux conditions had sample 
temperatures that were about 15 O C  less than the bath temperature. The react'ion vessel was either 
a 50 mL or 100 mL, flask, which was immcrscd in an oil bath up to the neck of the ff ask. In some 
runs a three-necked flask was used SO that a thermocouple could be inserted into the sample. 

Experiments were and-ucted by placing a know volume of equilittrated 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 argon several t'mes. A preheated oil bath 
waa raised such that the fiask was immwed to the neck. The system w89 vented to the atmosphere 
for a short time (< 2 min} to maintait.i hnosphe&pressure while the temperature equilibrated. At 
this poht the t h e  was recorded and periodic mkurements 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 ail bath was lowered and, after oooiing to mom 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. 

Ix. Results 

Gas Production 

Experhents were conducted in LOO mL, reaction flasks under reflux conditions at 130,150 
and 180 *C (bath temperature) with TBI? containing 3 M acid and at 130 and 180 O C  with TBP 
containing 6 M acid. Gas praductian in mL. per nL of sample are presented in Figure 2 for the 
former runs. The rate of gas production and the total amount of gas produced increased with 
temperature, Figure 3 gives a comparison of gas production at 150 O C  for TBP containing 3 M and 
6 M acid. Both the rate and amount of gas produced increased at the higher acid concentration. 
Induction periods are evident for runs at lower temperatures at both acid concentrations. It must be 
noted that the actual sample temperature is somewhat less (approximately 15  "C) than the bath 
temperature as a result of heat loss due to reflux of the volatile products. 

Fippe 4 shows the temporal production of gas at 150 "C for TBP containing 3 and 6 M acid 
that has been saturated with ZrQ(N03)~~lcH,0. Data under the same conditions without added Zr4+ 
is shown for comparison. The fate of gas production is greater in the presence of Zr4+ but the totd 
amount of gas is slightly less. The induction period for TBP with 3 M acid is reduced in the presence 
of Zr4+ 

The existence of an induction period is shown more clearly in  Figrc  5 ,  which gives plots 
of gas production during the period of coristant rate of evolution for several of the decomposition 

3 
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experiments described above. The cffcct of temperature, acid concentration and presence of Zr" are 
obvious. 

Recently experiments have bccn undertaken under distiliation conditions; that is, volatiles 
were condensod as formed and removed fiam the reaction vessel. (hi production appears to increase 
under distillation conditions, as shown in Figure 6, but it must be noted that the actual sample 
temperature is greater under distillation conditions. Thermocouple ;Ixlasurements indicate 
that the sample temperature is about 2 "C less than the bath temperature under distillation conditions. 
Further experiments arc planned to determine whnt factors are important to gas production, Analysis 
of the distillate indicate that it is predominantly a h r e  of water and butyl nitrate 

When the radon vessel vdume was reduced fiorn 100 to SO mL the volume of gas produced 
per mL, of sample under reflux conditions decreased, as shown in Figure 7. Although this 
requires hrther hwstigation, we beliem that this is a result of better heat transfer and more Uniform 
heating in the lager flask. Tenpxature differences may be the main factor but the rate at which the 
sample is heated may also be a factor. 

Gas Analysis 
- .  - _  .- - 

_I - 

Analyses of gas phases have only been recently undertakesl, Mass spectra indicate that carbon 
dioxide, carbon monoxide and NO are present when gas production eases. Although the 
gas produced initidly is orange brown, which suggests the presence of NO, no confirmatory 
evidence is yet available. The inErared spectra of two samples sumest the presence of some 
hydrocartMn (C-H stretching absorption) but this is not supported by the mass spectra. Further work 
is planned. 

Res id u ats Analysis 

The mass ofthe material remaining in the reaction flask aftar gas evolution ceasedhas been 
determined for most reactions and analyses of acid content done by titration. 'H and "P NMR 
spectroscopies have been used to fbrther determine the composition of these samples. 
spectra are usefbl for det&g hydrolysis products (butanol and butyl nitrate) but the butyl poup 
resonances of TBP, DBP and Mf3P have such sahdar ohemh-d shifts that they cannot be reliably 
determined usbg this method. 31P NMR spectroscopy on the other hand provide a convenient means 
of determining these campounds. 

