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_Summary 

This is the final report for work done at Georgia Tech during fiscal year.1992~1993.: Five 
tasks were originally to be undertaken. These were ·1) Kinetic studies of gas evolution and metal 
complexant decompositiQn in simulated waste media, 2) Product identification from metal 
complexant decomposition in simulated waste . media, 3) Round robin tests of glycolate 
decomposition in simulated waste media involving PNL, Westinghouse; ANL and Georgia Tech, 
4) Other waste tank . chemistry including the effects of organics on gas generation, and 5) 
Determine the pathway by which N20, N2, and NH3 are fornied in. simulated waste media . 

. . Essentially. all of the Georgia Tech effort was. devoted to tasks 1, 2 and 5; therefore, the report 
· . is divided into three parts denoted Task 1, Task 2 · and Task 5 .. Because the work during the 

twelve month period. rested heavily upon last ·six· months of the preceding year·, this report 
actually summarizes and correlates results obtained during the.eighteen month period April 1992 
through September 1993. Some highlights of thi~ phase of our work on elucidation of thermal 
mechanisms for gas formation follow. A "global 11 mechanism for the degradation of HEDTA has . 
been postulated _(Scheme 2.4 and 2;5) that incorporates the known dependence on nitrite and 

. alu;minum and which accounts for most. of the known products. 

TASK 1: KINETI~S STUDIES 

Long term stu~ies (> 6 months) of HEDTA decomposition under argon and argon-oxygen 
atmospheres .conducted at60° C, 90° C, and 120°·c indicate: 1) ED3A is much less reactive 
than.HEDTA, 2) that the rate of production of N2 and N20 decreases significantly at about the 
time that HEDTA is completely consumed ( < 2000 hat 120.° C), 3) that the activation energy 
for hydrogen gas evolution is 17 kcal/mol (71 kJ/mol). 

· Kinetics studies of sodium glycolate decomposition in simulated waste indicate a first order 
dependence on glycolate, nitrite and aluminate. This is consistent with the hypothesis that 
activation of nitrit~ for reaction with glycolate occurs by prior·. coordination to aluminum. An 
activation energy · for total gas formation from glycolate of 26 kcal/mol was determined. 
Activation energies .for hydrogen formatiqn from glycolate under argon and under argonoxygen 
atmospheres of.30 kcal/mol and 27 kcal/I_nol, • .respectively, were determined. · 

. . . . 

Large differences in the rel~tive amounts of N2, N20 and H2 formed at 90° C versus those at 
120° C were observed for both HEDTA and glycolate decompositions. In both cases N2 was the 
major gas at 90° C, whereas,N20 was the major product at 120° C. A possible explanation may 
be the effect of the yisc~sity of the medium on the _reactjvities of NO~.and CH20 or HC(O)C02-. 

Kmetics studies o'r the base induced decomposition of the preformed nitrosamines, N
nitrosoiminodiacetic acid and N-nitroso,..N-ethylglycine indicate half-lives for decomposition in 
2 M :NaOH of 250 hat 120° C for the former and 40 hat 100° C for the latter. Products of 
these decompositions include formate, oxalate, hydrogen and nitrous oxide. These observations 
support the mechanistic hypothesis that nitrosation of a secondary amine such as ED3A, IDA, 
etc can lead to a reactive species that produces the same gaseous and non~volatile fragments that 
are formed _in tank 101-SY and in simulated waste 'media. . . . 
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The possible effects of a variety of additives and reaction conditions on the rates and 
products of decomposition of:several comple·xants were examined. The most dramatic 
differences resulted from the elimination of oxygen from the atmosphere above the 
reaction mixture; the amount of hydrogen produced from metal complexants is 
substantially greater for decompositions that are conducted under an oxygen containing 
atmosphere than for those conducted under an oxygen-free atmosphere. The reactivity 
of HEDTA and the amount of;hydrogen produced are considerably increased by aging, 
especially for reactions conducted under an oxygen atmosphere. Nitrous oxide production 
was reduced under these conditions and oxygen consumption increased relative to a 
c·omparable reaction in which the solution was not aged. 

TASK 2: .PRODUCTIDENTIFICATION 

Monitoring of thermal decompositions (120° C) of two 13C-labeled forms Of HEDTA by 13C 
NMR spectroscopy provided significant information concerning the temporal formation of 
degradation products. Decomposition of a form of HEDTA in which both carbon atoms of 
the hydroxyethyl group were labeled indicated that formate, _carbon dioxide, oxalate and 
glycine were derived from the hydroxyethyl group. Unlabeled glycine, which must be 
derived from the carboxymethyI groups, was also detected late in the reaction; the ratio of 
labeled to unlabeled was estimated as about 1 :6. 

Similar monitoring by 13C NMR spectroscopy of the decomposition of HEDTA in which both 
carbomfof all three carboxymethyl groups were 13C-labeled was particularly informative. 
ED3A, 8.1-EDDA, S-EDDA and IDA were detected as products and the decay of ED3A to 
S-EDDA was evident from the time dependent spectra. Some of the ED3A was found in 
the cyclized lactam form. 

Comparison of the 13C NMR spectra of samples of both of the above 13C-labeled 
derivatives after irradiation at Argonne National Laboratory (D. Meisel) with those of 
thermally treated samples at sir;nilar levels of conversion showed significant differences in 
product distributions. In particular, IDA appeared to be formed in larger amount in the 
irradiated samples. The amount of ED3A might be less than that present in the thermally 
decomposed samples. · 

. Thermal decomposition in simulated waste of N-hydroxyethyl-N-ethylglycine (HEG), a 
simpler compound chosen as a model for HEDTA, showed that cleavage of the 
hydroxyethyl group occurred to give predominantly formate and N-ethylglycine. Small 
amounts of oxalate and glycine were also formed. Hydrogen, nitrogen, and nitrous oxide 
were also produced. The limited amount of glycine formed· in these decompositions 
suggested that N-ethylglycine, like ED3A, was quite unreactive toward further degradation. 
Independent tests of the reactivity of commercially available N-methylglycine in simulated 
waste indicated that it produced no glycine after 1000 h at 120° C. Thus the origin of the 
glycine observed from HEG may be a result of nitrosation of N-ethylglycine by the nitrite 
ester of HEG, which competes with its thermal decomposition. Like HEDTA, HEG 
produces more hydrogen and less nitrogen gases under an oxygen containing atmosphere 
than in an oxygen free atmosphere. 
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Seve_ral ~xperiments · we.re done to explore .the hypothesis that nitrite is activated for 
reaction with nucleophiles by coordination to aluminum. ·.The first series involved the 
reaction of a mixture· of [Et4N][AICLd and sodium nitrite in acetonitrile with various 
ethanolamiries ... That cleavage of . the . hydroxyethyl group occurred when the 
tetrachloroaluminat? was present; but no reacti.on occurred when it was not, is consistent 
with the observations made·on the simulated waste mixtures. Nitrosamines were formed 
as the nitrogen containing products. . Although not identified, nitrite esters or 
nitrosammonium intermediates are believed to be generated in these reactions. · 

In another series of experiments, the alkoxide of N,N-diethylethanolamine (DEEA) was 
treated with nitrosonium tetrafluoroborate in acetonitrile to generate the nitrite ester, which 
was found to be in equilibrium.with the N-nitr6sammonium.tautomer. Thermolysis of the 
mixture for several hours at 60° C foilowed by quenching with aqueous sodium hydroxide, 

· generated DEEA and diethylamine and initially a mixture of NO, N2 · and N2O. 
Subsequently, nitric oxide.was consumed and was replaced by a mixture of nitrogen and 
nitrous oxide. Production of NO could result by homolytic cleavage of the N-O bond in the 
nitrite ester. Nitric oxide is known to react with hydroxylamine to give. N2 an.d N2O but not 
direct evidence for the formation of hy.droxylamine in this reaction has been .found. 

The thermal stability of several carboxylate salts, including formate and oxalate, citrate and 
isocitrate, in .simulated waste media were examined. No evidence of any decomposition 
of formate and oxalate was found. Particular attention was.also given to the possible 
production of hydrogen from the reaction·of formate under .inert and oxygen atmospheres. 
Although minute amounts of hydrogen were detected, control experiments showed that the . 
amount of hydrogen .formed was .th\3 ~ame .\IVh~n formate was absent as when it was 
present. Ur,less formate and oxalate are .rapidiy decomposed by radiolytic processes, or 
they react with intermediates produced in thermal reactions, we cqnclude that there should 
be significant quantities present in Tank 101-SY. Both citrate and isocitrate thermally 
decompose in simulated waste without the evolution of hydrogen or nitrous oxide. Control 
experiments indicate that neither nitrite or aluminum is required for the thermal 
decomposition. · 

Solids invariably deposit during thermal decompositions of-metal complexants in simulated 
waste mixtures. Analyses of some of these solids derived from degradation of HEDTA 
were done in an effort to obtain a more complete mass balance for the decomposition 
reactions. Prior to the use of Teflon-capped vessels that eliminated exposure of glass to. 
splashing of the caustic simulated waste mixture, these·solids contained aluminosilicates. 
Solids formed from reactions done in Teflon-capped vess.els were aluminosilicate free and 
appeared to be almost entirely sodium oxalate. No evidence wc;1s found on the basis of x
ray powder diffraction for. any of the several known basic aluminum oxalate phases. 

TASK 5: SOURCE OF NITROUS OXIDE, NITROGEN AND AMMONIA 

Thermal degradation of HEDTA in simulated waste mixtures prepared using 15N-labeled 
sodium nitrite and/or 15N-labeled nitrate demonstrated that both the N2O and N2 formed in 
the decomposition are derived exclusively from nitrite. The bulk.of the ammonia produced 
in these reactions. was derived from nitrite but a small amount contained unlabeled 
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nitrogen derived from HEDTA Production of ammonia from HEDTA is included in the 
"global" mechanism for HEDTA decomposition. 

Early in our studies of the thermal decomposition of HEDTA at 120° C, the amount of 
nitrous oxide formed was frequently observed to reach a maximum value and then to 
decrease. This was determined to be a result of the decomposition of nitrous oxide to 
nitrogen and oxygen, which control experiments indicated could occur in glass vessels in 
the absence of any liquid phase. 

' 

A series of· experime·nts wasi performed to test the possibility that No- produced by 
fragmentation of a nitrite ester (or N20t produced by the subsequent reaction of No- with 
nitrite) might be reduced by f0rmaldehyde first to hydroxylamine and then·to ammonia. 
Although these experiments a:re incomplete, evidence was obtained that suggested that 
the reaction of N20/- with formaldehyde at 90° C produced formate, nitrogen and 
ammonia. Cyanide was detect~d by 15N NMR measurements and could be the precursor 
of at least part of the ammonia.• However, cyanide could only reasonably have formed by 
hydrolysis of the oxime derived from hydroxylamine and formaldehyde so that ammonia 
and nitrogen could also arise from disproportionation of hydroxylamine. 

The importance of ammonia as a waste tank gas was not known at the time that many of 
the HEDTA decompositions described in this report were studied and no quantitative 
analyses for ammonia were done. However, it should be possible to calculate the amount 
of ammonia that should be produced for runs where carbon mass balances are obtained 

, and analyses for other known :reduction products (hydrogen, nitrogen and nitrous oxide) 
are available. A sample "redox" analysis of one HEDTA decomposition was performed 
where these criteria were met. future studies of ammonia production should demonstrate 
the validity of this approach. 
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TASK1: KINETIC STUDIES. _ -

This section .describes studies designed to elucidate the factors' affecting the rate of 
reaction of met~I complexants in simulated wast~ media and to detE3rmine rate constants 
and activation energies for r~actions leading to gaseous products. Five major studies are 
described: 1) kinetics of individual product gases ·from HEDTA decomposition at three 
temperatures; an activation energy for hydrogen formatio_n has been determined, 2) 
kinetics of decomposition of sodium glycolate as a function of constituent concentration at 
120° C, 3) kinetics of both total gas, and individual gas, formation from decomposition of 
sodium glycolate as a funqtion of temperature; activat_ion energies have been determined, 
4) kinetics of decomposition of nitroso derivatives of ED3A mode.ls have been determined, 
and 5) factors affecting the.rate of decomposition of HEDTA. 

_ 1.A Reactions of HEDTA in simulated waste at different temperatures. 

A series ·of reactions of HEDTA we.re conducted in SY1-SIM-91 B solution at 60° C, and 
90° C, under argon and oxygen containing atmospheres, and at 120° C under an argon 
atmosphere. An experiment at 120° C under an oxygen containing atmosphere was 
aborted after a few hundred hours when the reaction vessel was discovered to be leaking. 
Analyses of gaseous products were done as· a function of time; analyses of unreacted 
HEDTA, and identifiable carbon fragments were performed at the time that the experiment 
was terminated. Table 1: 1 summarizes the amounts of all products at the time that each 
experiment was terminated, except for experiment 12B where analyses of gaseous : 
products obtained at a comparable time to those of experiment 19B are also shown. 
These two sets of data indicate the reproducibility of these types of experiments. Plots of 
the amounts of gaseous products as a function of time for several of these experiments 
are shown in Figures 1.1-1.6. These experiments may be considered as preliminaries to 
those to be done in FY 1994 where analyses for both gaseous and condensed phase 
products will be do,ne as. a function oftime. 

Very little reaction occurs at 60° C under •either argon or oxygen/argon 
atmospheres, although it does appear that more HEDTA has reacted in a shorter period 
of time in the oxygen contqining atmosphere.· .A.t 90° C the opposite is clearly the case; the 
reactivity is lower in the presence of oxygen and oxygen is steadily consumed in the 
course of the reaction (Figure 1.6). A long induction period is observe_d for nitrous oxide 
evolution under an argon atmosphere (Figure 1.2), but the amount of N20 produced is 
ultimately much larger- than under the oxygen atmosph·ere-·(24.5 % vs. 1.0 %). This 
suggests that oxygen may inhibit the formation -of nitrous oxide. The induction period 
under the argon atmosphere could be the result of the presence of small amounts of 
oxygen that are ultimately consumed. Also, as was noted.in the Georgia Tech memo of· 
November 30, 1992, the amount of hydrogen· produced is significantly higher (3x) under 
the oxygen containing atmosphere. The oxalate/formate ratio is also higher (0.5/0.1 ). 

Two experiments were conduct.ed under argon at 120° C. Gaseous prod~cts were 
monitored as afunction oftime to 5000 h in experiment 12B; the second experiment (198) 
was carried to.only 2000 h and measurements of both condensed and gaseous products 
were made at that time. _ The agreement of th·e analyses of _the gaseous products at 
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comparable times for the two··experiments is very good. There are several noteworthy 
points. · 

T bl 11 R t" a e . . eac 10n o m 1mu a e f HEDTA. s· I t d W aste at o·tt I .erent T emoerature s.1 

Exo't 108 168 118 178 198 128 

T/°C 60 : 60 90 90 120 120 

Cover Gas Ar Ar\O,, Ar Ar\On Ar Ar 

Time (h) 5036 3695 4942· 3695 -2038 201T 4921 

HEDTA 98 I 93 36 88 <2 <2 

Hcoo- <1 : 13 107 25 139 152 

,coo-),, <2 <1 12 13 17 19 

ED3A <2 • 6 55 12 67 60 

s-EDDA <2 '<2 6 -5 11 13 

EDTA <2 <2 <2 <2 -2 -2 

Aco- <1 : <1 -2 <1 3 4 
' 

H, 0.6 :o.9 3.9 11.7 6.3 6.4 11.3 

0,,2 - 15 - 29 - - -
: 

N,, -3 :-5 30 16 33 31 53 
' 

CH, <0.1 <0.1 0.5 <0.1 1.8 3.5 7.5 

N2O <0.1 ~0.1 24.5 1.0 36.1 31.9 , 27.1 

' ' 
1 Unless otherwise stated, all products are indicated in moles per 100 hloles of 
organic starting material. 2Moles of 0 2 consumed per 100 moles of HEDTA. 

' 

• Essentially all of the HEDTA has reacted after 2000 hat 120° C. · 

•• The reactivity of ED3A is sigtiificantly lower than that of HEDTA; only ca. 10% of that 
present after 2000 h has reacted in an additional 2900 h. That s-EDDAhas not 
increased by a comparable: amount may indicate that ED3A decomposes to other 
products that have not bee~ accounted for in these experiments. · 

• The amount of nitrous oxi9e goes through a maximum at about 2000 h for the 
reaction conducted at 120P C under argon. Its conversion to nitrogen is clearly 
indicated by Figure 1.3. lnd~pendent experiments that verify the instability of nitrous 
oxide under these reaction .~onditions are described under Task 5. 

• The rate of hydrogen formation is not affected by the disappearance of HEDTA at 
2000 h but has decreased r:r,arkedly at 4900 h. 

• Methane generation · has c\llso slowed but probably not to the same extent as 
hydrogen. 

2 
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• The rate of ·production of nitrogen, gases (nitrogen plus nitrous oxide) decreases 
significantly after 2000 .h, which is at, or after, the ~ime that all of the HEDTA had 

. reacted (see Figure 1.5). . . . 

1.8 Determination of the activation energies tor. gas formation in HEDTA 
decomposition under argon. The amounts of gases produced by reaction of HEDTA in 
simulatedwaste were monitored at 60° C, 90° C, and 120° Casa function of time under · 
an argon atmosphere (Figures 1.1~1.3). ·Taking the initial rates of hydrogen evolution from 
the plots at different temperatures, th.e Arrhenius plot shown in Figure 1. 7 may be . 
obtained. A calculation of the activation energy fror:n the slope of the line gives a value of 
17 kcal/mo!. This may be .compared with the· value of 24.5 kcal/mol obtained by Delegard1 

based on total gas evolution. 

1 
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Figure 1.1. Gas Evolution for the Reaction of HEDTA in Simulated Waste 

.· (60° C, Ar). 
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Figure 1.2. Gas Evolution for the Reaction of HEDTA in Simulated Waste 
( 90° C, Ar). 
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Figure 1.3. Gas Evolution for the Reaction of HEDTA in Simulated Waste (120° C, 
Ar; data are for experiment 128 in Table 1 . 1). 
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Figure 1.4. Gas Evolution for the Reaction of HEDTA in Simulated Waste 
( 120° C, Ar; data are for experiment 198 in Table 1.1) 
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Figure 1.5. Evolution of Nitrogen plus Nitrous Oxide for the Reaction of HEDTA in 
Simulated Waste (120° C, Ar; data are for experiment 128 in Table 1.1) 
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1 ~C Kinetics and mechanism of thermal degradation of glycolate in simulated waste 
' - . ·. ., ' . . 

The mechanism for the decomposition of glycolate in SY1-SIM-91 B, based on the general 
notions described in more detail under Task 2, is the following: 

Al(OH)/ + No2- .,. Al(OH)3-O-N=O + OH-· 

Al(OH)a-O-N=O + HO-CH2-Co2- ... Al(OH)4- + O=N-O-CH2-Co2-

O=N-O-CH2-CO2'" .... _ NO- + O=CH2 +CO2 

O=N-O-CH2-Co2- +OH..: ... No- + H-C(O)-CO2- +H2O 
. ' -~ 

No-+ No2- _.,. N2O/" 

- _ ·2No- .,. N2O:/ 

' N2O/ + H2O.,. HN2O2- +oi:-r 

HN2O2- ... N2O + OH- _ 

CH2=O + OH- .,. HO-'CH2-o

.HO~CH2-O- + OH- .,. -o-CH2:.o- + H2O . 

(1.1) 

(1.2) 

(1.3) 

(1.4) 

(1.5) 

(1.6) 

(1.7) 

(1.8) 

(1.9) 

(1.10) 

-o-CH2-O~ + H2O ... H2 + H-coo- + oH- ' (1.11) 

-HC(O)-CO2- +OH-.--:..· -o-CH(OH)-Co2- ~~COkCH-Co2- + H2O - (1.12) 

(Oh-CH-CO2-+ H2O ... H2 + -O2C-CO2~ + OH- (1.13) 

If it is assumed that the decomposition of the nitrite ester o(gly_colafe (Equation 1.3) 
is fast compared to its rate of formation (Equation 1.2), then all. steps· following the 
decomposition can be assumed to be fast and therefore can be exciuded from the kinetic 
analysis. Based on these assumptions a rate (Equation 1.14) can be _derived: · 

Rate = /c[Gl)jn[Al(Oh)~]1N02lP 

[OHlq 
(1.14) 

where n=1 and m, p and q are to· be_ deter'rnined. Since glycolate is present in small 
quantities compared to aluminate, nitrite and hydroxide, the disappearance of glycolate 
should follow pseudo first-order kinetics JEquation 1.15). · 

ln[GlyJt - ln[GlyJt~o = k1 t. (1.15) 

Th.us, a plot of In [Glycblate] vs. time should give a straight line with slope equal to k1, 
(Equation 1.16), · · · · 

(1.16) 
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. where this derivation assum1es m and p order dependence in Al(OH)/ and No2-, 

respectively. Rearranging the: above expression, (Equation 1.17) produces: 

k : k 1 

=------
[OH-r~: [A/(Oh);]"'[N02-]P 

(1.17) 

Two series of experiments have been conducted in an attempt to determine the effect of 
changes·in concentration of Al(OH)4-, glycolate and No2- in SY1-SIM-91 Bon k/[OH-]q. The 
first series. of experiments (hereafter Series I) was done in Teflon lined glass vessels in 
which there was.the potentialifor splattering of the solution onto glass above the Teflon 
liner. The second series (hereafter Series 11) was done in Teflon lined vessels in which 
there was a Teflon cover over the liner that prevented any contact of the solution with 
glass. Series I experiments were done under air and Series II experiments were done 
under an argon atmosphere. : Both series were done at 120° C. For each run (done in 
duplicate or triplicate) samples were taken at intervais and the condensed phase contents 
were analyzed by ion chromatography. In Series I experiments the concentrations of 
glycolate, formate and oxalate were determined at each time. In Series II experiments only 
the glycolate concentration was determined due to instrument limitations. The composition 
of each run and the rate constarit obtained following the analysis outlined above for Series 

, I are given in Table 1.2. The analogous data for Series II are given in Table 1.3. The data 
for individual runs that were us~d to determine the rate constants given in Tables 1.2 and 
1.3 are given in the Experimental Section. 

' 

1.C.1 Series I experiments. :If it is assumed that the reaction is first-order with respect 
to each of the reactants, then the k/[OH-]q values for each series should be identical. The 
k/[OH-]q values for Series I (Table 1.2) are very nearly the same, suggesting that the 
reaction is first ·order in glycolate, aluminate and nitrite. The ratio of oxalate to ,formate is 
approximately 3:2 (see data in ~xperimental Section). These products must be generated 
by competitive pathways, whi.ch means that the ratio of the rate constants for those 
pathways must also be 3:2. 

1.C.2 Series II experiments. Although there is a somewhat greater spread to the k/[OH-r · 
values for the Series II experim~nts (Table 1.3) than for those of Series I, the values also 
suggest that the dependence of the rate of decomposition of glycolate is first order for both 
aluminate and nitrite. · · · 

1.C.3 The effect of temperature on the rate of gas formation. The effect of 
temperature on the rate of gas formation from sodium glycolate in SY1-SIM-91 B simulated 
waste medium was investigated in two ways. The first method uti!ized the measurement 
of the change in the head space gas volume as a function of time at various temperatures. 
In the second method the composition of the gas phase was determined as a function of 

8 I 
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time at various temperatures.··.·:oata from both ~ethods were utilized to determine 
activation energies. · 

•' 

Table 1.2. Rate Constants for the Thermal Degradation of Glycolate 
.under Air in the presence of ~lass~ 

EXPERIMENT 
. 

k' (hr·1) kJrOH-lq (hr·1M·2) 

0.21 M Glycolate 
1.54 M Aluminate 

2.24 M Nitrite 6.5 ± 1.3 X 10-4 1 .. 9 ± .4 X 1 0-4 
0.42 M Carbonate . ' 

2.59 M Nitrate. .., 

2.00 M Hydroxide 

0.21 M Glycolate 
· 1.00 M Alumiriate 

2.24 M Nitrite 4.5 ± 1.0 X 10-4 2.0 ± :4 X 10-4 : 
0.42 M Carbonate 

2.59 M Nitrate 
· 2.00 M Hydroxide 

0.10 M Glycolate 
1.54 M Aluminate 

2.24 M Nitrite 7. 0 ± 1 . 5 X 1 0-4 2.0 ± .4 X 10-4 
0.42 M Carbonate 

.. 1',!. ~ • ; ' '1 1;::i:'. 

2.59 M Nitrate 
2.00 M Hydroxide 

0.21 M Glycolate 
1.54 M Aluminate 

1.12 M Nitrite 3. 7 ± 1. 0 X 10-4 , .. 2.1 ± .4 X 10-4 
0.42 M Carbonate 

2.59 M Nitrate 
2.00 M Hydroxide 

1.C.3.a Activation energy for total gas formation.• The rate of total gas formation 
from sodium glycolate was investigated.at 60° C, go° C and 120° C under air atmosphere 
as outlined in the Experimental Section. The temporal production of gas as a function of 
time at these temperatures is shown in Figure 1.8. After equilibration of the system at 60° 
C the changes in gas volume up to 6250 h were negative (Figure 1.8a) suggesting that gas 
was consumed rather than produced. It is postulated that this negative change in gas . 
volume is a result of consumption of oxygen. At go° C and 120° C the changes in gas 
volume after equilibration of the systt;rnJare positive (Figure 1.8b a·nd 1.8c), indicating a 
greater· rate of production·of gas than consumption of oxygen. 
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At 90° C the rate of gas formation is ca. 0.021 mUh,'\,vhereas.the rate of formation at 120° 
C is ca. 0.34 ml/h. ·using the data obtained at go° C and 120° C and the Arrhenius 
equation, a value for the activation energy, Ea, for total gas formation of 26 kcal/mo! was 
calculated. · · · 

Table 1.3. Rate Constants for Thermal Degradation of Glycolate under Argon -in the 
Absence of Glass at t20° c~ · · 

EXPERIMENT k' (hr"1) k;roH-lq (hr-1M-2) 

0.21 M Glycolate 
1.54 M Aluminate-

2.24 M Nitrite . · 11.4 ± .6 X 10-3 3.3 ± .2 X 10-3 
0.42 M Carbonate .. 

2.59 M Nitrate 
2.00 M Hydroxide 

0.21 M Glycolate · 
1.00 M Aluminate 

2.24 M Nitrite 6.27 ± .5 X 10;3 2.8 ± .2 X 10-3 

0.42 M Carbonate· 
2.59 M Nitrate 

2.00 M Hydroxide 

0.21 M Glycolate 
1.54 M Aluminate 

1.12 M Nitrite 6.34 ± .5 X 10'3 - 3.7 ± .3 X Jo-3 

0.42 M Carbonate 
2.59 M Nitrate 

2.00 M Hydroxide -·. 

1.C.3.b Activation energies for formation of hydrogen and nitrous oxide. The 
reactivity of socjium glycolate was investigated at go° C and 120° C under both argon and 
oxygen/argon atmospheres. The temporal behavior of gas evolution at go° C is shown in 
Figures 1.9 and 1.10 and that at 120° C in Figures 1.11 and 1 '.12. (The values at 1200 
hours corresponding to hydrogen and nitrogen in Figure 1.12 are probably too high due 
to an experimental error). The overall behavior is similar to that of HEDTA. The formation 
of nitrous oxide is inhibited by the presence of oxygen, whereas the amount of hydrogen 
produced is slightly greater (ca. 20%) under the oxygen-containing atmosphere. Using the 
initial rates of hydrogen eyolution at go° C and 120° C and the Arrhenius equation, 
activation energies of 30 kcal/mo I and 27 kcal/mo I were calculated for argon and oxygen
argon atmospheres, respectively. An activation energy for the evolution of nitrous oxide 
can be determined in a similar fashion using the data from the experiment done under an 
argon atmosphere (26 kcal/mol). Because nitrous oxide was not observed as a product 
at 90° C under the oxygen-containing atmosphere a value for the activation energy cannot 
be calculated.· These values agree quite well with the value determined from the rate of 
total gas formation (section_ 1.C.3). · 
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Although glycolate was not determined in these experiments, other experiments 
indicateJhat all glycolate should have been consumed after 1200 h. Inspection of Figures 
9-12 indicates that the product distribution is not consistent with the stoichiometry 
suggested by the mechanism proposed in equations 1.1-1.13. According to this 
mechanism, 1 mol of H2 and l0.5 mol of N2O, but no N2 should be formed per mole of 
glycolate _reacting. Less than 1: mol of hydrogf3n was observed and the sum of the nitrous 
oxide and nitrogen is greater ~han 0.5 mol. There is the possibility of the existence of a 
systematic error in these ms_asurements and therefore the absolute values could be 
incorrect. However, N2 is clearly formed. At 120· C some of the N2 undoubtedly arises from 
decomposition of N2O (see Task 5, section 5.8). A possible explanation for the early 
formation of N2 and NH2OH: is given in Section 1.0. Since the known pathways for 
formation of nitrogen involve the disproportionation of hydroxylamine and the concomitant 
formation of ammonia, the cµrrent efforts at Georgia Tech to quantify the amount of 
formation of ammonia may be: enlightening.-

.' 
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Figure 1.9. Gas Evolution for the Reaction of Glycolate in Simulated Waste 
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1.D A possible explanation for the temperature dependence of gaseous product 
ratios for reactions of HEDTA and glycolate 

A striking feature in the teriJ'lporal appearance of products from both HEDTA and 
glycolate is the difference in the behaviors at go· C and 120· C. The difference is seen 
in the relative amounts of !N2 , N2O, and H2 as they appear with time in these 
experiments. For both reactants N2 is the major product at go· C, even at the earliest 
times, while N2O is the major product at 120· C. That N2 should be the major product at 
earliest times in the reaction might appear to be inconsistent with the sequence of 
reactions presented in Section 5.C, Task 5, which indicate N2 as a product late in the 
sequence. However, the s~me reactions can be used to explain the temporal 
appearance of the products! at go· C if early formation of hydroxylamine can be 
accounted for. A promising explanation, which will be tested by further experiments, is 
based on the fact that these reactions are occurring in a medium of very high viscosity. 

In both of the mechanisms for the decomposition of the nitrite ester of glycolate and 
the nitrite ester of HEDTA (the path leading to ED3A), No- and H2CO are formed adjacent 
to each other. In a very viscous medium the No- and H2CO formed from a single 
decomposition will be trapped in the so-called. "solvent cage" and may combine with each 
other before they can diffuse away into the bulk of the solution; this is akin to the "geminate 
recombination" of photochemistry. The reaction of No- and H2CO gives the known 
formohydroxamate ion, which then decomposes to formate ion and hydroxylamine. If there 
is extensive. formation of the hydroxamate ion .. in the "solvent cage", formate and 
hydroxylamine will be early products, with the gases N2 and NH3 appearing later from the 
disproportionation of H2NOH. All of these reactions are expected, on the basis of 
extrapolation of known rate data, to be fast relative to the time scale of the experiments. 
The behavior at go· C appears :to be consistent with this description. The relative amounts 
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· ofN2 and H2 formed in these readioris indicate that 'more than 90% of the NO- and H2CO · 
react rapidly wi~hin the solvent cage .. · 

. At 120· C the viscosit}' is less than that at 90° C, and the percent of No- and H2CO 
escaping. the solvent cage would be expected to be greater than that at 90" C. The early 
yields of H2 and N20 would be increased, and that of N2 decreased, as compared to the 
behavior at 90· C. The data for glycolate indicate that about 60% of the No- and H2CO 
escape' from the solvent cage .. · . . 

. The other difference in the behavio;i- at the two temperatures is the appearance of 
maxima in t,he temporal yields of N20 at I120~ C. This effect is attributed to the thermal 

· decomposition of N20 (See Section 5.B i~ Task 5). There is nothing in the eo··c data to 
suggest this reaction need:to be consider~d at this temperature. · . . 

! 
.' ; 

1.E Stoichiometry and kinetics·ot dec~miposition of nitrosamines 
1. 

The formation of certain of the lower molecular weight fragmentation products of HEDTA 
requires the cleavage of the C-N bond in a secondary amine. For example, the 
mechanistic pathway for formation of U-EDDA or glycine from ED3A involves the 
nitrosation of the secondary amine followed, by bas£3 promoted elimination of HNO from the 
nitrosamine as shown below.· · i ' · 

I . 

I 
. I ,, 0 

· . N~.......,C02- OH-

-02C _/ l . \;:CO2 - -

,:,;;.·•·· ('' 
H2N CH2C02" + H ~N V02 -

· · \.::.CO2 -
glycine 

,i.i., . 

'-"" 2 \,..,"N ~02 - + OHCC02- ·. 
:02C . ~CO2 - . . . \;:CO 2 -
. . _})7iN- r-02- _O_H- H N"""· .. 

. .. ·. . . , U-EDDA · 

'' ' 

CO2 + !) ~~02 - H2 O H 2N ~ ......,.CO2• f · . . CO2 - \;:CO 2 -

I U-EDDA 

I 
. The tentative detection of. N-nitrosoiminodiacetate .. in samples taken from tank 101-SY2 

· 

raises an important issue about the stability of .nitrosamines in nuclear waste media. Two 
· .. nitrosamine compounds, N-:-nitrosoiminodiacetic acid, NNIDA, and N-nitroso-N-ethylglycine, 

NNEG,.have been synt.hesized and their decomposition studied· in highly basic medium as 
outlined below. ' • · .· · . · , .. . _, . . · . 

,.,.N, ~ ,· 
· 0., N · · CO£ . 

I . . . 
'-·co- · 

' 2 ' ' 

N .............. 
0-:,. 'N' · '--

. ,l.co · 
' 2 

NNIDA.(1) NNEG (2) 
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1.E.1 Decomposition of N-nitrosoiminodiacetic acid, NNIDA. The reaction of 0.21 M 
NNIDA, 1, in 2.0 M NaOH at 1:20° C under an air atmosphere was monitored by 1H NMR 
spectroscopy. Major products detectabie by 1H NMR spectroscopy were formate and 
glycine (or possibly IDA whose resonance overlaps with that of glycine at 300 MHz) and 
small amounts of glycolate and acetate. The disappearance of NNIDA was first order with 
a rate constant of 2.8 x 10-3 h-1

, which corresponds to a half-life of 250 h. IC analysis of 
the.reaction mixture after ca. j 200 h indicated that oxalate was.also formed·and thatthe 
ratio.oHormate to oxalate wasfabout 3:1. A 13C NMR spectrum of the reaction mixture at 
this time indicated the formation of carbonate. Gas analyses performed ori other reactions 
of NNIDA in 2 M NaOH and in SY1-SIM-918 medium showed the formation ofboth N2O 
and H2 • Equations 1.18-1.23 show a plausible reaction sequence for formation of the 
major carbon products derivedifrom NNIDA. The formation of N2O from No- and hydrogen 
from formaldehyde would be ~ccording to equations 1.6-1.8 and 1.9-1.11, respectively. 

I 

ONN(CH2Co2-)2 .... CO2 + CH2=NCH2CO2- + No- (1.18) 

CH2=NCHl2C02- + H2O .... CH2=O + H2NCH2CO2- (1.19) 

ONN(CH2CO2-)2 + oH- .... No-+ H2O + -O2CCH2N=CHCO2- (1.20) 

. -O2CCH2N=CHCO2- + H2O .... H2NCH2Co2- + OHCCO2- (1.21) 

HC(O)-Co2- + 2 OH-.., CO)2-CH-Co2- + H2O (1.22) 

CO)2-CH-CO2- + H2O .... H2 + -O2C-CO2- + OH- (1.23) 

' . 

A reevaluation of the data from the August 31, 1992 report from Georgia Tech indicates 
that the amount of formate :(and oxalate) produced is too large and the amount of 
glycine formed is too small in: view of the low reactivity of glycine expected under these 
conditions (see section 1.F.?)- The system is currently being reinvestigated under 
conditions where both the co:ndensed and gas phases can be monitored as a function 
of time to obtain an accurate picture of the complete stoichiometry of the NNIDA 
decomposition. However, formation of both formate and oxalate points to dual 
pathways for decomposition df the NNIDA. 

I 
I 

· 1.E:2 Decomposition of N-riitroso-N-ethylglycine, NNEG. The reaction of NNEG, 2, 
was conducted in the same fashion as for NNIDA, except that the reaction temperature 
was 100° C. The lower temperature was chosen because of the greater reactivity of 

. NNEG compared to that of NNIDA. Monitoring of the reaction by 1H NMR showed the 
disappearance of NNEG anq the appearance of formate, acetate and glycine. The 
disappearance of NNEG was first order with a rate constant of 1.78 x 10-2 h-1 which 
gives a half-life of 40 h. Thi:s value was determined using the original data from the 
September 1992 Georgia T~ch status report and more recent data obtained in a 
reinvestigation of this system; In separate experiments the gas phase was analyzed at 
the completion of the reaction. Both hydrogen and nitrous oxide were detected. 
Nitrous oxide obtained from NNEG that was prepared using 15N-labelled nitrite 
(equation 1.23) contained two 15N atoms, indicating that the two nitrogen atoms came 
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from different NNEG mole~ule{ presumably· via N'6- _as described -in equations 1.6-1.9 . 
. Ni(CN)/-, which absorbs at 498 nm, has been reported to react with No-· to produce 
NiN0(CN)/- 3 When Ni(CN)/ was included in reaction.mixtures of NNEG, an absorption 
at -498 nm was observed after -1 oo h consistent with the presence of the nitrosonickel 
complex and presumably NO_c. A plausible reaction sequence for formation of the 
observed carbon products is given by equations_· 1.24-1.29. Formaldehyde would react 

• further to produce-formate and ·hydrogen as shown in equations 1.9-1.11. · 

· 0NN(CH2CH3)CH2CO/ -·CO2+ CH2=_NCH2CH3 + No-

.. CH2=NCH2CH; + H20 - CH2=0 + H2NCH2CH3 · 

ONN(CH2CH3)CH2Co2- +OH-~ CH3CH=NCH2Co2- + No

CH3CH=NCH2C02 - + H20 - CH3CHO + H2NCH2C02 -

CH3CHO + 2 OH- - CH3CH(O)/- + H20. 

CH3CH(O)/- + H20 -·H2 + CH3CO/-

(1 :24) 

(1.25) 

. (1.26) 

(1.27) 

(1.28) 

(1.29) 

The total carbon balance of the identified products from the decomposition of NNEG is 
not in agreement with the stoichiometry predicted by these reactions. However, 
acetaldehyde can react under these conditions to produce products other than acetate, 
and the failure to detect ethylamine, shown as a product in equation 1.25, by 1H NMR is 
not unexpected becal.jse of its _high volatility and the small amount that would be 
produced. · ... ,.rr-, 

.The observations made on NNIDA and NNEG support the notion that nitrosation of . 
a secondary amine such as ED3A, IDA, etc. would lead to a reactive species that produces 
the same-gaseous produ.cts for·med in tank 101 ~SY and in reactions in simulated waste. 
The organic fragments produced suggest reactivity patterni to.r ED3A, IDA, etc. that would 
lead to the same types of products that hav_e b_een obs·erved for degradation reactions 
conducted in simulated waste. _Also, the higher reactivity of NNIDA compared.to HEDTA 
suggests that the ·concentrati~n of NNIDA can'never be. ~igherthan that of HEDTA. 

1.F Factors affecting the reactions of flEDTA, EDTA and related_ compounds in 
· simulated waste · · · · 

A variety of observations made by investigators at Westinghouse, PNL, Argonne and 
Georgia Tech have suggested that a Variety of materials and conditions can affect the rate 
at which HEDTA and other complexants decompose in simulated waste media. This 
section describes studies that attempt to determine the ·effects of some additives and 
conditions on the rates and products ofdecomposition of several complexants. Most of 
the e_xperiments reported here ·are of a survey nature and in general were not done in 
duplicate. Some inconsistencies with other similar experiments are noted. in a few 
instance·s. · · · · 
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1.F.1 Effect of glass. The effect of the addition of glass on HEDTA decomposition in 
freshly prepared simulated waste solution is illustrated by the data given in Table 1.4. 
These data indicate that glas~ accelerates the rate of decomposition in either an oxygen 
or argon atmosphere, and th:at ED3A is a major nitrogen-functionalized product. In all 
cases the amount of formate observed is approximately twice the amount of ED3A formed. 
The amount of H2 producep is higher under oxygen atmosphere compared to Ar 
atmosphere. ' 

The material balance for the organic molecules, given by the amount (%HEDTA + 
%ED3A+ %EDTA+ %S-EDD~) is reasonably good in all cases (80 to 90%). Glycine and 
U-EDDA were also observed as products, but could not be quantified because their 1H
NMR resonances were coincident with those of other compounds present in the reaction 
mixture. 

The effect of glass was studied in the absence of sodium aluminate, in order to 
determine if glass, or its constituents, can function as a substitute for aluminate. Table 1.5 . . 

shows that practically no reaction is observed in the absence of sodium aluminate, either 
in the absence or presence of glass. Therefore, it can be concluded that silicate does not 
play the same role as alum·inate in these reactions. 

The increase in rate that results from the addition of glass (in the presence of 
sodium"nitrite) could be due to a decrease in [OH-], i.e., SiO2 + 2 OH- - SiO2(OH)t. This 
conclusjpn is based upon Delegard's observation 1 thatthe maximum reactivity" for thermal 
decomposition of HEDTA occurs at [OH-]=1.4 M. 

No nitrous oxide was observed when simulated waste solutions, prepared with 
heating in glass vessels, were heated at 120° C. When the simulated waste solutions were 
prepared in polypropylene containers or glass containers without heating, the amount of 
N2O produced at 120° C incrJased dramatically. Although the yield of N2O was strongly 

· _ affected, the yields of the proqucts in solution (ED3A, formate, e.tc.) were not affected. 
. . 

1.F.2 Effect of sodium silicate. In order to determine if the catalytic effect of added 
glass is due to dissolved sili6ates from the glass, a solution of sodium silicate ("liquid 

· glass") was added to the simulated waste soi·ution. The data in Table 1.6 indicate that no 
acceleration resulted, and that there might even be an inhibiting effect due to the added , 
sodium silicate. This suggests that the catalytic effect of added glass is not due to 
dissolved silicates and is consistent with the earlier suggestion (section 1.F.1) that the 
effect may be due to a decrea,se in [OH-]. 
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Table 1A. Effect of Glass on the Reaction of HEDTA 
1 in Simulated Waste (500 h, 120° C). · 

TRIAL NAME· HEDTA-16A HEDTA-18A HEDTA-.15A HEDTA-17A 

Atmosphere o? o? Ar Ar 
' ' 

Material added - · alass2 - alass2 

HEDTA 65.2 38.1 51.0 10.5 

Hcoo- . 41.4 71.4 51.0 129 
" 

(Coo-)? 12.4 · 20.2 5.8 18.1 

ED3A 22 32 24 60 
' . 

EDTA <2 13 <2 ~4 
, .... -

s-EDDA 5 6 ' . ~4 10 

Aco- <2 <2 <2 3 

H? 3.3 · 21.5 1.5 11 '.9 
,, 

0/ 12, 26 - -
. ' 

,' . 
N? 12 .. ·-4 19 27 

CH, <0.1 0.4 <0.1 5~ 0.4 

N9O 4.6 
. ' 

1.2 5.7 9.0 

1Unless otherwise stated, all products are indicated as moles per 100 .moles · 
of organiq starting material 2250 mg of borosilicate glass in small pieces 
were added to 3 ml of solution, just before the heating started. 3Moles of 0 2 
consumed per .100 moles of organic starting mat.erial: . 

1.F.3 Effect of sodium chloride. Added sodium chloride appeared to accelerate the 
reaction of HEDTA in simulated waste as indicated by the data in Table 1.7. In the 
presence of oxygen the ratio of form.ate to oxalate increased relative to.the reaction in the 
absence of NaCl; the same was tru'? for the ratio of H2 to N20. When argon was used as 
the cover gas, no appreciable differences in product ratios were observed. 

'' 
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Table 1.5. Effect of:Glass on the Reaction of HEDTA in Simulated 
Was ).1 te in the Absence of Sodium Aluminate (500 h, Ar, 120· C 

I TRIAL NAME I HEDTA-23A I HEDTA-24A I 
' 

Material added alass2 -

HEDTA qq_o 97.6 

Hcoo-· <1 3.8 

rr,od-),, <2 <2 
! 

H-: <0.1 0.2 · 

Nni <1 ~3 
i 

CHl <0.1 <0.1 

NO '? ' <0.1 0.2 
' 

· 
1Unless otherwise stated, all products are indicated as moles of product per 
100 moles of organic ~tarting material. 2250 mg of borosilicate glass were 
added to 3 ml of solution just before the heating was started. 

Table 1.6. Effect qf Sodium Silicate on the Reaction of HEDTA 
in Simulated Waste (500 h, Ar, 120· C). 

TRIAL NAME HEDTA-15A HEDTA-5B 
: 

Material Added - SiO/ 
I 

·· HEDTA: 51.0 Rfi. 7 

Hcoo-: fi1 .0 41.5 

(r,no-)n~ 5.8 ~4 
: 

ED3A, 24 24 
' 
' 

s-EDDA: ~2 ~4 
I 

Hn I 1.5 0.5 
' 

Nn ' 19 8 
' 

CH. <0.1 0.1 

N?O I 5.7 4.9 
' 

1Unless otherwise stateq, all products are indicated as moles of product per 
-100 moles of organic starting material. 2860 mg of a solution containing 27% 
SiO2 and 14% NaOH were added to 5 ml of SY1-SIM-91 B solution just 
before the heating start~d. 
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Table 1.7. Effect6t'Added NaCl o~ the ~ea~tion of HEDTA 
in Simulated Waste (500 h, 120· C).1 

TRIAL NAME ,I HEDTA~1.6A ·. I HEDTA-18A I HEDTA-15A I HEDTA-17A 

Atmosphere o? . ., . >,O? . Ar Ar 

. Material added . - NaCl2 - NaCl2 

HEDTA 65.2 30.0 51.0 · · 29.3 

Hcoo- 41.4 77.1 51.0 98.1 

<coo-),, 12.4 8.3 5.8 11.9 · 

ED3A 22 37 24 54 

EDTA <2. ~2 . <2 ~2 

s-EDDA. 5 7 ~4 9 

Aco-. <2 <2 <2 ~2 

H,, 3.3 9.5 . 1.5 3.2 

0?3 12 13 - -

N,, 12 . 24 19 27 

CH., <0.1 0.1 <0.1 · 0.3 

N,,O 4.6 4.8 5.7 7.3 

1Unless otherwise stated, all products are iridicated as moles of product per 
100 moles of organic starting material. 238 mg of so.di um chloride were 
added to 3 ml qf solution, just before the heating started. 3Moles of oxygen 
consumed per 100 moles of organic starting material. 

I 

1.F.4 . Effect of aging. -Table 1.8 shows the results observed when simulated waste 
containing HEDTA was aged for 1 OQO.h prior. to heating. The reactions carried out with 
freshly prepared solutions are included for comparison .. The reactivity of HEDTA and the 
amount of H2 produced are considerably increased by aging, especially for the reactions 
carried outunder oxyger, atmosphere. The amount of nitrous oxide produced decreased 
and the amount of oxygen absorbed increased substantially for the aged solution. These 
results may indicate that the concentration of an intermediate, which favors oxygen 
absorption and hydrogen production build up during the·aging period. 

1.F.5 · Effect of light. In general, nb attempt has beeri made to exclude light in most of 
the work done on thermal decomposition experiments done at Georgia Tech. However, 

. some reaction vessels were opaque, whereas most were glass with Teflon liners that 
· allowed light in from the top. In order to determine if photochemical reactions could play 
a significant role several expe.riments were carried out with HEDTA and HEG (an HEDTA 
model) under continuous irradiation by a 250 watt sun lamp. 