As an example of the method, a 5 mL (5.1 g) sample of TBP containing 3 M acid yielded 205 
mL of gas (1 atm) under reflux (bath temperature 150 "C) in 50 mL flask and gave a residue of 4.7 
g. Ti tdon  with NaOH indicated that the total acid concentration in the residue was 2.6 M. The 'lP 
NMR spectrum (Figurc 8) indicated that there was both DBP and h4BP as well as unrcacttd TBP in 
the residue. The TBP:DBP;MBP ratios were 3 :3 : I .  The water contents of the starting sample and 
the residue were the same at 1.4 M. The 'H NMR spectrum shows the presence of small amounts 
of butyl nitrate in addition to the mixture of phosphate esters. 

The presence of Wt in TBP samples appcars to affect [tie physical and chemical properties 
of the residue. Wmtas the uncatalyzcd reactiori residues are viscous liquids, those done with added 
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Zr4+ are waxy solids that are insoluble in most organic solvents but slightly soluble in DMSO. The 
"P N M R  spectra (see Figure 9 fbr an example) of these residues suggest the presence of TBP but do 
not show the presence of DEP or MBP. There is, however, a broad resonance upfield whose identity 
is not yet known. 

As indicated above, under distillation conditions a mixture ofwater and butyl nitrate distills 
fiom the reaction flask As expected the amount of residue is less under distillation conditions. 
NMR spectra of TBP containing 3 M acid run at 150 O C  under both conditions indicate that less 
hydrolysis of TBP appears to occur under distillation conditions. 

Table 1 give mass balances for severai of the rum for which data are most complete. Ir is 
expected that elemental bdances will be provided when chemical analyses ate completed. 
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Fig. 2 Effect of temperature on gas production 
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EXP f )  

Bath 
Temp. ("C) 

Reaction 
-.  time -L. (hr) 

Equilibrated 
Aqueous acid 
Conc. (N) 

Reaction 
Vessel (ml) 

Reflux or 
Distillation 

Product Mass 
and % as of 
Sample Ma88 

Sample 
' Mass 

Residue 

Gas 

C ondene a t e 

No.117 No.Xl9 

R R 

5.10 3.B 

432 255 
(86%) (81%) 

No.124 

130 

6 

15 

100 

R 

5.44 

477 
(87%) 

No.125 

150 

6 

15 

100 

R 

5.47 

4.61 
(84%) 

N0.129 

150 

3 

6 

50 

R 

6.10 

4.70 
(92%) 

No.130 

3 

6 

I) 

6.10 

419 
(82%) 
O M  
( 11%) 
0.23 
(6%) 
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s. I. Abdtl-rchallk 
$aurhrm Nuclear Disringuished professor 
Yuclar Engioming Papnm 

October 10,1994 

Mr. D. T. Paddleford 
Safety Technology Department 
Westipehouse Savmah River Company 
1991 S. Cenfennial Avenue 
Aiken, South Carolina 29803-7657 

Aaached & the monthIy status report for our ERI)A contract on the thermal decomposition of 
nitrated TBP. Work is progressing on schedule. 

Please feel free b call me if you have any questions. 

SIAWbc 
cc: Dr. E. IC. Barefield 

Rr. D. W. Ted& 
Ilr. R. A. Karam, ERDA 
Mr, Petc Daw- 
OCNGeorgia Tech (2) 

sincerety, 
P 

S. 1. Abdel-Khalik 



Thermal Deconrposition of Single Phase TBP/Nitric Acid Mixtures 
Under Coristant Vdume Cotiditions 

During the current project period a new experimenrd set-up was constructed to measure 
the pressure changes associated with the thermal decomposition o f  TRPhitirc acid mixtures under 
constant volume conditions. The results for samples containing 3 M and 6 M nitric acid, 
respectively are given to  illustrate the method. 