· 21 



WHC-EP-0823, 

Table 1.8. Effect Qf Solution;Agihg Offthe Reaction ofHEDTA 
in Simulated Waste (500 h, 120· C).1 

i 

TRIAL NAME. HEDTA-1:5A HEDTA-16A HEDTA-31A HEDTA-30A 
: 
: 

fresh solution fresh solution aned solution2 aned solution2 

I 

Atmosphere o? 
! Ar'· Q,, Ar ' 
' ' 

HEDTA 65.2 : 51.0 17.6 39.5 

Hcoo- 41.4 : 51.0 1 l3 .88.6 

,coo-)., 12.4 : 5.8 28.2 7.0 

ED3A 22 24 49 42 

EDTA <2 <2 9 4 

s-EDDA 5 ~4 10 6 
' 
' 

Aco- <2 <2 ~2 ~2 
' I 

H., 3.3 1.5 14.6 3.8 
: 

On3 12 ' 25 - -
: 

N,, 12 i 19 19 11 

CH. <0.1 
: 

<0.1 <0.1 <0.1 
: 

N?O , 4.6 : 5.7 1.2 1.4 

1Unless otherwise stated, all p[roducts are indicated as moles per 100 moles of HEDTA. 
2The solution was aged 1000 h in a polypropylene container at r. t. 3Moles of 0 2 consumed 
per 100 moles of HEDTA. 

Control experiments in the ab;sence of light were conducted by wrapping aluminum foil 
around the reaction vessels. The results (Table 1.9) do not suggest a major effect of light 
although the reactivity may be! slightly enhanced by photolysis. The· effect, if it exists, is 
small and does not argue for a major photochemical pathway. 

' . 

: , 

Table 1.9. Effect of Light on the Reactions of HEDTA and HEG 
in Simulated Waste (120° C, Ar, 200 h).1 

I 
I 

Trial Name Liqht Starting Mat. Hcoo- H,, N,, CH., 
' 

HEDTA-15A NO ab 30 0.4 ~3 <0.1 

HEDTA-16A YES 68 33 0.4 ~3 <0.1 

' 

HEG-11A NO 70 7 0.2 <2 <0.1 

' HEG-12A YES 63 11 0.1 ~4 <0.1 

1Unless otherwise stated:, all products are indicated as moles per 100 moles 
of organic starting mate:rial. 
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1.F .6 Effect of oxygen on the reactivity of metal complexants. Many observations 
have suggested that the presence of oxygen has a significant effect on the rate of reaction 
of certain metal complexants and on the amount of some of the gaseous products. To 
further explore· the_se phenomena a. series)f survey experiments were undertaken to 
determine the relative reactivities of a series of compounds under argon or oxygen 
atmospheres. Table 1.1.0 presents data for EDTA, glycolate, and for HEDTA and some of 
its fragments. The data i_n Table 1.10 suggest the following·: 

• A reactivity order_-of .glycolate > HEDTA > > U-EDDA, S-EDDA > EDTA, 
. glycine, IDA, NTAin either an oxygen or argon atmosphere. 

• The amount of hydrogen produced is substantially greater under an oxygen 
containing atmosphere. · 

The I.atter observation is an important one that should be considered whenever ·new 
mitigation procedures are considered for waste storage tanks. Procedures that introduce -
0 2 into the waste mixture could have the deleterious effect of increasing the amount of H2 

· generated. · · · 

The mechanistic role of oxygen on the.decomposition ·of HEDTA and other metal 
complexants is unknown but it is well established that most alkanes can be oxidized by · 
molecular oxygen (autoxidation) at 100-150° C without added initiators.4 The accepted 
mec_hanism of the reaction involves the formation of a-radica'!; followed by a radical chain 
process (equations 1.30-1 ;33). · 

.. • ,,i, 
' ' 

(X· = any radical)· .. 

X· + RH -. R· +.HX 

R· + 0 2 ~ R02 • 

Ro2·· + RH ~ R02H + .R· 

. 2 R02· - R02R + 02 

(1 .30) 

(1.31) 

(1.32) 

(1.33) 

The first step can be catalyzed by the presence of light and photosensitizers, but also 
by metals (Co, Mn, Cu, Fe). and bases .. The mechanism of autoxidation in the presence 
of bases has been proposed by Russell and Bemis to be that shown by equations .1.34-
1.37. 5 · - . · ', · · · . · 

R3CH ·+ Base - R3C- + BaseH+ 

R3c- + 0 2 - R3C· + 0 2 ·- . 

R3C·· + 0 2 - R3C02· 

R3C02· + R3c- - R3Co2- + R3C· 

23 
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Table 1.10. Effect oi Oxygen on the Reaction of Metal Complexants 
in Simulated Waste Solution 120° C,.1000 h)1. 

Experiment . · Atm Starting Hcoo- c20 4• H2 

Matetial 
02 

2 

EDTA-5A Ar 102: <1 <2 1.3 -4 <0.1 <0.1 

Glvcolate-14A Ar· 27.4 29.8 43.5 21.2 -7 0.3 14.6 

HEDTA-22A 

Glvcine-1A 

U-EDDA-1A 

S-EDDA-2A 

IDA-1A 

Ar · 34.8 
' ' 

Ar 97 ! 
i 

Ar 904 i 

Ar 86 ! 

Ar 100 ; 
' 
' 

73.4 

1.4 

7.0 

1.9 

<1 

10.0 2.7 20 0.1 5.9 

6.2 1.5 -4 <0.1 0.4 

<2 0.5 -7 0.1 0.5 

<2 2.0 -10 0.8 0.5 

<2 0.9 -3 <0.1 <0.1 

NTA-2A Ar 95 i 1.9 5.0 2.5 -11 0.2 <0.1 

EDTA-6A 93 i 3.0 9.7 6.7 17 -3 0.1 <0.1 

Glycolate-12A 0, 

HEDTA-21A · 

Glycine-1A 

U-EDDA-2A 0, 

S-EDDA-1A 

IDA-2A 

7.8 
' ' 

30.4 
' 

81 ! 
' ' 

804 
i 

' ' 
79 i 

' 

93 i 

34.4 

79.9 

2.0 

17.8 

7 

2.3 

48.3 26.8 25 -5 0.3 9.5 

10.5 2.6 24 -11 0.3 8.6 

16.5 8.5 15 -3 <0.1 0.1 

4.8 2.2 23 13 <0.1 0.1 

15.3 9.3 25 -6 0.1 0.3 

4.9 4.1 15 -8 <0.1 0.1 

NTA-1A 0, 
I 

92: 3.3 11.6 6.7 22 -2 0.1 <0.1 

1 Unless otherwise stated, all percentages represent moles of product per 
100 moles of organic ~tarting material. 2Amount of oxygen consumed per 
100 moles of starting organic material. 3A considerable deviation (~ 40% 
when %N2 is < 10) 1can be expected for these values, due to air 
contamination. 4Estima\ed values. 

Based on the above equations, autoxidation of the organic substrates could be expected 
when reactions are carried out :in simulated waste solution at 120°C under oxygen (or air) 
atmosphere. Some further i~vestigation of possible autooxidation reactions of several 
compounds were undertaken.! The results are described in the subsequent sections. 

i . 

' 1.F.6.a Sodium gly~olate. Significant reaction was observed when sodium 
glycolate was allowed to reac~ under an oxygen atmosphere in simulated waste solution 
that did not contain NaNO2 (Table 1.11, GL Y-3). · Furthermore, the reaction proceeded 
under oxygen atmosphere e'len when only NaOH and glycolate were present in the 
solution (GL Y-IT). Oxygen :absorption was observed in the first case (it was not 
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determined in the second case):,· although less than for unmodified .simulated waste 
solutions. The oxalate to formate ratio appeared to be great~r in each case than for the 
unmodified reactio.n. • The foll'owing reactions -are known t.o occur:4 

. 

·oG·· 
~c1 ---

' . '-::C==O 

cl~ ' 
' ' 

Table 1.11. Reaction of Sodium Glycolate in Mqdified 
1 . 

Simulated Waste Solutions (120° C, 500 h). · 

Trial · Compound(s) Atm. Starting Hcoo- C2Ot. H· 2 N20 
Deleted Material 

_., 

GLY-3A - 0, 33.0 24.1 34.4 · 27.5 4.4 

GLY-3 NaNO, 0, 82.9 3.4 14.7 8.3 . 0.3 

GLY-IT 3 NaNO2 \NaNO3 \ 04 89.5 3.8 7.9 - . -2 
NaAIO0 \Na,CO, 

1Unless otherwise stated, all percentages represent moles of product per ·100 
moles of organic starting material. 2Moies of oxygen consurned per 100 
moles of organic starting material. 3This reaction was carried out in the 
brass/teflon apparatus described in Figure 7. Due to the design of ·the 
reaction vessel, no data for gas analysis could be recorded. 4The pressure 
of the gas over the solution was - 760 mm. 

02 . 2 

23 

12 

-

Extending these reactions to the case of glycolate, the following mechanism could 
be proposed: · 

0 H· 
~ / 

C-CH 
cf. 'oH 

+ 

[Ol 

~o 
HC + OH-'- . 

o· 

0 ' ' 0-
~ / c-c' 
I ~ o· o 

· Scheme 1.1. Proposed Mechanism for the Autoxidation of Sodium Glycolate. 
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1.F.6.b HEDTA. The !observations for HEDTA are similar to those for sodium 
glycolate. Little reaction was pbserved for·any case where NaNO2 was eliminated and 
oxygen was not present {Table 1.12). 

Table 1.12. Effect of Oxygen on Reactions of HEDTA in Modified 
Simulated Waste (120° c~ 500 h).1 

Trial Compound Atm. HEDTA Hcoo- C20/· H2 N20 
Deleted 

: 

10A NaNO,, Ar 97.1 <1 <1 1.0, <0.1 

1A NaNO,,\NaNO~ ' 0,, 92.8 12.3 4.7 5.2 <0.1 
' ' 

2A NaNO,,\NaNO,, : Ar 100 <1 <1 0.3 <0.1 

1 Unless othe~ise stated, all ~ercentages represent moles of product per 100 moles of 
organic starting material. 2Amou:nt of oxygen consumed per 100 moles of organic starting 
material. 3Other products .found :CH-NMR): ED3A (z14%), Aco- (5.9%). 4This reaction was 
carried out in the brass/teflon apparatus described in Figure 7. Due to the design of the 
reaction vessel, no data for ga~ analysis could be recorded. 5The gas pressure over the 
solution was ~ 760 mm. : 

The formation of hydroperoxides by autoxidation in the case of tertiary amines is 
known to occur at the carbon adjacent to the nitrogen function:6 

;cH2CH3 

CH3CH2-N\ : 

CH2CH3 
' 

It is also known7 that when the ~itrogen function is y to the peroxide linkage, the following 
reaction occurs: i 

+ 

R:zC=O + CHR'= NHR" + OH· 

: 
' 

This, together with the reactions! suggested for glycolate, allows us to propose the following 
mechanism for the autoxidatiom of HEDTA: 

26 
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. ~N-C~-CHO 

l Olt 
' 0-

~N~~-c·: 
0 

R/JH + OHC-C~OH '' ' l [OJ ' 
0 -

•c-c~oH 
·O" --

~N" + CH20 

1~ 
HCOO-

Scheme 1.2. _ Proposed Mechanism for the Autoxidation of HEDTA. 

1.F .6.c EDTA and dimethylglycine (DMG). In this case, where no hydroxyethyl 
group is present i_n the molecules, no_ reaction was observed under Ar atmosphere, but 
reaction proceeded to a limited extent with evolution _of H2 when 0 2 was present (Table 
1.13). - . . 

Table 1.13. Effect of Oxygen on the Reaction of EDTA and DMG 
in Simulated Waste (120° C, 1000 h).·1 

· 

1 rial Atm. Startina Mat. Hcoo- <coo-)., H., N.,0 

EDTA-SA Ar 102 <1 <2 1.3 <0.1 

EDTA-'6A 0., 93 3.0 9.7 6.7 <0.1 

DMG-1A Ar 95 <1 3.5 . 1.0 0.2 

DMG-2A O., - . 79 13.2 18.4-- 14.7 <0.1 
1 Unle.ss otherwise stated, all amounts represent moles of. product per 100 . 
moles of o~ganic starting· material. 2Amount of 0 2 consumed per 100 moles .· 

- of organic starting material. . 

o./ 
-

17 · 

-
25 

Taking into consideration the reactions mentioned before, the following mechanism· 
could be proposed for the autoxidatiori of EDTA, and related compounds: 
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' ~ 
0 . . 0- , ~H(J"-

/ 02 
~N--!~Y R2N--8, ~N-CH-C 

l -2 ~ 'b H 0 
OH·+C02 

0 i 0- 0 

~N--8, 
OH· iffiNriJ: . ~N- + ~ 

H I I H dH H 
OH 

HOO-

J -
' 0-

i:1 ~=CH~ 
"2 ' ~ 

0 

OH-
O· 

~NH + O=CH-~ [O] 
~ 
0 

Scheme 1.3. Proposed Mechanism for the Autoxidation of EDTA 
: and Related Compounds. 

0- 0-
'c~ 

II ~ 
0 0 

The extent to which autoxidation contributes to the processes occurring in tank 101-
SY cannot be estimated at this:time. The temperature in the tank is significantly lower than 

·· in .. the above experiments, and lower than the temperature range in·which autoxidation 
processes are known to be sighificant. However, because radiolytic processes occurring 
in the tank will produce radicals that are potential initiators for autoxidation it must be 
considered as a possible corltributor. The availability of oxygen could be an important 
factor. Since autoxidation appears to produce hydrogen but no nitrous oxide the N2O/H2 

ratio will depend, at least in part, on the contribution of autoxidation relative to the "nitrite 
induced" thermal pathway. 1 
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TASK 2: PRODUCT IDENTIFICATION 

2.A ldentification_of HEDTA degradation products using 13C NMR spectroscopy 

A major objective of the effort at Georgia Tech has been to utilize the earlier studies done . 
at Hanford and Pacific Northwest Laboratories as the basis for further development of an 
understanding of both the stoichiometry and the temporal formation of individual 
degradation products of organic complexants in waste tank 101-SY. One approach has 
been the use of 13C NMR to monitor the products produced from 13C-enriched HEDTA ·(two. 
forms HEDTA-A and HEDTA-B, shown below) and glycolic acid. The use of compounds 
that are highly enriched with 13C in specific positions allows · for the detection and 
identification of products produced ·early· in the reaction from the chemical shifts. In 
addition, the spin-spin-coupling patterns arising from 1 ,2-labeled derivatives are very useful 
in assigning structures to the absorptions produced by the products. 

HEDTA-A HEDTA-8 

To identify the products of complexant degradation it was necessary to establish a 
data base of 13C NMR spectra ot.,authentic samples of HEDTA, EDTA, glycolate, and · 
known,· or probable, degradation products. Commercial samples were us-ed when 
available, others were synthesized as outlined in the Experimental Section. Spectral data 
(1 3C chemical shifts) for all compounds are given in Table 2.1. 

Experimentally·, the thermal reaction of 13C-labeled HEDTA-A in simulated waste 
solution was carried out at 120· C for a total of 1452 h (60.5 days). The reaction mixture 
was transferred at regular intervals to an NMR tube using a pipette, and 13C NMR spectra· 
were recorded. Then, the solution was returned to the reaction vessel and heating was 
continued. Intensities of all peaks were measured relative to C60 6 , which was in an 
external cell. The solution was diluted to 1 ml (starting amount) after 60.5 days of heating 
at 120° C and the NMR measured again to estimate the amount of remaining HEDTA 
(50%). It ~hould be noted that the reaction was done under an air atmosphere that was 
replaced each time asample was taken: Also the sample was exposed to the glass NMR 
tube for about one h each time that a spectrum was taken. 

. . 

· After 1.5 days the 13C spectrum of the HEDTA-A reaction mixture contained a new 
resonance attributed to formate and a more intense resonance for carbonate, which is 
believed to arise from the formation of CO~ with subsequent reaction with oH-. Oxalate 
Was detectable after 18.5 days and labeled glyc~ne after 34.5 days. -
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Table 2.1 13C Chemical Shifts (ppm) in Simulated Waste Solution.a 
: 

EDTA i 
-0~"""""'-N~cCOi : 

-02C_/ CO2 
51.95 59.

1

:16 180.81 
i 
I 

I 

HEDTA 
i 
: 

HO I 

~ ~e_C02 
51.47 52.09 56.75 58.45 59.11 59.39 180.71 180.99 

-02C_/N CO2" 
I 

I 

: 
ED3Ab 

~rCOi 

52.50 59.92 180.62 180.99 ·OzC__JN "-002· 45.71 54.99 
I 

: 
: 
: 
I 

ED3A LACTAM I 
I 
I 

·OzC"""""" ~ i 

N'--..../~co· 47.18 48.~7 50.86 55.66 60.50 169.88 176.53 178.15 
2 f 

I 
I 

"" I 
I 
I 

: 
NTA : 

I 

·02C~ CO· 
I 

___/ 2 59.37 180l48 
·o2c_/ 

I 

I 

IDA 

·OzC~ 52.19 180:61 
NH 

i ·02C_/ 
I 

S-EDDAb 
I 
I 
I 

-OzC~ ~ : 
N~ 47.63 52.f3 180.62 co. 

. 2 I 
I 

i 
I 

i 
I 

U-EDDA i 
I 
I 

·02C~ 
: 
I 

_r-"-.. I 

N NH2 37.81 58.20 59.92 180.60 
·02C_/ . i 

I -· I 
: 
I 

N-ME S-EDDN 
: 
I 

I 
-02c, r--'... i 

I 

N ~ 42.31 45.63 52.57 56.31 61.89 179.56 180.56 
CH( CO. l 

. 2 I 

I 
I --: 
I 
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Table 2. 1 continued · 

N-ME ED3Ab 1 i 

""rl-\.;.~ <:...co1 
42 .. 60 

. ' 

52.65 54.43 ' '59;88 · 62.15 --.180".53 180.80 CH( COi 

HIDA 

HO~~CO£ 57.49 58.89 59J~9 180.64 -
CO£ 

--

. - .. DMGb --· --,•.•- ~· 

CHs,rCO£ _ 
44.73 63.31 179.48 

CH/ s 

GLYCINEb ' 

,,-CO£ 
45.05 182.68 H2N 

GLYCOLATE 
,,-CO£ 

HO 61.86 183.07 
,. 

L ''f 

N-ME GL YCINEb 
34.83 54:29 . 180.65. 

CH3 i - CO. 
~r- 2 

MIDAb 
-OzC~ CH3 

✓' 42.86 61.79· 180.23 
-OzCJ 

ED 
' 

~-
43.49 

H2N · . NH2 

N-IVIE ED 
CH3 -~ -

'i:lN - _ NH2 
34.90. 39.93 53.03 

: 
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Table ·:2: 1 'continued· 
.... ., 

HED 
HO 

' 

~N~NH2 
40.28 50.79 50.96 60.23 

' 

EDMN : 
·02C~, 

. ~ 
40.06 50.73 52.30 180.56 N NH2 

. ---,~-· - - ! 
-· ~-·- --- ---

N-ME U-EDDAC 
'02~ r--..., CHs 

N ,fH 34.99 40.118 44.34 53.03 175.50 -Og,C_/ . 
' ' 

EA 

43.25 63.~9 

H2N~OH 
! 

EAMA 
' 

HO 

~-'r-CO£ 50.68 
. N.H 

52.~1 60.36 180.74 

' 

8Chemical shifts were measu~ed relative to an external C6D6 standard unless otherwise 
indicated. bChemical shifts 1tor these Gompounds were measured with respect to 
sodium carbonate in simulat~d waste solution and converted to the C6D6 external 
standard scale. cspectrum recorded in 2M NaOH due to the sensitivity of N-ME U
EDDA to simulated waste so;lution. 
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The spectrun, recorded after 60
1.S days aiso contai~ed a singlet due to·unlabeled glycine, 

indicating that its forma,tion occurs from the carboxymethyl groups as well as frqm the 
hydroxyethyl group. The relative amounts of glycine formed frorn -N13CH/3CH2OH and 
unlabeled -NCH2CO2H after 60.5 days was approximc:1tely 1 :6. Two pairs of doublets 
centered at o 50.51 and 60.2.8 (J=38 Hz) ~md 543.03 and 63.33 (J=38 Hz) were detected· 
after 13.5 days and 34.5 days, respectively, ar,id haye beer,i. assigned as ethanolamine-N
monoacetic acid (EAMA)-and ethanolamine (EA), respectively, based on a comparison of 
their chemical shifts with those of authentic ma~erial. A sum·mary of _the appearance of. 
products versus time data is given below and the 13C NMR spectrum, obtained after. 60.5 

.· days of reaction, is. given in Figure 2.1. · ___ -· .. 

After .36h 
60h 

108h 
156h 
204h 
444h 
564h. 
828h 
1452h 

Hco2-, co3-2 

HCO2-, co3-2 

Hco2-, co3-2 

Hco- co -2 
2 • 3 . 

HCO2-, co3-
2, EAMA (traces) 

HCO2-i co3-2, EAMA, C2O4-2 

· HCO2-,· CO3-
2, EAMA; C2O/ . . 

· HCO2-, CO3-
2·, EAMA, C2O/, EA, Glycine (labeled) . 

HCO2-, CO3-
2, EAMA, C2O/, EA, Glycir,ie (labeled and uniabeled) 

It should. be-emphasized that because only the hydroxye.thyl group is 13C-enriched, only 
those species derived fmni the hydroxyethylgroup will be detectable in the NMR spectrum, 
at least in the. early stages _of the. reaction. In/ addition,. resonances from such .species may 
mcl,sk resonances from unlabeled products when.their chemical shifts are similar. Given 
the intensity of the peak due to, unlabeled glycine' that:is ·detectable in Figure 2.1, there 
should be a proportionate· amount of ED3A and S-EDDA, necessarily ·.tin labeled. 
Resonances for these species wili be masked by others; such as those for EAMA, in the 
spectrum (see the \allowing discussion ofthe 13C data for HEDTA-8).- The presence ·of 
significant quantities of S-EDDA may, in fact, be· indicated by.the unassigned resonance . 
at ca. o 47.6 in Figure 2.1 .. - · · · 

The 13C NMR studies involvin~ th~ thermal decomposition of.HEDTA-a in simulated 
waste at 120°c were carried out in a similar.fashion to those for HEDTA-A. Resonances 
in the 13C NMR spectrum obtainedi:3.fter 1808 h (Figure 2.2) have been assigned to ED3A, 
U-EDDA, S-EDDA, ·1DA, glycine, formate, oxalate and cwbonate. The assignment of 
resonances to ED3A is not straightforward as they overlap with resonances due to U
EDDA and S-EDDA. However, the spectrum also contained five doublets of low intensity 
at o 50.86, 55.67, 169.93, 176.62, and 178.25 that .are most likely due to ED3A lactam 

. · (<5=50.86, 55.66, 60.50, 169.99_, 176.53 and \78·. 15·, for authentic material). The doublet 
at o 60.50, observed for the authentic lactarn, could not·be seen as it. lies·under.more 
intense resonances :of HEDTA and µ~EDDA ED3A has beenreported ·to cyclize to give 
the lactam under.acidic conditions.and to revert back to ED3A in basic media. 1 Because 
of the strongly basic nature-of the .simulated waste solution, ED3A, if present, should be 
largely in. the uncyclized form; therefore the prese.nce of minor amounts of lactam indicates 

. the presence of substantial amounts of the uncyclized materiaL We therefore believe that 
the intense doublets at o 59.96 and 52.46 must be partially-due to ED3A, as well as U-
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EDDA, and S-EDDA. Further s,upport for the assignment of these resonances is provided 
by the lowest field carboxylate !resonance, observed at o 181.08 (J=52.6 Hz) in the 1808 
h spectrum; Only two compounds, HEDTA (5=180.71 and 180.99) and ED3A (5=180.62 
and, 180.99) have carboxylate resonances with chemical shifts >O 180.90. The larger 
coupling constant of HEDTA (55.2 Hz) suggests that this doublet is primarily due to ED3A. 
It is worth noting that the inte~sity of the. doublet at o 52.43 that is assigned to S-EDDA 
increased relative to the· doublet at 52.50 assigned to ED3A during the course of the 
reaction (see Figure 2.3). · It ~hould be noted that these assignments differ from those 
originally reported in the Georgia Tech May and June 1992 monthly reports. (The 
resonance at 5··52.43 was originally assigned to EAMAand the resonance ato 52.50 to 
ED.3A and/or S-,EDDA.) A summary of the temporal appearance of .the products formed 
from HEDTA as determined from 13C .. spectra taken at the times indicated is given below. 

After 14h 
37h 
135h 
232h 
399h 
562h 
732h 

1232h 

1808h 

little r~action 
little reaction 
HCOi, CO3·

2, C2O/, ED3A &/or U-EDDA, S-EDDA 
HCO/, CQ3·

2, C2O/, ED3A &/or U-EDDA, S-EDDA 
HCOl, CO3·2, C2O/, ED3A &/or U-EDDA, S-EDDA 
HCO/, co3·2, C2O/, ED3A &/or U-EDDA, S-EDDA 
HCO£, CO/, C2O/, ED3A &/or U-EDDA, S-EDDA 
IDA, 1~C-Glycine, ED3A Lactam 
HCO/, co3·2, C2O/, ED3A &/or U-EDDA, S-EDDA 
IDA; 1~C-Glycine, ED3A Lactam 
HCOl, CO3·

2; C2O/, ED3A &/or U-EDDA, S~EDDA 
IDA, 1tC-Glycine, ED3A Lactam 

2.8. Identification of irradiated HEDTA degradation products using 13C NMR 
spectroscopy. · : 

· Samples of HEDTA-A and HEDTA-8 were irradiated in simulated waste solution 
(50-60 mg in 5 ml solution contained in steel tubes) at doses of 19.6 Mrad and 20.8 Mrad, 
respectively at Argonne National Laboratory (D. Meisel) and were returned to Georgia 
Tech for 13C NMR spectral an~lysis. As reported previously, HEDTA reacts significantly 
upon irradiation, as indicate.cl ~Y the low intensity of the resonances for HEDTA in these 
samples (Figures 2:4 and 2.5). Tentative assignments of resonances are shown in the 
spectra of. the irradiated samp!es. · 

. I 
I 

Because time depende:nt irradiation studies are not available it is not possible to 
draw definitive conclusions concerning differences in products or their distributions 
between the thermal and irradiEttive degradation pathways. One obvious difference is that 
a substantial amount of IDA i~ formed as one of the products derived from irradiation of 
HEDTA.:s, whereas IDA has hot been observed as a significant product from thermal 
reactions. However, it must be !noted that much more HEDTA has been consumed in the 
irradiation of HEDTA-8 than in the corresponding thermal reaction. Large amounts of IDA 
were detected by Lokken in tank-107AN;2 thus it could be conjectured that radiolytic 

· decomposition of HEDTA could[ be a major pathway for the generation of ·IDA in the waste 
storage tank. · 
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Figure 2.2. 13C NMR spectrum of HEDTA-B in simulated waste mixture 
after heating at 120- C for 1808 h. 
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Figure 2.3. 13 C NMR Spectrum of HEDTA-8 in Simulated Waste (120" C): Signals due to 
ED3A and s-EDDA. A: 905 h; B: 1808 h; C: 2492 h. 
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' 

Glycine is formed in su~stantial amounts in radiolytic degradation as it is from the 
thermal reaction. The 13C spectrum of HEDTA-A contained a significant carboxylate 
resonance for unlabeled glyd,ne which indicates that a substantial amount of glycine is 
produced from the carboxymethyl groups (Figure 2.4). This observation is confirmed by 
the detection of intense doublets at o 45.09 and 182.77 (J=52.6 Hz) in the spectrum of the 
carboxymethyl labeled compound that are due to glycine. The low intensity of the 13C
glycine signals in the spectrum of the hydroxyethyl labeled compound indicates that only 
a small amount of glycine is produced from the hydroxyethyl part of the molecule. Similar 
observations were made in the thermal decomposition of these labeled materials. 

I 
I 

. I 
. Doublets are present ip the spectrum of HEDTA-B-at o 52.45,(J=52.7 Hz) and i5 

59.97 (J=55.6 Hz) that are mo~t likely due to S-EDDA and U-EODA, respectively. ED3A 
has resonances at comparablelchemical shifts but the absence of a low field doublet at ca. 
o 180.99 or resonances for ~he lactam suggests that there is little of this compound 
present. : 

The spectrum of HEDl:A-B also contains a low intensity doublet at o 61.94 which 
may be due to glycolate. The ihtensity of resonances for carbonate, formate and oxalate 
in the spectrum of HEDTA-Blwere very intense compared to those for HEDTA-A. This 
indicates that the carboxymet;hyl groups are also major sources of these products. Ion 
chromatographic analyses of the HEDTA-8 product mixture also indicated the presence 
of formate (111 %), oxalate (22%) and glycolate (27%). The preceding percentages are 
defined as moles of product per 100 moles of starting material. Workers at PNL earlier 
reported2 the formation of form~te and glycolate in an irradiated sample containing sodium 
citrate,.·sodium EDTA, sodium: HEDTA and inorganics. 

2.C Degradation of model $ystems in simulated waste 
I 

' 

The complexity of the molecu)ar structures of HEDTA and EDTA and the-fragmentation 
products produced by each iof these during the early stages of reaction makes the 
determination of the detailed mechanistic sequence of reactions very difficult. An attractive 
alternative approach would be to examine smaller model systems that contain the. essential 
functional groups of HEDTA a!nd EDTA but whose simpler molecular structures allow for 
more facile identification of intermediates and final products. Preliminary studies of the five 
model compounds shown belOYJ have been undertaken. HEG and HIDA were chosen as 
models for HEDTA, MIDA and: DMG as models for EDTA, and MG as a model for ED3A. 

I 
' I 
I 
I 

I 

HO~N --......-co2· 
"-CH3 

HEG 

I 
I 

MIDA 

HIDA 

40 

co -H c-N--......- 2 
3 ' CH3 

DMG 

H....:-N~C02·· 

CH3 

MG 
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2.C.1 Oecomposition of HEG irfs1mulated waste.· HEG is considered to be an excellent 
mode.I for HEDTA since it contains both the N-hydroxyethyl and the N-carboxymethyl 
functionalities. These portions of the HEDTA molecules have been demonstrated to .be 
the sites of initial-reaction. Analyses of condensed and gas phase_products derived from 
HEG after heating in the SY1-SIM-91 B simulated waste mixture for 1000 h and 2000 h · 
under argon and oxygen atmospheres are given in Table 2.2 and in equation ·2.1. As 
predicted from results obtained with HEDTA, N-ethylglycine, which corresponds to ED3A,. 
and formate are the main products derived from HEG in both oxygen and argon 
atmospheres. Glycine, oxalate, and acetate are minor products .. The data at 2000 h 
indicate the high stability of N-ethylglycine toward further reaction. Correspondingly, ED3A 

· also showed high stability.· . . . . . - .. 

Simulated 

· HO~ N-.,_...,COz~ Waste 

: . "-CH3 · .. 

HEG 
(2.1) 

N-ethylglycine is obviously produced from HEG·by loss of the hydroxyethyl gro.up. · 
This may be lost as two one-carbon fragments (which ultimately produce formate) or one 

' ',,. ~ 

1·, :£ 

two-,carbon fragment (which ultimately produces oxalate). :·Accordingly; in the·early stages · ,., 
of the reaction one half the amourif of formate produced plus the amount of oxalate 
produced should b.e approximately equal to the amount ·ot N-ethylglycine detected. Using '~ 
the data from.the first column of Table 2.2. · 

%HCOO-/2 + %C2O 4 
2

• = 55 + 7. ~ 62 

% N-ethylglycine = 63 

The formation of both oxalate and formate can be accounted for'by initial formation of 
the 0- and/or N-nitroso intermediates followed by fragmentation processes. . This 
suggestion is consistent with studies dealing with N,N-diethyl-2-aminoethanol in which 
both the 0- and N-nitroso derivatives were observed. The primary products of such 
fragmentation reactions· would be formaldehyde . and glycolaldehyde, which are 
expected to be further oxidized to formate and oxalate. A reasonable reaction pathway 
for formation of these products is shown in Scheme 2.1 (page 43). 

. . . . ' 

There are at least two distinct pathways by which nitrite esters may react. The first 
· involves a fragmentation· reaction (discussed ·earlier) in which No- is produced.' The 

second involves a hemolytic cleavage of the O-N bond to produce nitric oxide, No 
evidence was obtained for the form~tion of nitric oxide in the decomposition of HEG- (or 
in decomposition -of HEDTA). · This contrasts with similar studies conducted · 
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Table 2.2. Reaction of HEG in Simulated Waste at 120° c.1 

' 
TRIAL NAME HEG-9A HEG-16A HEG-18A HEG-15A 

' " I 

Atmosohere Ar O" Ar o? 
! 
I 

Reaction Timelh) 10:00. 1000 2000 2000 
i 
' 

HEG. 1:7 20 7 <2 

' 

Hcoo- 85 96.2 117 124 
: 

c~o,2- 6:6 13.7 12.0 24.0 
I 

' 
EG 5:0 60 72 63 

I 

Glvcine 6 5 7 9 
: 

EIDA <2 ~3 <2 4 
i 
I 

CH.CO?- 7 7 5 9 
' i 

H? 1 !6 9.5 4.1 7.0 
I 
I 

0?2 ' 30 30 ,. -
' 

i .,. 
N? 2:1 12 22 23 

., .. ! 
•a,: .• 

0]2 ,,., CH, 0.1 0.2 0.1 

N?O 7!8 6.5 8.6 14.5 
I 

1Unless otherwise state~, all products are in moles per 100 moles of orgc:tnic 
starting material. 2Moles of 0 2 consumed per 100 moles of HEG. 
• I 

I 
I 

on N,N-diethyl-2-aminoethanol and other 13-hydroxyethylamines in acetonitrile. Nitric oxide 
presumably arises by homolyti¢ cleavage of the O-NO bond in nitrite esters, which is likely 
to be favored in the less polar acetonitrile whereas heterolytic cleavage may be favored 
in the more polar simulated iwaste medium. Evidence for No- has been obtained by 
trapping experiments with Ni(pN)t, which forms Ni(CN)3NO2

· by reaction with No-. 

I 
Oxidation of formaldehyde and glycolaldehyde must occur by secondary processes 

similar to those described uhder Tasks 1 and 5 to produce hydrogen and ammonia, 
respectively. Mechanistically, the oxidation of formaldehyde and glycolaldehyde to formate 
and oxalate, respectively, is b~lieved to involve the formation of Cannizzaro intermediates. 
These processes have been idiscussed extensively (see Task 1 ). In order to determine 
whether or not the N-ethylgly~ine produced by the reaction of HEG can produce glycine 
by further decomposition in t~e presence of simulated waste, N-methylglycine (which is 
commercially available) was allowed to react in the above mentioned mixture. After 1000 
h at 120° C, 90 % of the sta1ing material remained (by NMR analysis); no glycine was 
detected .. Assuming that N - methylglycine should show the same reactivity as the N - ethyl 

' 
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Scheme 2. 1. Thermal Degradation of HEG. in Simulated Waste. 

HzO\OH· 

analog, the' origin of glycine is riot clear. Nitr.osatio_:rl _by ,the _NQ2-IAH0H)4~ _mixture is 
apparently very slow, but it may be that nitrosation occurs by reaction of N-ethylglycine 
with the nitrite ester of.HEG (1) to -produce N-nitroso-N-:ethylglycine that decomposes in 
the presence of base to produce glycine and a9etaldehyde (equation 2.2). Nitrite esters 
have been used for the. nitrosation of amines3 and evidence for the ·.base promoted 
decomposition of N-nitroso-N-ethylglycine has been established independently (see Task 
1 ,: section 1 .. E.2). Acetaldehyde could b·e oxidized in the same way(s) as formaldehyde 
and glycolaldehyde to acetate. Note that the amounts of glycine. and acetate obtained 
from the decomposition of HEG are nearly equal (Table 2.2), which is in agreement with 

. the proposed mechanism. Nitrosation by the nitrite ester of: HEG · could be tested by 
incorporating labeled N-methyl- or N-ethylglycine in HEG decomposition reaction mixtures 
and looking for the label•in the glycine product. · 

H 
OH· I .. 

, • ·02c.........,,..N,H (2.2) 
. CH3CHO . 

. N-ethylglyci~e . N-nitros_o-N-ethylglycine glycine 

2.C.2 Effect of oxygen on HEG decomposition. ·Examinatiqn of the data in Table 2.2 
. indicates that there are differences in the reaction of HEG ca·rried out in the presence . 
. and in the absence of 0 2. In oxygen atmosphere oxalate and hydrogen are produced in 
greater quantities than in argon atmosphere. In contrast, in oxygen atmosphere nitrogen 
. and nitrous oxide are produced in smaller quantities than in argon atmosphere. 0 2 is 

.. consumed in _the reaction~ The _significance of an 0 2 atmosphere for increased hydrogen 
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I -
. production from HEDTA has ~lready been discussed (section 1.A). The reaction of HEG 
in simulated waste in the presence of 0 2 is likely to proceed according to the same initial 
pathway (formation of the nitrite ester) as in its absence; little reaction was found to occur 
when nitrite and aluminate·we~e excluded from the mixture even though 0 2 was present. 
But, 0 2 may react with reactidn intermediates to produce peroxides, which are known to 
thermally decompose with ev6Iution of H2 •

5 

2.C.3 Other model systems;; HIDA. Because of its.commercial availability, HIDA was 
initially chosen as a model! for HEDTA although HEG is even more similar. Not 
unexpectedly; the primary product derived from decomposition of HIDA in simulated waste 
medium was IDA, which results from loss of the hydroxyethyl group. Product'analyses are 
given in Table 2.3 for reaction~ conducted in the- presence and absence of 0 2• Again the 
amounts of N2 and N20 produc~d are reduced in the presence of 0 2, while H2 is enhanced. 

I 

I 

Table 2.3. Reaction of Mod~I Systems in SY1;,SIM-91 B Solution (120°C, 1000 h).1 

TRIAL HIDA-1A HIDA-2A MIDA-1A - MIDA-2A DMG-iA DM- --

Atm. Ar : 0., Ar 0, Ar 0, 

Substrate 64 ! 73 91 86 95 79 

Hcoo- 42.2 ; 23.1 4.7 <1 13.2 

5.2 ls8 ' . 5.0 17.3 3.5 18.4 
H·--

IDA 34.82 <2 <2 
I 

alvcine f'note 2 · f:'note 2 <2 <2 <2 <2 
I 

CH.Co,- <1 i <1 <2 . <2 <2 <2 

H~ 0.4 ; 5.0 1 .1 10.4 1.0 14.7 

0,3 22 25 
i 

12 I ~2 -4 11 ~3 

CH. <0.1 0.1 0.1 0.1 0.2 
I 

I 

N,O 4.5 i 1.5 <0.1 <0.1 0.2 <0.1 
I 

1 Unless otherwise stated, all products are in moles per 100 moles of organic starting 
material. 2The chemical shifts ot the methylene protons in glycine and IDA are identical so 
that it is not possible to determiine whether glycine is formed. 3Moles of 0 2 consumed per 
100 moles of starting material.: · · · · 

I 
I 

DMG and MIDA. The!se compounds are models for EDTA and, as might be 
predicted based on the low readtivity of EDTA, they do not react at a noticeable rate under 
Ar atmosphere (Table 2.3). These observations only serve to reinforce the postulate that 
the B-hydroxyethyl functionality :i$ necessary for facile reactivity, resulting_ in the production 
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of gaseous products._ The datkf~•:fable 2.s'k1~fo,:~uggest that-MEIDA and DMG react 
slowly under an oxygen ·atmosphere, probably;through. an autoxidation mechanism similar 
to that proposed for EDTA (Task l, Scheme 1.3). . · · 

" 

2.0 Role of aluminum in degradation · of organic complexants: does 
aluminum(III} promote the .reaction of No2- with nucleophiles? 

It is well established that therm.al decomposition of organic com'plexants does not occur 
when aluminum(III) is not present in simulated waste mixtures. The Georgia Tech group 
has postulated that the function of aluminum(llI) is to complex nitrite and thus activate it 
for reaction with nucleophilic groups in organic complexants. In this scheme, transfer of 
[Nor to the nucleophile initiates a reaction sequence that could produce hydrogen, nitrous 
oxide, nitrogen, and ammonia. It has not yet been possible to obtain evidence for either 
the presence of a nitritoaluminum(III) species or of a primary product arising from the 
reaction of such a species with any tank constituent. This is not _unexpected since the 
concentration of either species under tank conditions is likely to be very low and its 
reactivity very high.· Since aluminum(llI) has apparently not previously been demonstrated 
to activate nitrite for reaction with nucleophiles, a series of survey reactions involving 
discrete aluminum(III) compounds, nitrite and·various nucleophiles were conducted in 
nonaqueous sqlvents. The initial studies were done with N(CH2CH2O)3Al·dioxane, which 
with three alkoxy ligands, closely mimics the hydroxy aluminate species that are present 
in the highly basic waste media. However, the poor solubility characteristics of this reagent 
and the fact that it contains a potentially reactive tertiary amine centerresulted in the use 
of [(CH3 CH2) 4N]AICl4 for most trials. Only the reactions involving .the.latter are reported 
here. Three types of substrates that are representative· of those functional groups that are 
present in HEDTA and its fragments were codsidered: secondary ·amines, B-hydroxy 
alcohols, and tertiary amihes. Most of this work, and in some c9,ses more detailed results, 
are given in the October and November 1992, and January and February 1993 Georgia 
·Tech monthly reports. Two related studies dealing with the 1H NMR characterization of 
nitroso compounds formed. from B-hydroxyamines by reaction with NOBF4 and base 
promoted decomposition of nitroso amines are described in following sections. 

. . - . 

2.D.1 Nitrosation of secondary amines by sodium, nitrite in the presence of 
[Et4N]AIC14 •. Reactions were condqcted with diethylamine, pyrrolidine and piperidine in 
acetonitrile under a Variety of conditions. Control reactions were done to determine that 
the presence of the alumirium(III) reagent was necessary for reaction and that it, rather 
than any acid that might be generated during the. reaction, was responsible for the . 
nitrosation. The results of these studies are summarized in Tables 2.4 and 2.5. · . . . . . . ' . . . . 
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T bl 2 4 N"t a e . . 1 rosa 10n o r . A •~t 1v amme m cetomtrile Under Various C onditions. 
' 

Trial. Amounts of reaaents/mmol Rxn. T/Time 

1 

2 

3 

4 

5 

6 

7 

8 

' 

Et.NH·HCI Et.NH rELNHAICLl NaNO" 
I 

1 I 10 reflux/1 h 
' ' 

1 ' 10 reflux/3h ' 
' 
: 

. 1 I 10 reflux/8 h 

1 : 10 r.t./24h 

1 7 10 r.t./24 h 

' 
1: 7 10 r.t./24 h 
i 

1[ 7 . 10 reflux/1 h 
! 

1! 10 r.t./24 h 
I 

1The yield of Et2NNO VJaS by determined from the 1H NMR spectrum by 
integration versus tolu~ne as an internal standard. 

I 

: 
a e . . 1 rosa 10n o T bl 2 5 N"t f 1Pen me n er anous f p· "d" U d V . C ond1t1ons. 

I 

Trial Quantities of 8eaaents <mmol) Conditions 

1 

2 

3 

I 

Pioeridine rEUNlrAICl,l NaNO" Solvent2 Rxn T/time 

1 !7 10 r.H ~N rAfll1id1 h 
' 
' 

1 I 10 CH.CN reflux/2 h 
I 

I 
1 I 10 CH.CN/H"O retlux/15 h 

I 

1The yield of nitrosamihe was determined from the 1H NMR spectrum by 
integration vs. toluene a:s internal standard. 2The quantity of solvent was 75 
ml in each experiment[ CH3CN/H2O mixtures contained 1 ml of H2O. 

I - -

Yield 
Et2NNO 

12 

46 

57 

12 

88 

86 

99 

<1 

Yield 
_ R2NNO 

QQ 

0 

0 

As the results in Tables 2.4 and 2.5 indicate, diethylamine and piperidine are 
converted in high yields to the ~itrosamine after 1 h at reflux or 24 h at room temperature. 
No reaction is observed in the absence of the aluminum reagent as indicated by trial 8, 
Table 2.4 and trial 3, Table 2.5.1 These results can be accounted for by a process in which 
a nitrite-aluminum species serves as a source of [NO]+ (equations 2.3-2.4). 

I 

Aic14- + No2- ~ AICl3ONO- + c1- (2.3) 
I 

I 
. AICl3O['JO- + Et2NH ~ AICl3OH- + Et2N-NO - (2.4) 

I 

Since the reaction of an Al-(pNO species with an hydroxyl or secondary amino group 
will produce Al-OH and two tjf these species can react to produce Al-O-AI + H2O such 
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reaction mixtures cannot b_e considered to be totally anhydrous.· The possibility that water 
will hydrolyze Al-Cl bonds to give HG1,· which might be'at least partially responsible for the 
production of [Nor cann_ot .be ignored .. We ~ave attempted to. determine the possible 
importance of protonic acids generated by such. processes py a series of experiments 
utilizing [Et2NH2]CI. · The results .. of ·trials 1 -'4, Table 2.4 indicate that HCI added via 
Et2NH·HCI does result in nitrosation bu.tat a reaction rate that is much slower than that 
observed with diethylamine an9 the aluminum reagent.- The conclusion of this series of 
experiments is that, at least in acetonitrile, aluminum(III) is very effective in promoting the 

. reaction of nitrite with secondary amines. . . 

2.D.2 · Reaction oftriethylamine with [Et4N]AICl4'NaN02 in acetonitrile. In experiments· 
similar to those described in the previous sectio_n, refluxing ,1 mmoi triethylamine, 7 mmol 
of [Et4N]AICl4 and 1 O mmol of NaN02 in acetonitrile produced a 99% yield of 
nitroso'diethylamine after a 15 ·h reaction time. A 22°/o conversion was found after72 h at 
room temperature. 

2.D.3 Cleavage of B-hydroxyethylamines by [Et4N]AICl4/NaN02 in acetonitrile~ Two . 
B-hydroxyethyl amines were subjected fo the same reaction conditions described in the." 
previous sections. Both ~-(N,N-diethylamino)ethanol, I, and 2-piperidinoethanol, 11, were 
cleaved to give the corresponding nitrosamin~s. A summary of the ·results -of-several 

. individual experiments are given in, T~ble 2.6.. · 

· .. o··. . . . . ;..__-. AJH 
- . ·N/ "-../ 

II . 

A possible reaction· sequence to account for these· cleavage reactions is" given by . 
equations 2.5-2.8 in Scheme 2.2. Alternatively, the initial nitrosation reaction could occur 
at nitrogen, with subsequent fragmentation as indicated by reactions 2.9 and 2.1 o. 

' . 
AICV.+ No2- = A[Cl30No- + c·1- (2.5) 

R2NCH2C~20H + AICl30N0- - R2NCH2CH20N0 + f:'IGl30H- (2.6) 

R2NCH2CH20NO ~ R2N=CH2 + + CH2=0 + No- (2. 7) 

. R 2N=CH2 + + N02 - -. R2N-NO + CH2=O (2.8) 
. . ·. . . . 