Sample Preparation 

Equilibrated TPB phases containing approximately 3 M and 6 M nitric acid, respectively, 
were prepared as described in out August 9,1994 report. 

Constant VoIume Apparatus 

. The apparatus used for constant volume decomposition experiments is shown 
schematically in Figure 1. 'The apparatus consists of a 30 mL, 316 stainless steel reaction vessel, 
connected by 0.25" OD stainless: tubing to a pressure sensing device (MI3 Baratron, Model 
122A), rupture disk assembly; and separate outlets for connection of a v&um pump, gas-idet 
system and fur gas sampling. After bading the cylinder with a sample of h u m  mass, the 
cylinder is attached to the system with a Swagelok fitting and the entire apparatus is pressurized 
with two atmospheres of helium and allowed to stand for 20 min to test for leaks. After the: leak 
test the system is evacuated and backfilled with helium ten. times to eliminate air &am the system. 
After the. lst  filling with helium the pressure is established at one atmosphere and the system 
sealed by closing the value to the vacuum outlet. The cylinder is emersed into an oil bath that is 
preheated to the reaction temperature and pressure readings taken as a hnction of time until no 
fbrther pressure increase is observed. At this time the cylinder i s  removed from the bath and 
ailowed to cool to room temperature where the pressure is again recorded. 

Reactant and Product Analyses 

Each equilibrated TBP phase was analyzed prior to reaction for water content by Karl- 
Fisher titration, for nitric acid content by titration with NaOH to B bromthymol blue endpoint, and 
for TBP Concentration by 'H NMR versus CH,Cl, as internal standard. A sample of known mass 
WRS used in each experiment. 

M e r  each reaction was complete, as determined by stabilization of the system pressure, a 
sample of the gas phase was taken for infrared and mass spectra! anaiysis. These techniques were 
used for identification of the constitutent gases. Gas chromatography was used for estimation of 
the gas phase composition. Gas chromatographic analyses were performed using two Hewfett- 
Packard Model 5890 chromatographs, each equipped with thermal conductivity detectors, and 
each connected to a Mewlett-Packard workstation. Samples were taken with a gas-tight syringe 
and were injected with the syringe into the chromatograph. One of these chromatographs is 
equipped with a 1/8 x 12' SA molecular sieves column used for determination of N,, 0 ,  NO, and 
He; argon is used as the carrier gas. The following instrument parameters were used: inlet 
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temperature, 120 "C; oven temperature, 32 'T; detector temperature, 120 "C. The second 
chromatograph, which is equipped with a Porayak Q column, was used for the detednatia 

. ,: . 9- 

f 

, '  I :  

CO, COz and N,O, The following instrument parameters were used: inlet temperature, 60 "C; 
oven temperature, 32 "C; detector temperature, 60 "C. Helium is used as the canier gas in this 

. instrument. 

After compIerion of all gas sampling, the cyIinder was removed &om the apparatus and the 
mass of the residue determined. The composition of the liquid phase was determined by a 
combination of titrimetric and NMR spectroscopic methods. Water and acid content were 
determined by Karl-Fisher and acid-base titrations, respectiveiy. Butyl nitrate and butyl 
phosphates were determined by 'H N M R  (versus CH,CI, internal standard). Residual nitric acid 
will be determined by 14N NMR but these results are not yet available. The results fbr equilibrated 
TBP/aitric acid phases that contain 3 M and 6 M nitric acid, respectively, are shown in Tables 1 
and 2. 