AICl30N0- + R2NCH2CH20H - [R2N(N0)CH2CH20Hr + "AICl3Q2
·" 

[R2N(NO)CH2CH20Hr + Base - BaseH+ 1: R2N=CH/ + CH2=0 + No-

Scheme 2.2 
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Table 2.6. Cleavage and!Nitrosation of 2-(N,N-Diethylamino)ethanol (I) and 
2-Piperidinoethanol (II) with rEt4NlAICl4/NaNO., in Acetonitrile~1 

l 
Trial Amounts of reaaents/mmol Rxn. Tmme Yield 

. ' R2NNO 
amine tfEtNHAICLl . NaNO~ 

: 

1 11 ' 7 10 reflux/2 h 13 ' 
., 
' 

2 11 : 7 10 reflux/24 h · 39 
l 
' 

3 rn.1 ' 0.2 1 . reflux/27 h· 30 ' 

' ' 4 II 1 ' 7 10 r.t./3 h trace .. I 

i 
5 II 1 I 7 10 reflux/24 h 34 l 

: 
6 II 1 l 7 10 reflux/68 h 77 

' 

11n all but experiment 3, the standard procedure was followed. In experiment 
3 the reaction was ru:n in CD3CN and the conversion to nitrosamine 
determined by integrati6n versus the resonances of the Et4N+ ion. · 

By either pathway, NO-, a kno'-'Vn precursor to N20, is produced along with formaldehyde 
and an iiminium cation. In aqµeous base, the iminium ion should rapidly hydrolyze to 
formaldehyde and a secondaryi amine, although in the presence of nitrite the iminium ion · 
might react to produce nitrosarpine and formaldehyde. This possibility is supported by a 
literature report5 that nitrosarnines are formed in aqueous solution from mixtures of 
secondary amine, formaldehyde and nitrite in aqueous solution. Formation of the 
nitrosamine by reaction of an irninium ion intermediate with nitrite ion was proposed.5 An 
interesting question raised by ~his hypothesis is exactly how the iminium ion reacts with 
nitrite to produce the nitrosa~ine. Is hydrolysis to free Et2NH required, or might the 
iminium cation react directly with nitrite to generate Et2N-NO and formaldehyde in an 
intramolecular, 4-centered trarisition state as shown by Ill? 

Et 
Et....._\~ . 

.. {p·. 
<.:N . . . .. :a. 
Ill IV 

i . 
In a separate experim~nt, the preformed iminium salt N-methylenepiperidinium 

perchlorate IV was treated with sodium nitrite in acetonitrile under a variety of conditions 
as shown in Table 2.7. (No~e that IV and piperidine were incorrectly referred to as 
cyclohexyl methylene iminiunJ perchlorate and cyclohexylamine, respectively, in the 
January status report from Gebrgia Tech. Pyrrolidine was also incorrectly referred to as 
cyclopentylamine in the same report.) The experiments with piperidine given in Table 2.5 
served as control experiments to demonstrate the difference in reactivity of the iminium salt 
and its hydrolysis product. ' · 
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Table 2.7 .. Reactivity of N-Methyienepiperidinium Ion Under Various Conditions. 

Trial Amounts of reaqents (mmol) Conditio"ns Yield 
R2NNO1 

· IV [Et4N][AICI4] NaNO2· Solvent2 Rxn T / 
time 

1 1 7 . 10 · CH~CN reflux/1 h 15 

2 1 7 .. 10 CH~CN reflux/15 h 97 
. 

3 1 7 10 · CH~CN r.t./72 h 96 · 
.. 

4 1 7 1 b . CH1CN/H:,O reflux/20 h 86 

5 1 7 10 Hi,O reflux/15 h 88 

1The yield of C5H10NNO was by determined from.the 1H NMR spectrum by integration 
versus toluene as an internal standard. ·2The quantity of solvent was 75 ml in all cases. 
The acetonitrile/water mixture contained 1 ml of water. · 

The data in Table 2.7 clearly indicate that the iminlum ion reacts with nitrite to 
produce the nitrosamine withqu( participation of aluminum in either acetonitrile or water. 
Since piperidine .does not react with nitrite in acetonitr,ile or .in acetonitrile-water mixtures 
(Table 2.5, trials 2.and 3) hydrolysis of the iminidm ion is not-;required for formation of the 
nitrosamine. Both results 'are consisten·t with the. reaction sequence proposed in Scheme 
2.2. The formation of the hitrosamine via an intramolecular process is consistent with these 
results although an _intermolecular process is not ruled out. 

. According to Scheme 2.2 formaldehyde should be produced in acetonitrile. We 
have examined the 1H NMR spectrum of the reaction mixture carefully and find that there 
are resonances about 4 ppm downfield of TMS that are probably due to_ oligomers of 
formaldehyde but no confirmatory evidence is available yet. In an effort to obtain further 
evidence for the reaction sequence shown in Scheme 2 .. 2, phenyl substituted B-hydroxy
ethylamines V and Vfwere subjected to the same types of reactions previously described 
for I and II. 

Tre_atment of V6
. and Vf with AICl4-/N02- u·sing the same protocol employed for the 

other B-hydroxyethylamines generated the expected nitrosamine and modest quantities 
of benzaldehyde (Table 2.8) as predicted-by the. reaction sequence given in Scheme 2.2 
(equations 2.5.and 2:6); .The amount of benzaldehyde formed should be equal to the 
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CN-NO 
0 

+ .@-8H + · OH 
·cN~ d .. 

Ph . f 

[ o~o~l + [ c~OH] 
V : 

I 

I ON 2 ' ON 2 ' 

A 8 

CN-NO 
0 

Ph + (Q)-8H + 

0)-_,,0H d 
~ 

I Ph Ph 

VI ·~O~ 
+ 

CN}-_,,oH 
ON ON 

A' B' 

' 

Table 2~8. Cleavage and Nit~osation of N-(2-hydroxy-1-phenylethyl)-piperidine (V) 
and N-(2-hydroxy-2-phenvlethvl)-piperidine (VI) with rEt,Nlf AICl .. 1/NaNOI>. 

' Amount of Reagents (mmol) I Product Yields 
Solvent Rxn.T/ 

Amine [AICI4-] NaN02 ! Time A/A' B/B' R2NNO PhCHO 
I 

V1 7 10 C~3CN 24 h/reflux trace -2 66 27 

V1 7 10 C~3CN 90 h/reflux trace <5% 67 30 

V2 7 10 DMSO 4 h/80" C 23 -trace 63 5 
I 

V4 14 20 DMSO 24 h/80. C 40 <5% 57 trace 
I 

VI 1 7 10 CH3CN 24 h/reflux 31 -2% 47 <5% 

amount of nitrosamine formed but significantly less is recovered than predicted for both V 
_ and VI. The possibility that the ~enzaldehyde was oxidized to benzoic acid was considered 
for V. However, none could be extracted from acidified solutions of the crude reaction 
mixture. Formation of benzaldehyde from VI according to the reaction sequence given in 
Scheme 2.2 would involve tHe formation of the iminium ion C5H10N=C(H)Ph+ and its 
subsequent reaction with nitr:ite to produce the nitrosamine and benzaldehyde. · The 
fluoroborate salt of this iminiu:m ion has been prepared and shown to react rapidly and 
quantitatively at room te_mperaiure to produce N-nitrosopiperidine and benzaldehyde. In 

I 

I 
• I 

I 
I 

I 
I 
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the reactions of V and VI with the aluminum(ll1) reagent and nitrite, two additional products 
· A and Band A' and B' were identified for both V and VI, respectively, which indicate that 

reaction has occurred in the six-membered piperidine ring. Reaction rates for V appear 
.. to be greater in DMSO, where sodium nitrite is more soluble; Larger amounts of A and B 

were also formed in this medium; The observation of these products provides strong 
evidence for equations 2.9 and 2. 10 (Scheme 2.2), which involve nitrosation of the tertiary 
nitrogen since formation of these products must involve reaction of the piperidine ring. 
This is, of course, consistent with the observed cleavage of triethylamine, which also must 
proce·ed by nitrosation of the tertiary nitrogen. No mechanistic informaUon is available 
concerning the formation of products A(A') and B(B'). However, it should be noted.that 
formation of the latter· compounds must involve opening of the piperidine ring with 
subsequent ring closure. ·It is quite possible that related products were formed in the 
cleavage reactions of I ahd II although they were not characterized. Formation of these 
products does serve to reduce the yield of nitrosaniine· that can be obtained. ·· 

Fragmentation of the nitrite ester of the B-hydroxyethylamine according to equation 
2.7 of Scheme 2.2 would generate No-, which is the most likely precursor to the nitrogen 
gases. Demonstration that this species is actually formed would provide strong evidence 
for this mechanism. Generation of No- in this fashion requires· that it be present initially 
in the singlet form. Singlet NO'" is reported to dimerize to give hyponitrite, which 
decomposes in aqueous solution to give N2O. We expect to conduct reactions under 

· conditions where gaseous products can be identified. One could arg~e, however, that the 
concentration of No- present at anyUme should be very small and that dimerization should 
not play a significant role. lntersystem crossing to. the expected ground-state triplet form 
(rate unknown) would allow for reaction with ,oxyg~n to generate peroxynitrite, .which would 
isomerize to nitrate.8 Thus, it might be possible fo obtain evi.dence for generation of No-

• .if NO3:- could be detected as a product_ in the cleava,ge reaction products. In preparation · 
\ for attempting such an experi.ment, a.mixture ot [Et4N][AICl4] arid NaNO2 in acetonitrile was 
i heated at reflux for 3 h and the resulting mixture analyzed by ion chromatography after · 

dilution with water. Substantial amounts of nitrate were observed. This unexpected result 
. needs further consideration but it clei_arly means that evidence for formation of No- in 

cleavage reactions such as these cannot be based on the formation of nitrate. 

,· -· 
, 2.E Preparation and degradation of nitroso cterivatives of ethanolamines 

As described in an ·earlie.r section, .there is mounting evidence. to suggest that initial 
degradation of HEDTA in media designed to s1rnulate those present rn tank 101-SY occurs 

. through nitrosation by a nitritoaluminum species. Th.e product of_ this reaction is predicted 
to be a nitrite ester derived from the B-hydroxyethyl grnup, or a nitrosammonium ion· 

. generated by nitrosation of one of the tertiary nitrogen atoms. No direct evidence for either 
. species has been obtained from reactions conducted in simulated waste or from cleavage 
:. studies of ethanolamines by AIC14-/NO2- described earlier. Failure to detect such species 
' could be a result of their low concentration and/or their short. lifetime. This section 

de$cribes the preparation and characterizatio·n of nitroso derivatives of N,N-diethyl-2-
. amin6ethanol (DEEA), which is a: model system for HEDTA, and their thermal degradation. 
: Similar reactions of 1.:phenyl-2-piperidinoethanol are also briefly discussed.·. 
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Initially, preparation of nitrite ester of DEEA in aqueous solution was attempted 
by a standard procedure that utilizes sodium nitrite in aqueous acid. Starting material was 
recovered in each of several a~empts; this strongly suggests that under these conditions 
the nitrite ester is in equilibrium with free alcohol, and that the equilibrium favors the 
alcohol (equation 2.11 ). ; 

I 

~ONO+ H2O.,,. ROH + HNO2 (2.11) 

It is interesting to note that ~lthough ethanolamines have been ·used to catalyze the 
nitrosation of- amines,3 there are no reports of the synthesis of nitrite esters of 

I 

ethanolamines. After trying i several potential methods, a nitrite ester of DEEA was 
prepared by the reaction of the alkoxide of DEEA with NOBF4 in acetonitrile (equation 

· 2.12), although the reaction! was complicated. by the simultaneous formation of the 
nitrosammonium cation as described below. NOBF4 has been used previously for the 
preparation of both alkyl nitrites and nitrosamines.4 

· 

HO~ N---CH3 NaH 
. '\._..cH

3 

DEEA 

' ' 
! 

Naf}~N---CH3 NOBF4 
t '\._..cH3 
i 
i 

' 

ONO~N---CH3 (2.12) 
, '\._..cH3 

DEEA-nitrite ester, 1 

The reaction of DEEA: alkoxide (prepared by reaction of DEEA with NaH) with 
NOBF4 was monitored by 1Hr NMR and infrared spectroscopies. When a 1 :1 ratio of 
reagents was used, the 1H-NMR spectrum obtained immediately after mixing the reagents 
indicated that all of the DEEA a/koxide had disappeared and that two products had formed 
in a 1 :1 ratio. Two nitrosyl stretching absorptions were observed in the infrared spectrum 
of the reaction mixture. After 15 min the 1 H NMR spectrum indicatep that the ratio of the 
two products had changed to 3[1 (Figure 2.6). · The less intense reso~ances are assigned 
to the nitrite ester, 1. This conclusion is based on the large downfield'chemical shift of the 
triplet at o 4.85, which is assigned to the protons of the methylene group adjacent to the 
oxygen. The chemical shift ofithe corresponding triplet for the other product is similar to 
that for DEEA (Figure 2.7). fhat the other product is the nitrosammonium species is 
indicated by the large downfielq shift of the methylene protons of the N-ethyl_ groups. After 
three days only 2 was presentJ Addition of less than one equivalent of additional NOBF4 

generates a mixture of 2 and a ithird compound that is most likely the dinitroso compound 
3, based on its- 1H NMR spectrum (Figure 2.8). Complete conversion to 3 can be achieved 
with additional NOBF4• The comversion of 1 to 2 most likely occurs via the five-membered 
intermediate shown in equationi 2.13, although an intermolecular process is also possible. 

I 

: 

~ r ~ l! i N N ' N 
EtzN ·o :;=:: EtzN·· ·o ! EtzN~ o-

LJ .LJ[ LJ 
I 

NOBF4 (2.13) 

· 1 2 
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Figure 2.6. 1H NMR of the reaction of DEEA-alkoxide with NOBF4 (DEEA:NOBF4 - 1). 
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Figure 2. 7. 1 H NMR of DEEA-alkoxide .. · 
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1- N-nitroso DEEA 
3- Dinitroso DEEA 
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Figure 2.8. 1H NMR of the reaction of DEEA-alkoxide 
with excess NOBF4. 
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When a mixture of 1 and 2 was treated with aqueous base DEEA was recovered 
unchanged ih agreement with the equilibrium previously discussed (equation 2.11 ). When 
the mixture was heated overnight at 60° C and then hydrolyzed with aqueous base, 
diethylamine (29%) was formed in addition to DEEA (59%) (equation .2.14). Analysis of the 
gas.phase showed the presence of NO, N2 and N2O. Monitoring of the gas phase above 
such a reaction as a function of tinie after hydrolysis showed that the amount of NO 
decreas.ed while the. amounts of both N2 qnd N2O increased (Table 2.9). 

Table 2.9. Composition of the Gas Phase After Hydrolysis of Nitroso-DEEA 
Derivative as a Function of Time.1 

I Time,2 h I N2 I N20 I NO I 
n t~ 1 ,1 ~n 

('l ') ?1 ? a 10 

~ . '?7 ?A A 

~ ')0. Q".2 ~ 

70 · 32 10.1 <1 

1 All amounts are in moles of product per 100 moles of DEEA. 2Time=0 
indicates the time at which D)J/O0- was added to the reaction mixture. 

There are some troublesome inconsistencies in these data si.nce the amount of nitrogen. 
gained at each stage does not correlate with the amount of nitric oxide lost. However, the 
apparent conversion of nitric oxide to nitrogen and nitrous oxide is known9 to occur by 
reaction with hydroxylamine under basic conditions. As described below, a plausible 
mechanism can be written for the formation of hydroxyla_mine in this reaction. 

0 0 
11 II 
N N ,, / 

Et2N · 0 ;;== Et2N + o-
. LJ LJ 

2 '59% 29 % 

Considering that the pyrolysis of nitrite esters is known to produce ari alkoxy radical and 
nitric oxide 10 formation of nitric oxide in the above reaction most likely results froni .a 
similar hemolytic cleavage otthe ON-O' bond in 1. Once the alkoxy radical is formed it· 
could abstract·hydrogen from solvent or other compounds to produce DEEA, or the alkoxy . 
radica.1 could fragmentto proouce formaldehyde and a stabilized a-aminomethyl radical 11 

· as shown in Scheme 2.3. The a~aminomethyl radical can then react according to the 
Barton reaction, 12 also shown in Scheme 2.3 and ultimately produce hydroxylamine and 
diethylamine. Reaction of the nitroso intermediates by a heterolytic pathway could also be 
possible. This pathway would re_sult in the formation of diethylamj'ne and formaldehyde. 
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Scheme 2.3. T~ermal Degradation of DEEA-Nitrite Ester. 
I 

When triethylamine was :treated in the same fashion as DEEA (reaction with NOBF4 

followed by thermolysis and i hydrolysis), no NO was observed (equation 2.15); N
nitrosodiethylamine was produced as well as diethylamine. Earlier studies of the 
nitrosative cleavage of tertiao/ amines have concluded that heterolytic elimination to 
produce secondary amines is t~e probable mechanism of the. reaction. 13 The fact that NO 
is not formed from triethylam;ine whereas it is from DEEA supports the notion of the 
interconversion of nitroso derivatives shown in equation 2.13 and hemolytic cleavage of 
the O-NO bond. It is interes~ing to note that N-nitrosodiethylamine was formed as a 
product from triethylamine (equation 2.15), whereas it was not from DEEA (equation 2.14). 
This could result from a reactio~ between N-nitrosodiethylamine and DEEA (equation 2.16) 
that produces the nitrite ester o~ DEEA and diethylamine; the nitrite ester would then react 
as shown in Scheme 2.3. ~s mentioned above, ethanolamines have been used as 
catalysts for the nitrosation of secondary amines.3 The mechanism proposed involves the 
formation of a nitrite ester which reacts with the amine to produce an N-nitroso compound. 
If this is an equilibrium proce$s as seems likely, the equilibrium may be shifted toward 

i 
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diethylamine in the case of DEEA due to decomposition :of the nitrite ester. 

1- NOBF~ 
2- 6, ' 

H
3
c.._:..-N~CH3 3- H20/QH· 

"-cH3 
8% 8% .. 78% 30'% 2% 

The fate of formaldehyde that should have been formed in the decomposition of DEEA as· 
outlined in Scheme 2.3 is unclear. Only a small ~mount of formate was recovered, 
presumably produced by oxidation of formaldehyde. Because of the possibility that most 
of the formaldehyde that should· have been formed was lost due to its volatility, an 
analogous reaction was conducted using 1-phenyl-2-pipe·ridinoethanol. Fragmentation of 
the alkoxy radical should produce benzaldehyde instead of formaldehyde as shown in 
equation 2.17. In fact, benzaldehyde was observed as a product of the reaction, along 
with N-nitrosopiperidine and small amounts of other unidentified products. As with DEEA, 
NO was observed as a product of the reaction (17%), which disappeared after hydrolysis 
with aqueous base, to produce nitrogen and nitrous oxide. The formation of N
nitrosopiperidine is in contrast to what was observed for DEEA. The reason for this 
difference is not known, but it could resulffrom differences in equilibrium constants and/or 
rates of reactions analogous to· those in Schenie ·2.3 and equation 2.16. 

1- NaH 
2-NQBF4 oir !: ~O/OH" CN'-No ~ (Q)--c: + S.M. + Nz + NzO (2.17) 

15% 23% 80% 34% 8% 

2.F Mechanism of the thermal degradation of HEDTA in simulated waste 

A "global" mechanism that accounts for most ofthe known products formed in the thermal 
degradation of HEDTA is given in Schemes 2.4 and 2.5. Scheme 2.4 depicts reactions 
leading to smaller carbon fragments. Reactions leading to gaseous products are shown 
in Scheme 2.5. These mechanisms, which are derived from the mechanism described 
earlier,14 are based upon the accumulated evidence of earlier studies by scientists at 
Westinghouse Hanford Corporation and Battelle Pacific Northwest Laboratory, and the . 
more recent studies at Georgia Tech. "Much of the evidence upon which.this mechani~m 
is based has been presented in Task 1 and in the preceding sections of Task 2. Evidence 
for formaldehyde as an intermediate was previously reported15 and certain other aspects 
of the work has appeared in earlier reports tram Georgia Tech. The formation of nitrogen 
gases is discussed under: Task 5. · 
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The first two reactions of Scheme 2.4 are key- to -the: understanding of how the 
decomposition of HEDTA is initiated. In the first reaction· nitrite ion (NO2 -) reacts with 
aluminatei,on (Al(OH)4-)to substitute one of the hydroxide ligands; the coordinated nitrite 
ligand .is expected to be-- much more, electrophilic then free nitrite ion and thus more 
reactive toward HEDTA. In the second.reaction the nitritoaluminate species acts as a NO+ 
donor to HEDT_A, -which. has several nucleophilic sites: The, accumulated evidence 
indicates that it is the nitrite ester, which is formed by nitrosation of the hydroxyl group, that 
is most reactive. , Other species involving nitrosation of tertiary nitrogen must be formed 
in smaller amounts, or are less reactive, and have not been shown in the Scheme. Note 
however, that formation of_ ethanolamine monoacetic acid (EAMA), and the slow 
degradation of EDTA,. most likely arises from ari N-nitroso species. Formaldehyde, No-, 
and ED3A are the products of thls initial reaqtion. As shown in Scheme 2.5, formaldehyde 
reacts competitively with No- to give hydroxyl amine (and ultimately nitrogen or ammonia), 
or with water to give hydrogen. No- reacts competitively with form.aldehyde or with itself 
to give hypo nitrite ion (N2O2)"

2
, which is the source1 of nitrous _oxide. 

Further reaction of ED3A by nifrosation at either the secondary or tertiary nitrogen 
can result directly in several known products, including glycine, u-EDDA, s-EDDA, and IDA. 
Subsequent oxidation· of aldehydic products wo.uld also lead to oxalate, IDA and NTA . 

. That ED3A is less reactive than HEDTA is consistent with the above conclusion that 
nitrosammonium intermediates are either not favored thermodynamically or have low 
reactivities. The fact that any. s-EDDA is formed from ED3A requires cleavage of a 
carboxymethyl substituent from the tertiary nhrogen, yet such a process occurs even more 
slowly in EDTA_. The answer to this apparent inconsistency may be that ED3A can form 
a lactam that is expected.to result in_a substantial increase in the acidity of the methylene 
protons of the cyclized carboxymethyl group. This would make the following process 
feasible. . · · · 

OL_ NO ·t 
/ \ / ' 

-o2c ............. N . N-· r.0 2 -
. \_/+.......,,.., 

·O ............. n _ r.o - ... Al(OH)30NO~ · -o2c N - N.......,,.., 2 · 

\_/ ' 

. ·o,c ....... :~ _ ro,' + NO • .·~ S-EDDA + 
- \_/+......,,..., 

OHCCO£ 

Alternatively, nitrosation of the secondary amine followed by intramoleculartransfer 
to the tertiary nitrogen atom to give the intermediate shown in Scheme 2.4 might also be 
possible. For the sa~e of simplicity, neit_her of these modifications have been incorporated 
into Scheme 2.4. ·· , . '; . 

, Scheme 2.5 represents a preliminary view of the .formation of the gaseous products. 
Formaldehyde is the only aldehyde that has been incorporated into this Scheme; however, 
all of the reactions might be applicable to.aldehydes OHCCO2-, OHCCH2N(H)CH2Co2- and 
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H2NCH2CHO, which are shown as products in several of the reactions in Scheme 2.4. 
Such aldehydes would be oiidized to the corresponding carboxylate. As outlined in 
section 1.D (Task 1 ), product ~nalyses on degradation reactions of HEDTA and glycolate 
in simulated waste at different temperatures suggest that there is a substantial difference 
in the relative amounts of N2 ) N20 and H2 that may be a result of cage effects. We are 
continuing to pursue the detai[ls of these reactions. 

: 
' ' 

2.G Stability of carboxylic ~cid salts in simulated waste Solution 
I 

Thermal decomposition of metal complexants ultimately produces carbonate, formate or 
oxalate according to the mech~nisms previously outlined. Since formate and oxalate have 
not yet been determined to be present in tank 101-SY in the amounts expected based on 
the amount of organics that are believed to have reacted, the question ·of the stability of 
these anions in the waste medium must be addressed. Sodium oxalate, sodium formate 

I 

and sodium acetate that were, heated at 120° C for 1000 h under air in simulated waste 
solution (concentration= 0.2 M) were unchanged in concentration within the limits of the 
analytical method (ion chrom4tography). · · 

I 
I . 