W 
L 
1 
CI 

L 9 

WSRC-RP-95-259 

f 



20 

IU 

0 
0 

CJ 

II 
m 

a a 
Ci 

I a 
I 

n a  

B I I  

1. 3MHN03 1 

20 40 6b 
Time (mid  

80 

I '  

Figure 2. Pressure versus time plots for decomposition of equilibrated 
TBP-nitric acid phases at 150 "C 
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Table I. Constant Volume Experiment Results (No. 134) 

Reaction Temperature: 150 "C 
Acid Concentration: 3M 

Atmosphere; Helium 
Sample Volume: 5 m L  

Before Reaction: 
Sample Weight: &log 
W+I: 16.6 mm&(3.00 M) 

rrE3PI: 14.16 m o l  (2.83 MI 
m201: - 7.42 mmOi (1.48 MI 

After BO min Reaction: 
Sample Weigh& 4.65 g (weight loss = 0.45 g) 
Gas Composition: bJ2 0 2  CO COz NO N2O He 

total mol % 23.7 0 17.1 28.5 5.6 10.5 16.1 
normalized mol % 27.6 0 20.6 33.1 6.5 122 

Residue Composition (from acid-base titration, Karl-Fisher titration and 1H NMR) 
m+1: 9.43 m o l  (1.89 M) 
IH2Ul: 12.9 m o l  (2.58 M) 
[TBP]: 11.13 mmol(2.23 M) 
IJJBP]: 4.77 mmof (0.95 M) 
ISuONOz]: 3.00 m o l  (0.60 M) 

Material Balance 
Qaa Average Molecular Weight: 
Quantity of Gas Produced: 
Carbon Element present in Gas: 
Carbon Element Lost from Aqueous Phase: 

31.08 

6.30 m o l  
7.08 m o l  

13.64 CZUIOI (- 0.42 g) 
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Table 11. Constant Volume Experiment Results(No. 136)- 

Reaction Temperature: 150 c% 
Acid concentration: .6 TVT 
Sample Volume: 5 mL 
Atmosphere: Helium 

Before Reaction: 
Sample Weight: 5.10 g 
m+3: 29.25 m o l  (5.85 M) 
m2a: 9.40 m o l  (1.88 M) 
[TBPJ: 13.23 m o l  (2.65 MI 

. is, 
c' 

After 60 min &8CtiOn: 

Sample Weight: 4.25 g (weight loss = 0.85 g) 
Gas Composition: NI 02 CO CO2 NO NzO He 

total mol % 22.3 0 18.7 320 9.2 10.3 16.1 
normalized mol 8 24.1 0 20.2 34.6 9.9 11.1 

Residue Composition (fiom acid-base titration, Karl-Fisher titration and 1H NMR) 
[E+]: 15.04 m o l  (3.01 M) 
mz01: 19.80 m o l  (3.96 M) 
[TBP]: 7.82 m o l  (1.56 MI 
[DBP]: 6.92 mmol (1.38 MI 
lJ3uONOzJ: 3.51 m o l  (0.70 M) 

Material Balance 
Gas Average Molecular Weight: 33.22 

Carbon Element present in Gas: 
Carbon Element Lost from Aqueous Phase: 

Quantity of Gas Produced: 28.15 m o l  (- 0.93 g) 
14.27 mmol 
13.64 mmoI 
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s. I. AbdCCKbKk 
Southern Hudear Distinguished P d e s w r  
Nuclear Engineering Program 

September 9,1994 

Mr. D. T. Paddleford 
Safety Technology Department 
Westinghouse Savannah River Company 
1991 S. Centennial Avenue 
Aiken, South C ~ ~ l i n a  29803-7657 

Dear Don: - -. 
Attached fs a progress &Ort for our ERDA contract on the thermal decompitfon of nitrated 
TBP. The report deals with oar work on single phase experiments during the two-months period 
of July 11,1994 through September 9,1994. Work is progressing on schedule. 

Please fee1 free to call me if you have any questions. 

Sincerely, 
f 

S. 1, Abdef-Khdik 

SLAWbc 
cc: Dr. E. R Barefieid 

Dr. D. W. Tedder 
Dr. R. A. Karam. ERDA 
Mr. Pete Dawkins 

OCA/GeorgiaTech('L) 
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THE GEORGE W. WOODRUFF SCHoa OF 
MECHANKALENGNEEXUiYG 

-----I---.- .............. - ... -.-_LLd-C..--._C_. - -,.- --- --_. 

ceorpla Lastitutc of Tcchnoloey 
Adiou. G w h  303329605 
USA 

November 10,1994 

Mr. D. T. Paddleford 
Safety Technology flepartment 
Westinghouse Savadnatt River Company 
1991 S. Centexmid Avenue 
Aiken, South Carolha 29803-7657 

Attached is the monthly status report for our BRDA cantract an the thermal decomErositicK\ of 
nitrated TBP. We have camplefed all  single phase tars: for both constant volume and constant 
pressure cortditims and are proceeding with similar tests for two-phase systems. Work is 
progressing on schedute. 