The possibility that hydrogen might be generated by a thermal reaction of sodium 
formate in simulated waste me~ium was also examined. Table 2.1 O shows the results of 
experiments performed unde~ inert and oxygen atmospheres. The amount of hydrogen 
or other·gas detected was app~oximately the same in the presence or absence of sodium 
formate·~ It can be concluded t~at sodium formate does riot react to form gaseous products 
under these conditions. Th~ small amount of H2 produced is probably due to trace 
impurities present in the react.~nts. 

Although the possibilit¥ that formate or oxalate might react with intermediates 
produced in thermal reactions! cannot be excluded, it would seem that there should be 

' 
' 

Table 2.10. Gas Generation irn the Reaction of Sodium Formate in Simulated Waste.1 

i 
TRIAL NAME FORM-1A FORM-2A FORM-3A FORM-4A 

I 
I 

Oraanic Material 
I 

HCQONa HCOONa No Orqanics . No Oraanics 
I 

Atmosphere Ar o? Ar .O? 
i 
I 

H? 016 1.3 0.8 1.5 
I 

0/ l 10 - 7 
I 
I 

N? ~2 <2 <2 ~2 
' I 

CH.1 <0.1 <0.1 <0.1 0.1 

! 
· N?O o: 1 <0.1 0.1 <0.1 

' 
1 Unless otherwise stated, all :products are indicated in moles per 100 moles of organic 
starting material. 2Moles of 0~ consumed per 100 moles of sodium formate. 

I 
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significant amounts present in: t~~·kt01-SY, unl~,d~ they are rapidly decomposed by 
radiolytic processes, since they ar~ final• products from the the_rmal decomposition of 
HEDTA, EDTA,· and glycolate... . 

2.H Reaction of sodium citrate and-isocitrate in simulated waste 

Citrate ion was one of the .complexing agents present in the "complex concentrate" added 
to Tank 101-SY. The ·concentrations of various complexants in Tank 107-AN were 
measured in 1986, and it has been generally assumed that the concentrations in· 101-SY 
are similar to these. Citrate ion was· present at a concentration of 0.064M, compared to · 
HEDTA (0.038M} and EDTA (0.031 M). The reactivity of citrate.ion in simulated waste, and 
its ability to produce gaseous products was investigated. Parallel studies were conducted 
with isocitrate; both isomers have structural similarities to glycolate in the sense that all 
three ions possess the unit HOCR2Co2-, which is- believed to be responsible for the 
reactivity of glycolate; Although citrate and isocitrate ,are highly reactive in simulated waste 
medium · (Table 2: 11) the amounts of hydrogen and nitrous oxide produced in the 
decomposition were negligible compared to those produced in the decomposition of 
·glycolate. Carbon containing products . were prima~ily. acetate and oxalate, in 
approximately a 2:1 ratio, in the cas_e of citrate and a mixture of acetate, oxalate and 
succinate in the case df isocitrate: Only very small amour:,ts of formate were produced 
from either compound. That nitrous oxide is not formed suggests that the decomposition 
does not involve nitrosation and that neither nitrite or aluminate would be required for 
reaction. That hydrogen is not fornied suggests that an aldehyde is most likely not formed 
in the decomposition pathway. As shown by the data in Table.2.12. reaction proceeds in 
the absence of either nitrite or alun,jnate, and the . .rate and products are very similar to 
those obtained in simulated waste. · 

The above results suggest that both citrate and isocitrate decompose thermally! in 
basic solution. A possible mechanism that accounts for th.e production of acetate -and 
oxalate in a 2:1 ratio from citrate is shown in the first part of -Scheme 2.6. 

The presence of the extra carboxylate group in the citrate ion allows for a decomposition 
pathway that is not available in glycolafe. The.case of isocitrate is more complex. If a 
similar pathway to -that suggested for citrate was followed, then no acetate would be 
formed and the ratio of oxalate to succinate would. be 1 :1: However, the observation of 

. acetate and an oxalate to succinate ratio >1 suggests the participation of an .alternative 
pathway(s). Since citrat~ was formed by thermolysis of isocitrate (Table 2.11) products 
are expected froni both pathways, although this does not account for the large amount of 
oxalate produced. · · · -

It can be concluded fmm these results that neither citrate or isocifrate can contribute 
significantly to the production of flammable gases in tank 101-SY, at least from thermal 
processes. · ' 
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Table 2.11. Rea.ction of Citric Acid and lsocitric Acid in SY1-SIM-91 B Solution. 
(1000 h·, 120° C). Comparison with Sodium Glycolate. 1 

Trial CITR-1A CITR-2A . ICITR-1A ICITR-2A GLY-14A GLY-12A 

Atm: '' Ar Oo Ar Oo . Ar· Oo 
" ,, 

citrate 31 25 8 8 - -

isocitrate <2 
'' 

<2 <2 <2 ' -
'. 

,Ho' '. 0.4 ' 2.9 ·, 1.0 •, 1.8 21.2 26.8 

0,2 - . 17 ,, - 20 - 25 

No -2 -2' .. -3 -7 -7 -5 
'• 

CH~. · 0.1 · 0,1 0:1, <0.1 0.3 0.3 

'NoO · 0.1 <0.1 . 0.2 <0.1 14.6 9.5 

Hcoo- 2.2 3.5 4.8 4.7 29.8 34.4 

CoO;.·2 
. '' 

'·. 70 32 53 24 43 48 

Aco- 108 131 32 33 - -

(CH?coo-)? <:2 <2 9 12 ·- -

1 All products are· indicated in moles per 100 moles of organic starting · material, unless 
otherwise stated. 2Moles of oxygen absorbed per 100 moles of starting material. 

Table 2.12. Reaction of Sodium CitraJe in 2 M NaOH (120°C, 1000 h). 
c'omparison with the Reaction in Simulated Waste.1 

TRIAL NAME I .CITR-4A CITR-1A 

Solution NaOH (2 M) · SY1-SIM-91B. 

Atmosphere . · Ar Ar 

Citrate 47 31 

2 

53 53 

Aco- ·. 108. 108 

H, .· <0.1 0.4 

N,O <0.1 0.1 

1AII products are indicated in moles per 100 moles of organic starting material. · 
,· , . . ' . 

65 



WHC-EP-0823 

2.1 Analysis of solids from thermal reactions 

In most thermal reactions a $Olid was formed. In the recovery process the solid first 
obtained was contacted several times with water, so that the recovered solid consisted 
mostly of compounds that would normally be considered "water insoluble". The amount of 
such "water insoluble" solids was greater for reactions in which Teflon covers were not 
placed on the Teflon liners. The observation of aluminosilicates in these precipitates, vide 
infra, lead to the conclusion that the reactions were being contaminated by glass. This 
resulted in the design of covered reaction vessels such as those described in the 
Experimental Section, which were used for all of the experiments described in this report 
except the present ones and those in section 1.C.1. 

The complete procedure for recovery is given in the Experimental Section, but 
briefly: the solid was dissolve,d in acid, and the resulting solution was analyzed by ion 
chromatography. Because of the treatment with acid, any CO/- or No2- present in the 
solid would be lost before adalysis. It is possible that some ions (or salts) of normally 
"water soluble" compounds w~re occluded in the solid in such a way that they were not 
dissolved in the recovery process, but we have no positive evidence for such an effect 
Although the analysis of the s91id was carried out primarily as part of the measurements 
to obtain mass balance in the reaction, the amount and nature of the solid was of interest 
on its own. ! 

Qata in Table 2.13 and 2.14 show the weight% of oxalate and nitrate in the solids 
from several experiments. Table 2.13 shows the results when glycolate is the organic 
component and Table 2.14 ~hows the results for other organic components. Nitrate 
appeared in almost all solids to the extent of 4-14%. Formate was not found. 

In Table 2.13 the seven reactions in the series Gly-300, through Gly-1000; show 
that oxalate forms in solution early in the reaction, with some time delay before it appears 
in the solid. The amount of oxalate in solution levels off with time, so that in the longer 
reactions more oxalate is in the solid than in the solution. 

The data for reactants other than glycolate are given in Table 2.14. Whether or not 
oxalate is found seems to depe'nd more on the time allowed for reaction, rather than on the 
nature of the reactant. Oxalate clearly appears at a later time with these reactants than 
with glycolate. 

Analyses for aluminum!, by EDTA titration, were performed on some solids. The 
data are given in Table 2.15. i 

t 

Examination of the so!lids by X-ray powder diffraction has provided important 
information. Diffraction data was taken from the solids from reaction A-97 (rich in oxalate) 
and A-113 (deficient in oxalate). An automatic search program, available through the 
School of Materials Engineering at Georgia Tech, compared the patterns observed to the 
11,600 patterns in its data base. In this way the compound Na2C2O4 was identified as an 
important constituent in the solid from A-97. No evidence was found for the presence of 
Al3(OHhC2O4·3H2O, NaAl(OH)2C2O4·3H2O, or Na4Al2(OH)2(C2O4) 2·1 0H2O, for which powder 

' 
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diffraction data have be~n reported in the literatur~16. The conclusion is that the solid 
phase containing O)(alate. is_~a2C20 4 • 

· . Table 2.13. · Analysis of-Solids Produced by the Reaction of Glycolate 
· in Simulated Waste 

Weight Oxalate Oxalate Oxalate Nitrate 

Kinetic Run. (%) mmoles mmoles · (%) 
.. 

(solid) (solutioni 

" 

B -·26 Glv/Air · 726.5 h 0.496 54 3.04 4.38 trace 

B - 11 Glv/He/Cr · 1540 h 2.6 34 10.0 3.47 5 
... . .. 

-o'.54 B - 4 Glv/Air/Cr 1434 h 1 0.06 2.62 2 
.. 

A-126 Glv/Air · 1060 h 0.88 52 5.2 8.71 4 

Gly - 300 Gly/Air 310 h 0.051 - - 0.49 14 

Glv - 400 Glv/Air 
. . . .. 

406 h · 0.083 39 0.37 0.51 4 

Gly - 500 Gly/Air 514 h 0.081 . 42 0.39 · 0.66 6 

Glv - 600 Gly/Air 672 h 0.17 42 0.81 073 5 

Glv· - 800 Glv/Air 981 h 0.36 27 1.10 1.11 8 

Glv - 900 Glv/Air 1250 h 0.43 30 1.47 1.18 4 

Glv - 1000 Glv/Air 1474 h 0.50 30 1.70 1.07 ·. 6 
:~;<' 

,. 

Aoo - 7 Gly/Air 1248 h 0.086 - - 1.13 9 
-··. 

B -140 Gly/Air 820 h 1.45 ·. 61.6 10.2 2.29 4 

The low solubiHty of sodium oxalate in these solutions is not unexpected. The 
following statement appears in the report "Assessment of Concentration Mechanisms for 
Organic Wastes in Underground Storage Tanks at .Hanford": "In summary, precipitation of 
sodium oxalate in waste tanks containing more than a few thousandths molar total oxalate 
concentration is expected· in the absence ofaluminum". 17 Our results suggest that the 
estimate is valid everi when aluminum is present. 
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Table 2.14. Analysis of Solids Produced by the Reaction of HEDTA 
an d R I t d C d . s· I t d W t eae ompoun sm 1mu a e as e. 

Kinetic Run iWeight Oxalate Oxalate Oxalate Nitrate 
;(grams) (%) rnmoles mrnoles (%) 

' 
(solid) (solution) 

' 

' 

A - 50 HEDTA/Air 1770 h ! 0.86 2 0.20 0.15 26 

' 

A - 55 HEDTA/He 540 h : 0.24 - - - 10 
[ 

B ~ 19 U-EDDA/Air 403 h i 0.104 - -
' 
' 

B - 33 U-EDDA/Air 203 h : 0.446 - - - 5 
' 
' 

B- 60 IDA/He 281 h i 0.171 · - - - 8 

B - 95 DMG/Air 304 h : 0.102 - - - 10 

B - 73 NTA/Air 357.5 h i 0.091 - - - 9 
. 

' 
B - 77 Sarcosine/Air 908 h [ 0.935 - - - 14 

' 
i 

B - 69 IDA/Air 1139 h ! 0.33 1 0.038 0.31 10 
' ' 

B - 85 MIDA/Air 1060 h i 1.24 1.2 0.17 2.94 7 
i 

H - 1 HEDTA/Air 200 h i 0.11 - - - 11 
i 
I 

H - 3 HEDTA/Air 300 h : 0.05 - - - 13 

H - 4 HEDTA/Air 400 h i 0.10 - - - 9 
' ' 

H - 5 HEDTA/Air 500 h : 0.15 - - - 8 
: 
I 

B - 81 SEO DA/Air 1800 h I 2.01 62.5 14.3 2.11 9 
., 

I 

B - 89 Glvcine/Air 1600 h i 0.348 2.2 0.087 - 8 
i 
i 

A - 113 HEDTA/He 1400 h : 5.97 - - - 8 
I 

A- 97 HEDTA/Air 3000 h 3.11 58 20.5 2.95 7 
(sonication) 

i 
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Table 2.15. Alumin_um A~ai~sis of S~Hd·; ~roduced by the Reactions 
0 f GI I t d MIDA . s· I t d W t 1vco a ean m Imu a e as e 

I I: 
1 

I I 
'. , . .-

. Kinetic run- 1· ' . ·· Weight :(grams) .. Aluminum (%) .. 

A - 119 Glycolate/He 1.79 5.5 

A - 126 Glvcolate/Air 0.882 7.2 

B - 85 MIDA/Air . 1.24 
. 

12.4 

The additional lines in the pattern from the A~9Tsample and the prominent lines 
. from the A-113 sample were attributed by the search program to Na3Al3(SiO4)·Na2CO3• 

This compound belongs to: the class of alumina-silicates known as cancrinites. In the · 
cancrinites various anions and cations and water can occupy channels in the alumina
silicate structure. The presence of large percentages of nitrate and small percentages of 
carbonate in the solids from our reactions suggest that the caricrinite formed is not the one 

· of the formula given · above but is instead the cancrinite of formula 
Na3Al3(SiO4) 3·NaN03·2H2O, which is reported18 to be formed when alumina-silicates are. 
formed from solutions rich in NaNO3• The retention of NO3- in ow insoluble solids is thus .. 
explained. Another compound considered as a possible insoluble solid to be formed was 
NaAl(OH)2CO3 • We found rio lines in our patterns corresponding to those reported 19 for· 
this compound. · · 
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TASKS:. SOURCE OF NITROUS OXIDE, NITROGEN AND AMMONIA 

A number of studies were undertaken to·· attempt to determ.ine the possible. origin(s) and 
mechanism· of formation of the title gases using simulated waste mixtures. At the outset 
it was necessary to determine th·e source of nitrogen for each of these gases. This was 
accomplished using N-15 labeled reagents as outlined in the first section below. In the 

· course of other studies that· were concerned with the stoichiometry of HEDTA 
decomposition, the amount of nitrous oxide was•fourid to go through a maximum. It was 
determined that nitrous oxide decomposed to nitrogen and oxygen, possibly catalyzed by 
the hot glass of the reaction vessel. This is a significant observation that will affect any 
future studies that are done· in glass vessels and a summary of results in this area is 
presented in the second section. The results of preliminary studies on possible 
mechanistic pathways for•nitrogen gas formation from nitrite are then described. These 
studies are incomplete and much remains to be ·done to understand the chemical 
pathways· by which the gases are formed. · The recent discovery by Westinghouse 
scientists that ammonia is a major gaseous .product from. tank 101-SY raises several 
questions that cann·ot be addressed by most of the studies on simulated waste since no 
quantitative assays of ammonia production have been made. However, existing data from 
some studies of HEDTA decomposition in simulated waste can be utilized to provide an 
estimate of how much ammonia might be produced. This _analysis is given in the final 
section. · 

5.A Reactions 1n sv1-sIM.:91 i3 mixtures utilizing N715 l_a,beled reagents' 

5.A.1 Source of N2O and N2• Several reactions of unlabeled HEDTA in SY1-SIM-91 B 
media prepared with 15N-labelf3d nitrate and/or nitrite reagents were conducted at 120· C 
for 49 days under atmospheres of air and helium. Mass spectrometric analyses of the 
head space gases clearly established that the· N2O and N2 produced in these reactions 
originated only from the nitrite and·not from nitrate or HEDTA. When the simulated waste 
mixture contained both 15No2- and 15NO3-, and the reaction was conducted under either an 
air or a helium atmosphere, only doubly labeled N2O and N2 were fornied. On the other 
hand, when HEDTA.was allowed to react at 120· C in the simulated waste mixture 
containing 15N03- as the only 15N label, only unla~eled N20 and N2 were formed. This result 
indicates that both· N2Q. and N2 originate from .No2-. In order to verify this conclusion, . 
HEDTA was allowed to react' at 120° C in the simulated waste mixture containing 15NO2-

as the only nitrogen labeled cor:npound. In this case both doubly-labeled 15N2O and 15N2 

were produced. This result shows conclusively-that both N2O and N2 originate exclusively 
from No

2
-. · · 

. It would be'difficult to prepare 15N-HEDTA in :order to check the above results that 
show that N2O and N2 do not originate from the organic portion of the simulated waste; 
however, it is not necessary to do this since,:if any.N2O and N2 did originate from HEDTA, 
then some 14N - N2O and /or N2 would have been produced in the reaction with 15Nb2-. This 
was not observed. · 

· There are_, of course, many organic degradation pro.ducts produced in the· thermal 
decomposition of HEPTA in simulated waste at 120° C; glycine is one of these. Since 15N-
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glycine was available, the decdmposition of this compound was studied in simulated waste 
at 120° C and a trace of 15N2 i.n the 14N-N2O, N2 mixture was found. Great significance is 
not attached to detection of a ;trace amount of 15N2 in this experiment and therefore No2-

is still considere.d the major source of N2O and N2 produced in simulated waste. 

5.A.2 Source of NH3• Formation of ammonia in these thermal degradation studies arises 
after a series of reactions" When HEDTA was allowed to react at 120° C for 49 days in 
simulated waste, NH3 was fornjled in 17% yield (based on HEDTA). The NH3 was passed 
into an aqueous solution of HCI and the ammonia determined as NH4CI. When HEDTA 
was allowed to react at'120°C i:n simulated waste containing .15No2- and 15NO3-, both 15NH3 
(90%) and 14NH3 (10%) were tormed, as indicated from 14N and 15N NMR spectra of the 
NH4Cl solution. When a simil.ar reaction was carried out containing only 15NO3- as the 
labeled compound, only unlabeled NH3 was formed; however, when only 15N02- was 
present, 15NH3 (88%} and 14Nfi3 (12%) were formed. All of these results clearly indicate 
that approximately 90% of the NH3 produced in the thermal decomposition of HEDTA in 
simulated waste at 120° C o~er a period of 49 days originates from NaNO2 and 10% 
originates from HEDTA and its decomposition products. 

5.8 Decomposition of nitiro~s oxide. 

In tests;of the reliability of the apparatus and procedures being used for studies lasting for 
hundreds of hours at 120°C it 1as observed that the concentration of N2O in the gaseous 
phase J:l.ecreased with time. The rate of decrease was about the same whether simulated 
waste scilution was present or not. It was initially thought that the observation could be due 
to an analytical artifact, but this was shown not to be the case when a similar experiment 
carried out at room temperatur~ showed that the amount of N20 remained constant. Since 
nitrous oxide is thermodynamically unstable, its decrease could be due to its 
decomposition according to e~uation 5.1. 

I 

i 

! 
I (5.1) 
I 
' 

.. An experiment in which N20/ in an argon atmosphere was heated at 120°C for 1000 
hours, supports this interpretation as shown by the results in Table 5.1. 

. ' I • . 

r bl s 1 G 1c a e . . as! ompos1 10n er ea mg ,., a T A ft H f N O t 120 ° C . 

N,O;, mmols 

. 0.36 + 0.05 

Nbof, mmols 
! 

d.24 ± 0.04 
' I 
i 

N,, minols 02, mmols 

0.10 ± 0.02 0.060 ± 0.012 

The decomposition of nitrous oxide to nitrogen and oxygen is well established, and 
its rate has been the subject :of numerous investigations under both homogeneous and 
heterogeneous conditions. lihe homogeneous gas phase reaction 1 is one of the most 
extensively studied unimolecular decompositions in the literature. These studies were 
generally in the temperature rar,ge 800-1100 K. Linders and Hinshelwood2 found surface 
effects on the rate in their reactions at 720° C using a silica vessel, but reported this effect 

I 

' 
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' could be eliminated by proper'•idonditioning" ;'6.d11e 1:vessels .. In an early study, Hibben3 

. reported unimolecular rate constants forthe reaction in a quartz· vesset in the temperature 
range 550-625 K. ·Since these rates. ~ere "approximately 1000 times faster" than rates 
obtained by extrapolating the known high temperature homogeneous data, he attributed 
the· increased' rate to heterogeneous reaction on the surface of the vessel. Although 
heterogeneous catalysis by metals and by metal oxides has been studied extensively at 
lower-temperatures, there have been no studies of the behavior on glass surfaces. We· 
attribute our results to catalysis produced on the glass walls of the apparatus. 

The results of three experiments, all· done in the same apparatus at 120°C, are. 
sh.own in Table 5.2 .. In one of these experiments, a simulated waste solution (without 
organics) was present in addition to the gas phase containing N20 in argon. In the other 
two experiments only the.gas phase was present.. The rate of disappearance of N20 was 
measured, and a rate·co,nstant was calculated assuming.that the reaction is first order in 
N20. Table 5.2 shows that the apparent rate constant is practically the same in allthree. 
cases, indicating that the presence of simulated waste solution (without organics) does not 
affect the rate. It must be noted that in all three cases and due to the design of the 
apparatus, only one third of the gas is being heated, and the rest is at room temperature. 
The rate constant only has meaning with res·pect to the particular apparatus used, since 
it would be expe·cted to depend on the surface .area of glass in the system. 

' ' 

T bl 5 2 R C a e . . ate onstant f N" .or 1trous 0 "d D XI e ecompos1t1on. · 

I Mixture·. I .. "·' [N20li, ·rvi· I . k, hrs·1 I 
N,O in Ar 3.2 x.10-4 4.1.±0.2 X 104 

" 

3.4 ± 0.2 X 10~· 
., 

N,O .in Ar + simulated Waste 4.0x104 

N,O in Ar· 2.6 X 10"3 · 3.5 ± 0.5 X 104 

These· results indicate clearly that in our long-te~m studies of the decomposition of organics 
in simulated waste, the measured amounts of N20 and N2 at any time are affected by the 
rate of decomposition of N20. · In interpreting the measured values of N2 and N20, the sum 
of the two is more meaningful than the individual values. •. · 

' ' ' 

5.C Mechanistic pathways for formation of gases containing nitrogen from nitrite.' 
. . .. ' 

As described above, use of 15N-labeled inorganic reagents established that nitrogen and 
nitrous oxide produced from simulated waste re.actions are derived exclusively from nitrite 
and that a.major fraction of the ammonia derived from HEDTA decompositlon also came 

. from. nitrite. If No- is generated as an intermediate following aluminum promoted 
nitrosation then the formation of .nitrous oxide is not unexpected since dimerization of No· 
to N20/ and the decomposition of hyponitrite to N20 is well established chemistry. Thus, 
this pathway for formation of nitrous· oxide does not involve a '.'hydride" source or even 
additional reducing equivalents. Generation of ammonia; on the other hand,. requires 
additional reducing equivalents and/or a "hydride" source. Consideration of known thermal 
reactions of oxynitrqg~n species would suggest that formation of ammonia will most likely 
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arise from further reduction of hydroxylamine (including disproportionation) or by hydrolysis 
of cyanide. In principle, either qt these species could also arise from NO· by reaction with 
a suitable reducing agent. THe fact that formaldehyde is proposed as a decomposition 
product of HEDTA and its fragments, suggests that it might serve as the reducing agent 
for other species besides wat$r (equations 5.2 and 5.3) 

. ! 
' 
t 

3H2O + ~20 3 
2

• + 2e· - H2NOH + NO2• +-3OH· · (5.2) 
! 