S, I. Abdel-Khalik 

SIAWbc 
cc: Dr. E K. Bmfidd 

Dr. D. W. Tedder 
Dr. R A. Karam, l%DA 
Mr. Pete Dawkim 
OCAfGeoxgia Tech (2) 



Task Order # 94954 

WSRC-RP-95-259 
ERDA MQNTALY STATUS )REPORT 

Montb/Year 

Send Monthly Status Report by the 10th of each month to: 
Dr. Ratlb Karam, ERDA 

NeeIy Nudeaf Remarch Center 
900 Atlantic Ddve 

Atlanta, GA 30332-0805 

Work is pmgmsing on schedule. As specified in thc Task Order, single phase tests for both constant 
volume and corntat pmure have been comple&d. S W a r  tests for two-ghase systems am in progress. 
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Executive Scimrnary 

Efforts during this period have focussed on completion of 8 matrix of experiments at constant 
pressure, further experiments at constant volume, and initiation of experiments on two phase systems. 
Further consideration of the carbon mass balance for decomposition experiments suggested that 
additional condemed phase products must be present, Carehi reexamination of proton NMR spectra 
indicates that propionic acid and acetic acid are present in the condensed phase. The ,single two phase 
experiment that hu been completed indicates a much greater geld of gaseous pfoducts, based on 
TBP, than in either constant pressure or constant volume, single phase decompositions, The 
composition of the gas phase for the two phase e.qeriment is similar to that of the singtc phase 
experiments except that there is less CO and more nitrogen and carbon dioxide. 

L Experimental Procedures 

Sample and Standiirds Preparation 

Preparation of all samples was done by the m e  procedures outlined in the October 10, 1994 
progress report. P 

Procedure for Constant Pressure and Constant Volume Decompositions 

The procedures for constant pressure and mostant volume decompositions were the same as 
that outjined eartier (October IO, 1994 progress report). A prelimhay two phase, constant pressure 
experiment conducted with 5 mL portions of equiiibrated TBP and 5 mL of aqueous acid produced 
more jys than the maximurn volume of the gas handfing apparatus. The experiment described bdow 
utilized 2.5 mL. of both TPB and aqueous acid phases, which produced a volume of gas compatible 
with the apparatus. It is expected that future two-phase experiments will be done using the stme 
protoccoi. 

II. Results 

Table 1 lists the experiments completed during the past month. Table 2 sumarizes the results 
of a single phase, constant pressure experiment that illustrates the cuncnt status of Our efforts to 
achieve a Carbon mass balance for such experiments. Table 3 outlines the results of the two phase, 
constant pressure experiment recently compfeted , Gas evotution versus time plots &r these 
experiments are shown in Figures 1 and 2, respectively. Because these experiments were not 
performed at the same temperature, they cannot be directly compared. However, it is obvious that 
the amount ofgas produced in the two-phase experiment is much larger, based on TBP, than that 
produced in the single phase experiment. This must mean that the additional nitrogen gases are 
produced from nitric acid in the aqueous phase. It is interesting to note that there is no detectable 
CO in the twg-phase experiment. 

Two additional condensed phase products, propionic and acetic acids, have been identified 
based on the presence o f  their resonances in the proton NMR spectrum of residues. These 
resonances were present in the spectra of earlier samples but had not been previously identified. It 
is curious that butyric acid does not appear in appreciable amounts, and aiso that formic acid is not 

2 
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present. Assuming that butyl nitrate is the initial product fiom reaction of TBP with nitric acid, a 
logical sequence fbr formation of carbon fragments could be butyt nitrate -butraldehyde - butyric 
acid -propionic acid -I- CO, -acetic acid i- COz -formic acid. Presumably formic acid would finally 
be oxiditedto carbon dioxide. Butenes have not been identified in either the gaseous or condensed 
phases. 