H2q +- H2NOH + 2e· -· · NH3 + 2OH: (5.3) 

In each case the formaldehy~e would be oxidized to formate. The reduction potential 
for-the reduction of H2NOH is favorable. Although the potential for N2Otis unknown, 
the potential for reduction of ~o- is favorable. Standard potentials and general features 
of the chemistry of N2O3 

2
· and; H2NOH are reviewed in the October 15, 1991 report from 

Georgia - Tech. A series iot survey reactions designed to determine whether 
formaldehyde might: be a ~uitable reducing agent for N2Ot and H2NOH were 
undertaken. i 

I 
I 
I 

5.C.1 the reaction of H2Nd>H with organic compounds in basic· solution. The 
reactivi1.Y of hydroxylamine to[ward certain organic compounds was studied in modified 
SY1-.S1Jy1-91 B mixtures. The iesults of so.me experiments are shown in Table 5.3 . 

. ,,,.,, 

' 

· On the basis of literatur~ reports, disproportionation of H2NOH is expected to occur 
in basic solutions such as SY1-:s1M-91 B to give the oxidation products N2 and. N2O and the 
reduction product NH3 • The: ratio of products is highly sensitive to conditions; a 
characteristic feature of the djsproportionation in our systems is greater formation of N2 

than N2O (N/N2O ratio betw~en 8:1 and 16:1 ). Smaller yields of N2 and N2O in the 
experiments when H2CO is Aresent indicate that a reaction of H2NOH with H2CO has 
occurred. The formation of rormate cannot be due to the Cannizzaro reaction, both 
because of its high yield, and because CH3OH is not formed. The reaction H2NOH + H2CO 
+OH·-. HCO2• + NH3 + H2O isl strongly indicated. 

I 

14N NMR spectroscopyl provided important information about nitrogen-containing 
products and intermediates iri the above reactions. Interpretation of these experiments 
utilizes chemical shift data contained in Table 5.4, which was. obtained from the literature 
and from our own measurem~nts as indicated. 

_ The thermal reaction of H2N~H with H2CO in basic solution was carried out in a 10 mm 
NMR tube. A solution of waraformaldehyde (62.5 mg, 2.08 mmol of H2CO) and 
hydroxylamine {70 mg, 2.1 mm'.ol) in 4 ml of 2 M NaOD/D2O (KHA-14} was combined in a 
1 O mm NMR tube that contain:ed a capillary with an the external standard (CH3NO2) and 

· sealed under vacuum. Spectra obtained on this sample as a function of time and 
temperature are shown in Fig~res 5.1 to 5.4. 

I 
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Table 5.3. Results of reactions of H2NOH in modified SY1-SIM-91 B mixtures.1 

KHA-1 520 h KHA-2 520 h KHA-3 520 h KHA-4 170 h KHA-5170 h 
component 

mmol mmol mmol mmol mmol 

initial final initial final initial final initial after initial final 

OH· 8.0 - 8.0 - 8.0 - 8.0 - 8.0 -
HaNOH 1.66 1.84 - 1.54 - 1.48 - 1.46 

CH.OH 0 0 0 0 1.6 1.05 0 0 0 0 

HaCO 0 0 1.6 0 0 0 1.65 0 1.64 0 

Hco?· 1.59 1.49 0 1.54 0 0.02 0 1-.29 0 1.37 

NO?· 0 0 0 0 0 0 . 8.96 8.93 0 0 

AIO"· 0 0 0 0 0 0 6.16 - 0 0 

N? 0 0.32 0 0.026 0 0.26 0 0.045 0 0.025 

N"O 0 0.04 0 0.004 0 0.021 0 0.023 0 0.002 

H? 0 0.023 0 trace 0 0.013 0 trace 0 trace 

1Reaction conditions: Ar atmosphere; KHA-1, KHA-2, and KHA-3 at 120° C; KHA-4 and 
KHA-5 at 90° C; reaction volume is 4.0 ml. Analytical measurements were by IC, NMR, 
and GC. In all cases, when the reaction vessel was opened, wet pH paper turned blue in 
the product gas, and the odor of ammonia wa,s ,_noticed. ::i.:: 

,r; 

Table 5.4. Nitrogen-14 Chemical Shift (ppm) Referred to External CH3N02• 

Molecule 14N shift Conditions Molecule 14N shift Conditions 
or ion (oom) or ion (oom) 

NH. -377 1 M aaueous NH. NO; -1 1 M NaNO" in D"O 

NH.+ -358 1 M NH.NO. in D?O CH.NO? 0 neat 

H.NOW -297 1 M H.NOHHCI in D.O H?C=NOH 2 1 Min Et?Ob 

H"No· -284 in 2 M NaOH H?C=NO· 17 in 2 M NaOH 

CH.CN -132. neat N?o/· 78 in 1 M NaOHc 

CN· -102 0.5 M KCN in 2 M NaOH H?N,O, 81 in 1 M HCIO.c 

N2O32- -37 N(1) 15N measurement at pH 13a NO
2

• 232 1 M NaNO2 in D2O 
-21 N(2) 

a) F. T. Bonner, H. Degani and M. J. Akhtar, J. Am. Chem. Soc. 103, 3739, (1981 ). b) M. 
Witanowski, L. Stefaniak, H. Januszevski and S. Szymanski, Tetrahedron, 29, 2833, 
(1973). c) J. Mason and W. van Bronsewijk, J. Chem. Soc. (A), 791, (1971 ). 
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· At room temperature, ohly one peak centered at 17 ppm was observed (Figure 5.1 ). 
This indicated that H2NOH reacts with H2CO to form H2C=NOH very fast, even in basic 
solution at low temperature. tAtter heating up to 60° C for 2 h, the second NMR spectra 
was taken (Figure 5.2). This! spectrum indicates that H2C=NOH is relatively stable (the 
sharper peak results from the ~easurement of the spectrum at higher temperature). After 
heating at 90° C for 2.5 h, the CN· and NH3 . peaks appeared and the H2C=NOH peak 
disappeared completely (Figure 5.3). The hydrolysis of CN· is relatively slow. After heating 
at 90° C for 90 h, a small ?mount of CN· remained in solution, while th·e NH3 peak 
increased dramatically. (Figure[S.4). Based on the 14N NMR study, the reaction sequence 
shown by equations 5.4 to 5.$ is proposed. 

I 

! . 
: fast . 

H2NPH + H2CO -==-t H2C=NOH + H2O (5.4) 

. H1C=NOH + OH· ~ CN· + 2H2O (5.5) 
i 

tN· + 2H O ~NH + HCO · 
: 2 OH" 3 2 

(5.6) 

IC analysis showed that 1.Bt mmol of HCO2· was found (90% based on H2CO). This 
indicates that, given suffici~nt time, H2NOH reacts with H2CO in basic solution to 
quantitatively produce NH3 a~d HCO2·. 

I 
5.C.2 · The reaction of N2ot ~ith H2CO in basic solution. A series of experiments was . 
undertaken in which N2O3 

2· W?S combined with various modified SY1 -SIM-91 B mixtures. 
In all cases 4 ml of each reaction mixture was heated at 90° C under Ar for 170 hours. 
When the reaction vessel wa~ opened, the presence of basic gas was indrcated by test 
with wet pH paper. The resul~s of some of these experiments are shown in Table 5.5. 

Experiment KON-1 shows how N2Ot reacts when alone in base. The stoichiometry 
expected on the basis of liter~ture reports is shown in equation 5.7. 

! • 

i 
I 
i . 

H2O !+ 2 N2O/° - N2O + 2NO2· + 2OH· (5.7) 
1. 

76 



WHC-EP~0823 

Figure 5.1. KHA-14. 14N NMR ofRe:iction H2NOH 
• • :' :, ·: • ,,, ~1• ii . . / f 

with H2CO in.Basic Solution at Room· Temperature 
for 20 minutes. · 

600 400 :-uo 

Figure 5.2. KHA-14. 14N NMR of Reaction H2NOH 
with H2CO in Basic Solution at 60° C for 2 hours'. 
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i 
Figure 5.3. KHA-14. 14N NMR o~Reaction H2NOH 

. I 

with H2CO in Basic Solution at 99° C for 2.5 hours. 

CN· 
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Figure 5.4. KHA-14 .. 14N NMR of Reaction H2NOH 
with H2CO in Basic Solution at 9Q° C for 90 hours. 
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Table 5.5 .. Results of Reactions of N20 3 
2
• in Modified ·sv1-SIM-91 B Mixtures.' 

component. KON-1 KON-2 KON-6 KON-3 
mmol 

initial· final initial final initial final initial final 

OH' 8.0 - 8;0 - 8.0 - 8.0 -

AIO.,· 0 0 6.16 - 0 0 0 0 

N .. 0,.2• 0.376. <0.01 0,334· <0.01 0.408 c:::0.01 0.388· <0.01 

H.,CO 0 0 0.40 0 .· 0.45 0 0.41 -

HCO.; 0 0 ·o 0.388 0 0.346 0 0.308 

NO?· 0 0.366 0 0;321 0 ·0.376 8.96 9.33 

N., 0 trace 0 0.061 0 0.056 0 0.11 

N .. O 0 0.065. 0 0.012 · 0 0.052 '0 0.043 

H; 0 trace 0 trace 0 trace 0 0.003 

- . . ' . , 

It is important to note that no reductant is required to generate nitrous oxide and nitrite 
from N2O3 

2
•• However, when formaldehyde was. included .in the reaction mixture it was 

largely converted to formate .. Although the mass balances for these reactions were not 
satisfactory, and neither H2NOH ·and NH3 were determined, some conclusions can be 
drawn. In all cases, regardless of the reaction occurring, half of the nitrogen in N2O/" 
appeared as NO2•• The appearance of formate cannot b~ attributed solely tq the 
Cannizzaro reaction of formaldehyde since the yield i~ greater than 50%. The formation 
of nitrogen in the presence of formaldehyde indicates that reduction has occurred and 
argues for the reaction of N2O/" (or No·) by some process other than equation 5.7. 

NMR spectral measurements of reactions of N2O/" were also undertaken. Although 
complicated, some very interesting conclusions are suggested. At room temperature for 
50 h, 14N (Figure 5.5) and 1H NMR showed thatthere was no reaction between N2O{ and 
H2CO; H2CO underwent the Cannizzaro reaction (formation of HCO2• and CH3OH in 1 :1 
ratio as shown by 1H NMR) and· N2O{ underwent self decomposition. At higher 
temperature, the reaction of N 2O{ (144 mg, 1.2 mmol) and H2CO (59.4 mg, 2 mmol) in 4 
ml of 2 M NaOD/D2O was monitored by 14N NMR (Figures 5.6-5.8). 

. . 

N2O3 
2
·; which contains two· nonequjvalent nitrogen atoms, exhibited only a single · 

broad resonance at room temperature (Figure 5.6) but displayed two resonances at higher 
temperature. After 2 h at 65° Ca resonance due to an unknown intermediate appeared 
at about -160 ppm (Figure 5. 7). ·After 18 h at 90° C, N2O3 

2
• had disappeared completely 

and NH3(-377 ppm), and CN· (-103 ppm) had formed (Figure 5.8) .. 

I . 
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Figure.5.5. KON-17. 14N NMR of Reaction N20? 
with H2CO in Basic Solution at Roo~ Temperature 
for 50 hours. ! 

4 0_0 

' ' 

' ' 
' ' 

Figure 5.6. KON-19. 14N NMR: of Reaction N20? 
with H2CO in Basic Solution at iRoom Temperature 
for 0.5 hours. 
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Figure 5.7. KON-19. 14N NMR of Reaction N20? -
with H2CO in Basic Solution at 65° C for 2 hours. 
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Figure 5.8. KON-19. 14N NMR of Reaction N20/" 
with H;co in Basic Solution at 90° C for 18 hours. 
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The formation of CN- suggest~ that H2NOH was an intermediate in this reaction, but that 
the concentration of the latter "YaS too low for it to be detected in the NMR spectrum. Since 
it hydrolyses slowly, cN- can a9cumulate in solution. These results in combination with the 
resultsin the previous section $uggest the overall reaction: OH-+ N2Q3

2
- + 2H2CO - NH3 I • 

+ 2HCO2• + NO2•• The result$ from a second set of experiments, in which only gaseous 
products were monitored, are $hewn in Table 5.6. The experiments were conducted in the 
same way as those in Tabl~ 5.5, except that the time and solution components were 
varied. Experiment KON-25 !provides strong evidence for equation 5.8 where the No· 
required results from decomp:osition of N2Ot (or its conjugate acid). 

' ' 
Np- + NH2OH - N2 + OH··+ H2O (5.8) 

I 

The relatively high yield of lN2 in experiment KON-22 is probably due to the same 
reaction; N2ot is in excess with respect to its reaction with H2CO, and hence available 
for reaction with NH2OH as 1the latter is formed. In a study4 of the reaction between 
N20/- and NH2OH at pH 6-~. both N2 and N2O were observed as products. Equation 
5.8 has also been suggestSd5

•
6 as a step in the mechanism of the reaction of nitric 

oxide with hydroxylamine. 1/, reaction KON-24, NH2OH and H2CO were combine9 in 
1 :1 ratio in 2 M NaOH and allbwed to stand at room temperature for oxime to form, then 
N2O/- '•:was added. Since or,ly a trace of N2 was detected, it can be concluded that 
oxime and N2Ot do not read to give N2• 

I 

Table 5.6. Survey of Reaeti;ons of N2O3 
2
• with Formaldehyde and Hydroxylamine. 

I 

I 

Component/mmol KON-21 KON-22 KON-23 KON-24 KON-25 
i70 h 165 h 190 h 70 h 70h 
I 

Reactants OH- :a 8 8 8 8 
I 

H.,CO io 0.95 1.93 1.14 0 
I 

N.,O-i2-
I 

0.98 1.12 1.12 l 1.1 ·1.96 

NH.,OH lo 0 0 1.17 1.22 
I 

Products N., lo 0.33 0.16 trace 0.66 
I 

N.,O 0.39 0.19 0.06 0.18 0.23 
I 

NH~1 iYes yes . yes yes no 
I 

1Ammonia was detectdd in the product gases by moist pH paper and by its 
odor. 

5.C.3 Conclusions. On the basis of the above observations and information in the 
literature, the following seque~ces of reactions can account for formation of N2O, NH3 , and 

I 

N2 in a system that contains formaldehyde and some source of HNO (or its conjugate base 
NO). Hydroxylamine is a ne¢essary intermediate in the formation of NH3 and N2 but not. 
of N2O. ! 

i 
I 
I 
I 

I 
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_'1) Formation of N2O 
.. 

. 2 NO·+ H2O -. N2O + 2.oH· 
,, ' ' ' 2 

· _ ~. No· - trans-N2O2 • 

trans-N2O/" + H2O - trans-HN2O2•. + OH· 

. trans-HN2O2• - N2O + OH· . 

-2) Formation of NH3 

NO·+.· H
2
CO- HC(O)NHO· · .. 

HC(O)NHO· + H2O - HCO2• ~ NH2OH 
' . -

H2NOH + H2CO - H2C=NQH + H20 
' . ' . 

H2C=NOH + OH· - CN· + .2 H20 

. CN--.. + 2H2O - NH3 + HCO2•. ._ 
' ' ~ . ' ' 

(5.9) 

.. (5.10) 

(5.11) 

(5.12) 

(5.13) 

(5.14} 

(5.15) 

(5.16) 

. (5.17) 

Reactions 5.13 and 5.14 ;appear on ttie basis of. literature information. Formaldehyde is 
one of the aldehydes that gives the Angeli-Rimini test for aldehydes,7 which is based on 
the reaction of N2Ot (or other source of NO·) with. the · aldehyde to give the 
corresponding hydroxarriate ion, R<?(O)NI-IO·. -

3) Formation of N2 

(5.18) 

In addition, the disproportipnation of hydroxylamine via a combination of equations 5.19 
and 5.20 could contribute to the formation of ammonia, nitrogen and nitrous oxide: -

3 NH 2OH - NH3+ N2 + 3 H2O • . (5.19) 

4 NH2OH- 2 NH3 + N2O + 3·H2b (5.20) 

Our results indicate that the first of these reactions is more important in our solutions, 
but we have no results that provide information about the mechanism of either reaction. 

The fact8
•
9 that at pH· ~5 the. presence of No2• causes kinetic stabilization of N2O3 

2
• 

has been explained as being due to the existence of the equilibrium HN2O3• ..- No-+ HNO2• 

Although there is no information on· the effect of NO2• in more basic solutions, it is 
reasonable to assume that N2Ot (or its conjugate acid) can be formed by combination of 

· NO· and No2• (or their conjugate acids), thus providing a steady-state concentration of 
· · N2ot, which acts as a reservoir for ·No· in organic degradations iri simulated waste, and 

also in tank 101-SY. · . 

5.D A redox analysis of HEDTA d~composition: how much NH~ might be formed? · 
: ' ,. . ' ' 

' ' 

.The recent discovery by Westinghouse scientists that ammonia is a major-gaseous product 
from tank 101-SY · raises several questions that cannot be addressed by most of the 
studies on simulated waste since no quantitative assays of ammonia production have been 
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made. However, existing data from some studies of HEDTA decomposition can be utilized 
to provide an estimate of ho\Y much ammonia might be produced. To make such an 
analysis requires data from an experiment in which a good carbon mass. balance and 
analyses of other known reduc~ion products (H2 , N2 N2O) was achieved. Experiment 11 B 
in Table 1.1 . (Task 1) meets these requirements and the data obtained have been used to 
calculate the moles of electrons available for reduction that are not accounted for by other 
reduction products. I · 

! 

In experiment 11 B decoh,position of HEDTA at 90° C under argon consumed 64% 
of th~·starting HEDTA (assumetl to be 1 mol in the analysis) after 4942 h; the amounts (in 
moles) of oxidation and reduction products that were identified are listed below. 

I . I 

Oxidation: 1.07 HCO2·, 0.12 c2dt, 0.55 ED3A, o.os_ s-EDDA, < 0.02 EDTA, ~ 0.02 CH3CO2• 

Note that 0.55 m9I of ED3A plus 0.06 mol of s-EDDA accounts 
for 0.61 mol of th~ HEDTA consumed. Also note that one-half 
of the formate pr9duced (0.54 mol) plus the amount of oxalate 
(0.06 mol) acco~nts for 0.60 mol of the HEDTA consumed. 

I • 
I 

Reduction: 0.04 H2 , 0.30 N2l 0.245 N2O, trace CH4 i . 
The stoichiometry suggested 1by these data can ·be interpreted using the following half
reactions and certain assumptions as described below. 

• Reductfons: 6 e~ + 2 No2• + 4 H2O - N2 + 8 OH· 
" . 4 e· :+ 2 NO2• + 3 H2O - N2O + 6 OH· 

I 2 e· + 2 H2O - H2 + 2 OH· 

Oxidations: 

6 e:- + NO2• + 5 H2O - NH3 + 7 OH· 
i 

HEDTA + 8 OH· - 2 HCO2• + ED3A + 5 H2O + 6 e· 
HEDTA + no OH· - C2O4

2
· + ED3A + 7 H2O + 8 e· 

ED3A + 5 ioH· - C2O/ + S-EDDA + 3 H2O + 4 e· 
I 

•· Assuming that ED3A is co~verted to s-EDDA with production of oxalate: 0.06 mol 
oxalate x 4 e·/mol = 0.24 mol 9: . 

I 
• Assuming that the remain:ing oxalate (0.06 mol) was derived from conversion of 

HEDTA to ED3A: 0.06 m~I oxalate x 8 e·/mol = 0.48 mole· 
I 

• Assuming that all of the formate is derived from conversion of HEDTA to ED3A: 
1.07 mol formate x 3 e·/mpl = 3.21 mol e· • · 

With these assumptions the t6tal mol of e.: available for reduction is 3,93. 
i 
' I 

A similar analysis for the redu:ction products leads to the following: 
I 
I . . 

• Formation of N2 : 0.30 m91 N2 x 6 mol e·/mol = 1.8 mol e· 

· • Formation of N2O: 0.245 !mol N2O x 4 mol e·/mol = 0.98 mo1.e· 
I . . 

• · Formation of H2 : 0.04 mdl H2 x 2 mol e·/mol = 0.08 mol e· 
I 
I 
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The total mole= consumed by the known reduction products is 2,86. 
' ' 

· Fr.om this analysis, 1.07·moles of electrons are unaccounted for,. If these go to 
ammonia theri 1.07 mol e· x 1 mbl NH/6 mol e· = 0.J 7 mol of ammonia should have been 
formed by reduction of nitrite. The amount of ammonia produced would be still greater if 
some of the nitrogen was produced by thermal decomposition of nitrous oxide. Note that 
no ammonia can arise from HEDTA at this point because all of the nitrogen is still 
contained in the fragmentation products. More complete analyses of HEDTA product 
formation planned for FY 1994 should demonstrate the validity of the above analysis. 
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EXPERIMENTAL SECTION ! 
I 

TASK 1: KINETIC STUDIES i 
I 

Materials 
I 
I 

WHC--EP.-~0823 

All organic reagents were purch:ased from Aldrich Chemical Company and were used with 
out further purification. lnorga~ic reagents were obtained from several sources; all were 
ACS reagent grade or better. I 

. : 

I 

Product identification and qpantitation. 
! 

I 

Instrumentation. Gas :samples were taken with a CR-700-50 Hamilton gas-tight 
syringe. Gas mixing was performed with 1 ml or 5 ml SGE gas-tight syringes. 
Measurements of gas cortjposition were made on Hewlett-Packard 5890 gas 
chromatographs equipped with thermal conductivity detectors. N20 was analyzed by using 
an HP Chromopack Po

0
raplot q .capillary column, while H2 , 0 2 and N2 were analyzed with 

a Molecular Sieves 6 A (60/801 mesh) packed column. 
. I 

I 

NMR analyses were c~nducted on a·Gemini 300 · MHz Fourier transform NMR 
spectrometer. i 

I 
.. ,:,,. I 
Ion chromatographic ~nalyses were . performed using a Dionex DX-300 ion 

chromatograph equipped with a lonpac AS1 O 4 mm column and an electrical conductivity 
detector. / 

I 
Gas analysis. All gas~s were identified by comparing retention times with those 

of authentic samples. Knowingithe pressure, temperature, amount of headspace over the 
reaction mixture and comparing the observed responses with those of known amounts of 
authentic samples, the amoun~s of gases produced could be calculated according to the 
expression n=PV/RT, where n ~epresents the amount (in moles) of gas produced, P is the 
value for atmospheric press~re (all measurements were performed at atmospheric 
pressure), V is the headspac'e volume (calculated as the difference between the total 
volume, which was measured, !and the initial volume of solution used in the experiment)., 
R is a constant, and T is the ~emperature in the reaction vessel. In the case of the "A" 
experiments, Twas equal to r~om temperature. In the case of the "B" experiments, two 
different temperatures were u$ed: for the gases in the region above the reaction mixture 
and below the condenser (seel Figure 2) Twas supposed to be equal to the temperature 
inside the oil bath, while T = :room temperature was used for the remaining part of the 
vessel. To that effect, the volumes of both regions were previously determined. 

I 
i 

Solution analysis. Nonvolatile products were identified by 1H-NMR or ion 
. chromatography by comparisor!i with authentic samples. Concentrations were determined 

by NMR by integration of peak intensities versus an external standard contained in a 
separate capillary that was inserted into the 5 mm tube. Data were acquired to insure that 
nuclear spin relaxation was complete prior to acquisition of the next FID. 