3 
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Table 1. List of Completed Single Phase Experiments 

I' 

I. Constat  Pressure 

Exp.No Bath- -atim shtahst . .  

1 130 "C 6M 
2 150 "C 6M 
3 180 O C  GM 
4 lFi0 O C  3M 
5 160 "C 6M 
6 130 OC 6M 
7 150 "C 6M 
8 180 "C 6 M  

II, Constant VQ~UXXW 

1 130 'C 6M - 
2 150 *e 6M - 
3 180 O C  6M - 
4 150 "C 3M - 
5 150 "C 6M Z$+ 
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Table 2. Results for Typicd Single Phase Experiment 
at Constant Pressure 

I' Bath Temperature: 130 OC 
Acid concentration: 6M 
Sample Volume: 6 m t . .  
Atmosphere: Helium 
DistiUation/Refluing R 
Before Reaction: 
Sample Weight: 5Alg 
IH+I: 28.75 nun01 (5.75 M) 
w2a: 9.40 mmol(1.88 MI 
ma: 13.30 m o l  (2.68 M) 
Af'ter Reaction: 
Sample Weight: 4.74 g (weight loss = 0.67 g) 
T0ta.I Gas Val-e: mml 
Gas Composition: N2 02 CO C02 NU N& He 

total mol % L4 0 6.7 19.4 50.2 39 E2 
normalized mol % l.8 0 8.5 24.7 59.9 5.0 

Rasidue Composition (hm aad-base titratha, Karl-Fisher titration and 1II N1MR) 
m+1: 20.013 m o l  (4.01 M) 
M201: 7.10 m o l  (1.42 M) 
(yBP]*": 8.30 mmol(1.66 M) 
(33BPl**: 6 .OO psIuo'1(1.c)O M) 
LBuONO~: 2.42 mmol(0.48 M) 
[CH3CH2COOKj 0.61 mmol(O.12 M) 
[CH~COOY1 0.61 m o l  (0.12 M) 
Material Balance 
Carbon element loas from residue: 7.27 m o l  

4.78 mmol Carbon element present in gas Phase: 

** 
concentrations after reaction equals to TBP Concentration before reaction 

NMR spectra show no loss in phosphor species 60 the sum of TBP and DBP 
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Table S. pcBsul& of Typical Two Phases Experiment 
at Constant Pressure 

r 
Bafh Te~np8rafW3: 150 *c 
Acid concentra~on: 6M 
Sample Volume: 
Atmosphere: Helium 
DistillatiodBefluxiring R 

Sample Weight: 
Ipx+l: wza: 4.70 mmolC1.88 M, organic) 
CTBPI: 6.65 mmol(2.66 MI 
After Reaction: 
Sample Weight: 
Total Gas Vohme: 175 ml 
Gas Composition: N2 02 CO COS NO NaO He 

total mol % 6.9 0 0 242 40.1 64 20.7 
normalized mol 96 $3 O 0 31.2 527 82 

2.5 m”c each phase 

BefQm &SXCtfO#= 

2.66 g of organic and 3.51 g of aqueous phase 
14.6 mmol(5.80 M, organic) and 36.13 m o l  (14.45 M, aqueous) 

1.91 g of organic (10oss=O.74 g) md 3.05 g o f  aqueous 00994.56 g) 

Residue Camposition (&om acid-base titration, Karl-Fisher titration and 1H NMR) 
fH*I: 
m2a: 
[TBPf**: 3.40 m o l  (1.36 M) 
F)BP]**: 3.25  mol (1.30 M) 
cBuONU2.J; 0.17 m o l  (0.07 M) 

CCH3COOm 0.19 mmol (0.08 M) 
Material. Balance 
Carbon element loss from residue: 
Carbon element present in gas Phase: 

23.1 mmal(9.24 AI, aqueous) and 13.75 mrnol(5.50 M, organic) 
8.18 m o l  (3.27 M, organic) 

[CH3CH2COOHl 0.36 m o l  (0.14 M) 

10.89 mmol 
9.59 mrnol 

** 
concentrations after reaction equals to  TBP concentration before reaction 

31P NMR spectra show no loss in phosphor specie0 so the sum of TBP and DBP 
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January 9,1995 

Mr, D. T. Paddleford 
Safety Tschnokrgy Department 

1991 S. Centemid Avenue 
Aiften, South caiolina 29803-7657 

wcgtinghouse SavannahKYerCompany 

Dear Don: 

Attached is the monthly status repoxt for: our ERDA contract on the thermal decomposition of 
nitrated TBP. We have completed all experiments and are in the process of analyzing the data 
and pxeparing the Anal repoh 

The final report will be transmitted to you on January 31,1995. We imk forward t5 seefng you 
ineaxlyFebruary. 

Please feel t ie to call me i f  you have aay questions. 

s. L Abdel-Khm 

SfAKIbc 
cc: Dr. E. K. Barefield 

Dr. D. W. Tedder 
Dr. R A. Krpram, ERDA 
Mr. Pete Daw- 
OCffimrgia Tech (2) 
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Send Monthly Status Report by the 10th of each month to: 
Dr. Ratfb Knmm, ERDA 

N a y  Nuclear Research Center 
9OOAUanttc Drive 

Atlanta, GA 30332c0405 

A. Project Aclwunplishmeak 

All experiments have been cornplW 

B. Milestones achieved (Bastxi on thsse Idendfled 4n the Task osder): 

Work is progressing on &Wule. As BPecified in the Task &&r, alt single phase and two-phase experiments 
have been completed (see attached table). Work is underway to canalyze the data and prepare the final repon. 

C. Problems Encountered: 

NOae 



TABLE 1 

LIST OF COMPLETED EXPERIMENTS 

I. Single Phase 

1. Constant Pressure 

Exp. No Temp Acid in TBP Reflughz/D istillation Catalvst 

136 
237 
139 
140 
141 
144 
145 
146 

250 OC 
150 "C 
130 *C 
150 'C 
180 OC 
150 "C 
130 *C 
I80 'C 

3 M  
6 M 
6M 
6M 
6M 
6M 
6M 
6M 

D 
D 
D 
D 
D 
R 
R 
R 

2. Constant Volume 

Exp. No Bath Temq Acid in TBP Catalyst 

134 150 OC 3 M  - 
13s 150 OC 6M c 

142 130 O C  6M - 
143 180 OC 6M - 
163 150 "C 6 M  2r4+ 

II. Two Phase 

1. Constant Pressure 

Exp. No Bath Temp Acid in TBP Refluxinrr!Distillation Catalvst 

I50 
151 
152 
153 
154 
159 
160 
161 

2 5 0  *c 
150 "C 
150 "C 
180 "C 
130 'C 
180 "C 
130 "C 
150 "C 

6 M  
3 M  
6 M  
6M 
6 M  
6 M  
6 M  
6 M  

R 
D 
D 
D 
D 
R 
R 
D ~ r 4  + 



2. Constant Volume 

Exp. No Bath Temp Add in TBP 

155 
156 
157 
158 
162 

150 *c 
150 O C  

- 13OOC 
180 "C 
IS0 OC 

6M 
3M 
6 h3 
6 M  
6M 

Catalyst 

f 11. Additional Experiments 

1. Single Phase with No Water TBP (Purged Samples) 

Exp. No 

147A 
147B 

Bath Temp 

150 O C  

150 "C 

Acid in TBP Const. Pressute/Volurne Catalyst 

-3 M 
-3 h.I 

2. Reproducibility Experiments 

Exp. No 

148A 
148B 
1 4 K  

Checking Exp. No 

137 
136 
'I40 

Const. Pressure (I)) 
Const. Volume 
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