I 
I 
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. Concentrations of ions were determined by ion chromatography by establishing the 
instrument response with authentic samples. of salts of the ions to be determined. 
Experimental uncertainties· associated.with measurement's· of ion concentrations have not 
been included in all tables; however, the reproducibility of IC measurements has been 
examined. The following. data indicate · the reproducibility and accuracy of the 
determinations of several ions. These. experiments were done on samples that were used 
as. control experiments in thermal' decompositions of glyc<;>late in SY1-SIM-91 B medium.• 
In each case, a 100 ml aliquot of SY1-SIM-91 B solution was heated at 120° C for h, the 
contents recovered and diluted to 250 ml. · · 

T bl E 1 R a e . . epro d 'b'l't f. . h t h' UCI 11 :V 0 I0n c roma ograp Ic anaIyses o f 't 't m n e an d 't t . m ra e I0n. 

Sample NaNO? moles/250 ml NaNO-i moles/250 ml 

SY1-SIM-91 B, no 0.227 0.252 
organics. 0.226 0.252 

0.218 0.248 ,, 

~" - . 

SY1-SIM-91 B, no·· 0.224, 0.254. 
organi.cs 0.222 

'' '' " ' 
0.252 

' .. 

0.229 0.258 

SY1-SIM-91 B, rio ''1, 0:220 :'' 0.250 -"1! 

oroanics 0.226 0.257 

SY1-SIM-91 B no :. ',• · 0.227 •r'. 0~257 
aluminate 0.222 •. 0;258 

·0.229 0.250 

avq 0.225; sd 0.0036 avq 0.254; sd b.0036 

A similar analysis of data· was performed for nitrate in series of thermal reactions of 
glycolate in SY1-SIM-91 B solution that were heated for different periods of time. In this 
case the concentration of. No2• decreased with time as expected, · There was ho obvious 
trend in the concentration of NO3-, which is assumed to mean·that the concentration did 
· not change during the period of the reaction· and the deviation in the results is taken as 
indicative of the reliability of our procedures. · · 

Methods· 

. Preparation of simulated·vvaste solutions (SY1-SIM-.91 B). To prepare 100 ml 
of simulated solution,·50 mLof distilledwater was placed in a polypropylene Erlenmeyer 
flask along with a Teflon coated magnetic stirring bar. The following reagents were added •. 
sequentially with vigorous magnetic stirring at room temperature: sodium carbonate (4.5 
g), sodium hydroxide (8.0 g), sodium ah.iminate (14.6 g), sodium nitrate (22.0 g), sodium 
nitrite (15.5 g) and organics (21 mmbles):, The addition of each component was done only 
after the· previous component .had dissolved completely. Approximately 1 o ml of water 
was added after the additions of sodium aluminate, while 5 ml was .added after the 
additions· of sodium nitrite and .nitrate .. After all components were added and the solution 
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Tabl E 2 R e . . d 'IDT f. h eoro uc1 , 1 1tv o IOn C romatooraohic analvses of nitrate ion. 

. TI Reaction 1me/h NaNO.,, moll ml 

0 0.0638 
0.0643 

100 0.0620 
0.0630 

200 i 0.0655 
0.0643 

300 0.0633 
0.0638 

400 0.0645 
0.0665 

500 0.0638 
0.0645 

600 0.0673 
0.0638 

800 0.0663 
0.0668 
0.0633 

' avq 0.0645; sd 0.0015 ' 
' 

I 
' 

became clear, the. mixture wJs vacuum filtered through a Buchner funnel provided with 
I • 

filter paper (generally only tr~ce amounts of solid were collected). The solution was 
transferred to a volumetric flas~ and water was added to bring the total volume to 100 ml. 

. Where carboxylic acids· wer~ used as organic starting materials, sufficient additional 
sodium hydroxide was added[ to neutralize the acid. Except for those instances where 
solutions were deliberately a@ed prior to use, all solutions were used immediately after 

t. I prepara 10n. 1 

I 
i Standard procedure fqr recovery of reactants and non-gaseous products after 

reaction in simulated wast~. After completion of a reaction the reaction vessel was 
removed from the gas collec~ion system (see descriptions below). The vessel cap was 
removed, and the edge of the yessel cleaned of any grease. The Teflon beaker was then 
removed carefuUy, and the o~tside wall of the beaker rinsed three times with deionized 
water, with the rinsings collectsd in a volumetric flask. For reactions run on a 100 ml scale 

I 

a 250 ml volumetric flask was utilized; proportionately smaller volumetric flasks were used 
for smaller scale reactions. Th~ remainder of the description is given for the 100 ml scale 
reaction. A 20-40 ml portion qf deionized water was added to the Teflon beaker, and the 
mixture stirred with a glass r?d. The mixture was filtered using a filter funnel, with the 

I 

: 
i 
I 
I 

! 
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. filtrate being added to the 250 ml volumetric flask. The Teflon beaker and the inner wall 
of the reaction vessel were each rinsed three times, and the rinsings passed through the 
filter into the volumetric flask.·· The filter was then washed three times with. deionized water, 
the washings added to the volumetric flask. Finally, deionized water was added to the 
flask to the mark. The solution was transferred to a dry, clean plastic bottle for storage. 

After analyses of portions of this solution, the number of moles of each component 
in the 250 ml volume is calculated. In tabulations of results of kinetic runs in earlier 
monthly. reports this number appears as "Oissolved Final Moles". In the final report these 

· values and those determined for the undissolved solids were generally combined. 

Any solid remaining in the. filter funnel was removed, allowed to dry in air, and 
weighed. · A sample (about 1 O mg) of the solid was separated out and weigh.ed, and 
treated with 3 or 4 drops of 20% HCI and 1 ml of water. After agitation and waiting about 
1 o min, the solution was transferred to a 100 nil volumetric flask, and deionized water was 
added to the mark. The solution was then filtered although the ar:nount of undissolved 

. solid was generally very small. After analyses of this solution the number of mo'les of each 
component in the total solid was calculated. In earlier monthly· reports tabulations of 
results of kinetic runs included this number as "Undissolved Final Moles",. In this report the 

', ' 

values were generally combined with those of thel'Dissolved Final Moles". X-ray powder 
diffraction analyses described under Task 2 were done on solids isolated and treated in 

. the same manner as described here. . · 

- Reactions in simulated w~ste~ Th.e .,degradations of simulated waste were 
performed in two different types of apparatuses (see Figures E.1 and E.2). The trial 
names indicate which apparatus was used in each case: those names followed by an "A" 
were done in the apparatus of Figure E.1, while those followed by a "B", were done in the 
apparatus shown in Figure E.2. In both cases, the Teflon liner and Teflon cap shown in 
Figure E.3 were placed inside the glass container. 

Procedur.e for "A" runs. A 5 ml portion of SY1-SIM-91 B mixture was placed in 
the Teflon-lined glass vessel provided with a valve and side arm for gas sampling (Figure 
1 ). The vessel was closed and the gas in the headspace removed under vacuum. The 
vessel was refilled with around 1/3 of the headspace volume with Ar or 0 2 , depending the 
case, and placed in an oil bath at .120° C. The temperature was monitored by means of 
a thermometer placed inside the oil bath, and the variation was generally smaller than ±2" 
C. After a·period of 500, 1000 or 2000 h, the solution was allowed to cool down to room 
temperature. The valve was opened and Ar was injected through the· side arm until 
atmospheric pressure was reached inside:the vessel. The gases inside the vesse!'were 
mixed with a 5 ml gas-tight syringe,·by pulling and pushing the plunger 4 or 5 times (the 
total volume of the vessel was around 25 ml); Samples (50 µl) were taken ·and analyzed 
by GC. After that the vessel was 6pe,ned and samples for 1H-NMR and IC analysis were 
taken.·· · 

Procedure for ne,; runs. A 5 .mCportlon o"f SY1-SIM~91 B mixture was placed in the 
Teflon-lined glass vessel provided with a condenser, as shown in Figure 2. The headspace 
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'- Side arm to connect 
to mass spectrometer 

Clamp 

.... Teflon liner 

Figure E.1. Apparatus !used for Reactions in Simulated Waste ("A" Runs). 

I 
over the reaction mixture was! purged during a period of 30 minutes with an Ar stream. 
In the cases where Ar/O2 at111osphere was used, a known amount of pur.e oxygen was 
injected by means of a gas 1tight syringe. The· total headspace before oxygen was 
added was around 64 ml; therefore, 16 ml of oxygen were added in order to achieve 

I 

an Ar:O2 ratio equal to 80:20.; Also, 1 ml of helium and 1 ml of ethane were qdded. 
These gases were ,used as siandards: as they were not produced nor consumed, the 
areas of all other gases -obtained by GC at different reaction times were normalized 
against the average areas of helium and ethane (helium was used as a standard when 
the molecular sieves column Was used, while ethane was the standard in the case of 
the Poraplot Q capillary columh). 

I I . . 
The vessel was immersed in an oil bath stabilized at the desired temperature. The 

I 

temperature was monitored by r,eans of a thermometer placed inside the oil bath, and the 
variation was generally smaller than ±2° C. The pressure inside the apparatus was 
maintained close to atmospheri~ pressure all throughout the experiment, by adjusting the 
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'GAS .SAMPLE 

-CONDENSER ~ 100 ml · 
BURET 

GAS SAMPLE .... 
• ~-

REACTION LEVELING 
OIL BATH VESSEL BUIB ... 

MAGNETIC 
STIRRER 0 .. r ... 

~ 
JACK 

Figure E.2. Apparatus\.ised for Reactions· in .Si.mu lated Waste {''B" Runs). 

-
tefloncap -

I i I 
I I 

. · teflon liner-. -

Figure E.3. Teflon Liner with Cap .. 
,,· ' 

-height of the·me_rcury bulb shown ·in Figure E.2._ Duplicate samples for GC analysis (50 
µL each)_w·ere taken from all three stopcocks at different reaction time:s (see Figure 2), 
by means of a gas tight syringe. After a variable lapse of 500, 1000 or more hours, 
depending the case, the reaction mixture was allowed to cool doVJn. The vessel was 
opened arid samples for 1H-NMR and IC analysis were taken. · · 
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Time dependent analy~ical results used to plot Figures 1.1 to 1.7 and 1.9- 1.12, 
which were obtained by the above procedures, are give in Tables E.3 to E.113. All gases 
(except oxygen) were calcul~ted as moles of gas produced per 100 moles of organic 
starting material. Oxygen was calculated as remaining percentage of gas relative to the 
initial amount present in the hfadspace, which was defined as 100%. 

i 
Table E.3. Data for Fiqure 1.1 (Trial: HEDTA-1 OB). 

I 

Time (h) 
: 

H? N?O CH.i I 
I 

I 

45 I 

< 0.05 < 0.1 < 0.1 I 
•· 

265 
i 

< 0.05 < 0.1 < 0.1 I 

598 
! 

<0.05 < 0,1 < 0.1 I 
I 
I 

958 i 0.06 < 0.1 < 0.1 
I 

1555 ! 0.09 < 0.1 < 0.1 

2302 I 0.15 < 0.1 < 0.1 I 
I 

3046 
I 

0.23 < 0.1 < 0.1 I 

3862 
I 
i 0.34 < 0.1 < 0.1 
I 
I 

4532 J 0.46 < 0.1 < 0.1 I 

I 

5036 ! 0.58 < 0.1 < 0.1 

Table E.4. iData for Fiqure 1.2 (Trial: HEDTA-1181. 

Time (h) 
i 

H? i N? N?O CH.i 
: 

46 < 0.1 < 1 < 0.1 < 0.1 

189 
I 

0.2i 1 < 0.1 < 0.1 
I 

430 0.3i 2 < 0.1 < 0.1 
I 

795 0.61 4 0.1 < 0.1 
I 

1294 a.al 6 0.8 < 0.1 
I 
I 

2014 1.2 i 10 5.4 < 0.1 

2618 1.5 15 10.8 < 0.1 

3309 2.3 22 16.3 < 0.1 

4030 2.51 25. 19.9 0.3 

4942 I 3.91 30 24.5 0.5 
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Table E.5. Data fdf FiQure i :3 (Trial: HEDTA~1281. 

Time (h) . H? N? N?O CHd 

20 0.1 < 1 0.4 <0.1 

46 0.1 <l 1.0 < 0.1 · 

101 0.3 1 . 2.9 < 0.1 

140 . 0.5 2. ' 4.1 < 0.1 

265 0.9 5 8.3 < 0.1 

430 · · 1.5 8 13.3 0.4 
". 

794 2.4 19 " · 21.9 0.9 
'' 

1293 . 4.1 24. 29.1 1.9 

2017 '6.4 31 31.9 3.5 
...... -

2833 8.2 37 30.5 5.0 
' 

3553· 10.1 42 29.3 6.1 
;"-.:' 

.. • ,f-~~l'ti\> 

4273 11 .1 . 50 27.9 6.9 

4921 11:3 53 
I 

27.1 7.5 

Table E.6. Data for FiQure 1.4 (Trial: HEDTA-1913}. 

Time (h) H? N2 .. · CH4 
, N20 .. :, 

11.9 0.9 1 . 0 5.9· 

~63 1.7 5 0 12 
.. 

574 ,. 2.7 14 0 21.3 

792 · 3.3. 18 0.4 25.3 

. 1105 4.4 22 0.6 30.5 

1471 5.3 30 l.4 -33.2 

2038 6.3 33 1.8 36.1 

· 93 . 



WHC-EP-0823 

Table E.7 . Data for Fiqure 1.5 (Trial: HE DTA-12B). 

Time (h) N2+N20 

20.0 0.5 

46.0 1.5 

101.0 4.2 

140.0 6.1 

265.0 13.1 

430.0 21.1 

794.0 40.8 

1293.0 53.0 

2017.0 62.5 

2833.0 67.9 

3553.0 71.5 

4273.0 78.3 

4921.0 80.5 

Table E.8. Data for Fiqure 1.6 (Trial: HEDTA-17B). 

Time (h) H, N, N,O CH 4 o, 

120 0.3 : < 1 < 1 < 1 86 

480 1.2 5 < 1 < 1 74 

961 2.4 4 < 1 < 1 63 

1703 4.7 7 < 1 < 1 47 

2279 6.6 10 0.2 < 1 38 

2951 8.9 13 0.6 < 1 31 

3695 11.7 16 1 .1 < 1 23 
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able E.9 .. ata or Iaure 1.7. T D f F 

Trial Name 1/T (1/K) Ink 

HEDTA-108 0.00299 -9.6 

HEDTA-11 B 0.00274 -7.5 

HEDTA-128 0.0254 -5.8 

Table E.10. Data for Fi ure 1.9 (Trial: GLY-3B). 

Time (h) H? N,, N,,O 

24 . 0.1 11 0.2 

73 0.4 13 0.8 

168 0.8 16 1.8 

243 1.2 16 2,6 

384 1.9 19 4.1 

625 3.0 23 6.4 

1200 6.8 30 12.0 

1922 13.1 35 20.3 

Table E.11. Data for Fiaure 1.10 (Trial: GLY-48'. 

Time (h) H? N? N?O Q,, 

25 0.1 < 1 0 100 

73 0.5 - 0 97 

168 1.2 < 1 0 92 

243 1.8 < 1 0 87 

384 2.9 1 . 0 82 

625 4.5 4 0 77 

1200 8.9 9 0 57 

1922 14.9 10 0 34 
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Time (h) 

25 

73 

146 

217 

361 . 

580 

915 

1203 

Time (h) 

25 

··t;;<: 

73 •:;:: 

.,. 146 .. 

217 

361 

580 

915 

1203 
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Table E.12 Data for Fiqure 1.11. 

I 

.I 3.9 

I 13.2 

·i 24.5 
i 
' ' : 32.5 

, 43.5 

i 
, 45.9 
I 

I 44.6 
I 
i 35.1 

I 

2.4 

8.5 

17.6 

25.1· 

37.5 

44.4 

54.1 

56.7 

T bl E 13 D f F a e . . ata or 1qure 1.12. 
I 

N20I H2 02 

3.1 I 2.1 100 
i 

11.1 i 8.3 92 
I 

' 

22.9! 18.2 81 
I 

28 ! 24.9 74 
; 

36.1! 37.8 67 
i 

I 
36.6i 46.5 68 

I 
; 

33.11 47.4 71 
I 

22.4! 61.5 76 

i 

0 

3 

4 

7 

13 

21 

36 

N2 

0 

4 

5 

8 

12 

20 

27 

46 

I 
Kinetics of the thermal decomposition of glycol ate at 120° C. Series 1. Four 

sets of experiments were drl>ne to test the dependence of the reaction rate on the 
concentration of glycolate, aluhiinate and nitrite. For each set, fifteen portions of a stock 
solution were pipetted into int! ividual Teflon-lined reaction vessels of the type shown in 
Figure 4. The reaction vesse s were immersed in an oil bath maintained at 120° C until 
reaction was terminated by removing vessels from the bath and cooling to room 
temperature. Five reactions "Yere removed from the bath at after 100 h, 200 h, and 300 
h intervals and their contents were analyzed for glycolate, formate, nitrite and oxalate by 
ion chromatography. Nitrate fllas assumed to be constant and was used as an internal 

·I 

I 
I 
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standard for these measurements. These analytical results, which were used to determine 
the rate constants given in Table 1.2, are given in Tables E.14-E.17.' 

Series 2. In these experiments reactions for each set of conditions were run in 
triplicate in the vessels shown in Figure 2, which were heated at 120° C iri an oil bath. 
Samples were withdrawn by syringe 'from each vessel at 25 h, 50 h, 75 h, 100 h, 150 h, 
and 200 h and analyzed for glycolate and nitrite; nitrate was again used as an internal 
standard. The raw data from these analyses,' which were used to determine the rate 
constants given in Table 1.3 are contained in Tables E.18-20. 

CONDENSER 

OIL BATH 

MAGNETIC 
STIRRER 

·To BUBBLER 

0 

Figure E.4. Reaction Vessel for Series 2 Glycolate Kinetics. 
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Table E.14. Analysis of Non\}olatile Reaction Components of the Reaction of SY1-SIM-
91 B Containing 0.21 M Glyc~late; 1.54 M Aluminate; 2.24 M Nitrite; 0.42 M Carbonate; 
2.59 M Nitrate; 2.00 M Hydro*ide in Air. 

• I 

' 
' 

TIME NITRITE ~ITRATE OXALATE FORMATE GLYCOLATE 
(hours) . (mmoles) (f-nmoles) (mmoles) · (mmoles) (mmoles) 

I 
0 56.0±1.68 614.8±1.94 · 0 0 5.25±.21 

i 
100 55.5±1.67 6!4.9±1.95 .311±.016 .230±.012 4.67±.19 

I 
100 · 56.1±1.68 6p.1±1.95 .185±.009 .148±.007 4.91±.20 

I 

100 55.9±1.68 65.0±1.95 <0.1 .127±.006 4.92±.20 
I 
I 

100 55.7±1.67 6;4.8±1.94 .269±.013 · .173±.009 4.75±.19 
I 

100 55.8±1.67 6;4.6±1.94 .269±.013 .181±.009 4.80±.19 
' 

199 55.6±1.67 6~.9±1.95 .359±.018 .221 ±.011 4.51±.18 
i 

56.1±1.68 
I 

202 6$.1±1.95 .326±.016 .251±.013 4.68±.19 
i 

202, 55.7±1.67 6$.0±1.95 .419±.021 .349±.017 4.41±.18 
I ,c- ..... ' I 

300 55.6±1.67 6~.0±1.95 .487±.024 .392±.020 4.18±.17 
I 

···--···-· I 

307- 55.7±1.67 65.0±1.95 .441±.022 .421 ±.021 4.30±.17 
_,,•••·•M• 

64.9±1.95 · 307 55.8±1.67 .339±.017 .314±.016 4.34±.17 
I 

307 55.9±1.68 
I 

6f'.l.7±1.94 .661 ±.033 .421 ±.021 4.12±.16 

I 
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. Table E~ 15. Analysis of Nonvolatile Reaction-Components of the Reacti~n of SY1-SIM-
918- Containing 0.10 M Glycolate; 1.54 M Aluminate; 2.24 M Nitrite; 0.42 M Carbonate; 
2.59 IV! Nitrate;·2.00 M Hydroxide in_Air. -

-· TIME NITRITE· ' , NITRATE OXALATE FORMATE GLYCOLATE 
(hours) · (mmoles) .(mmoles) (mmoles) (mmoles) (mmoles) 

0. 5.6.0±1.7 64.8±1.9 o· 0 2.50±.08-

98 56.0±1.7 64.2±1 :9 <0.05. <0.05 2.28±.07 -

.98 55.3±1.7 '64.8±1.9 <.02 trace 2.41±.07 

98 . 55.9±1.7 64.9±2.0 <.07 0.03±.003 2.40±.07 

99 55.5±1.7 .64:8±1.9 . 095±.009 .050±.005 . 2.34±.07 

99 55.9±1.7 64.9±2.0 .086±.009 <.02 · . 2.40±.07 

200 56.4±1.7 65.1±2.0 0.15±.02 . 0.073±.01 2.20±.06-

200 55.1±1.7 64.8±1.9 0.11±.003 0.07±.007 2.30±.07 
-· 

.200 54.9±1.7 65:0±2.0 .221±.007 .076±.008 -2.21±.07 

200 55.5±1.7 65.0±2.0 . .196±.006 · '.. 084±:-008 ... -- 2.01±.06 

200 55.7±1.7 64.3±1.9: .118±.004 .052±.005- 2.36±.07 
, l, 

297 55.0±1'.7- 64.9±2:0 · 0.22±.006 0.12±.004 2. f2±.06 

297 55.7±1.7 64.4±1.9 · .301±.009 .136±.004 2.07±.06 

30.0 56.2±1.7 65.7±2.0 0.15±.02 0.092±.01 2.18±.07 · 

331 55.0±1.7 64.8±1.9 .448±.013 .144+.004 · 1.78+.05 

331 55.9±1.7 64.7±1.9 .280±.008 .102+.003 .2.05+.06 
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Table E.16. Analysis of Non~olatile Reaction Components of the Reaction of SY1-SIM-
, , I 

91 B Containing 0.21 M Glycqlate; 1.00 M Aluminate; 2.24 M Nitrite; 0.42 M Carbonate; 
2.59 M Nitrate; 2.00 M Hydro~ide in Air . 

. I 
I 
I 

TIME NITRITE N,ITRATE OXALATE FORMATE GLYCOLATE 
(hours) (mmoles) (rinmoles) (mmoles) (mmole.s) (mmoles) 

! 

0 56.0±1.7 e4.8±1.9 0 0 5.25±.16 

·. 98 . 55.7±1.7 
I 

63.4±1.9 <0.05 <0.05 5.07± .15 
I 

98 54.9±1.7 e4.0±1.9 0.171±.02 0.145±.01 4.89±0.15 
I 

98 55.4±1.7 64.9±2.0 0.19±.02. 0.10±.01 4.94±.15 
' I 

99 55.5±1.7 65.0±2.0 .134±.004 <.05 5.07±.15 
I 
I 

99 '55.1±1:7 6,5.3±2.0 .127±.004 .110±.003 5.01±.15 

200 55.5±1.7 
I 

6,4.9±2.0 0.275±.01 0.15±.012 4.64±0.14 
I 
I 

200 55.5±1.7 64.9±2.0 0.24±.01 0.13±.01 4.78±.14 

200' 55.8±1.7 
I 

64.7±1.9 <.1 .154±.005 4.89±.15 
I 
I 

200 55.1 ±1.7 
I 

6,4.8±1.9 .321±.010 .264±.008 4.75±.14 
· .. ,.,,,.; I 

I 

29h 56.0±1.7 65.1±2.0 .401±.012 .165±.005 4.29±.13 
.. I 

297 54.6±1.6 65.0±2.0 .268±.008 .169±.005 4.66±.14 
I 
I 

300 54.6±1.6 6,3.8±1.9 0.41±.01 0.21±.006 4.65±.14 
I 

331 54.3±1.6 65.0±2.0 .215±.006 .267±.008 4.69±.14 

331 54.3+1.6 
I 

64.7+1.9 .522±.016 .301±.009 4.34±.13 
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Table E.17. Anc1lysis of _NonvolatifriReaction :t~oMponents of the Reaction of SY1-SIM-
91 B Containing 0.21 M Glycolate; 1.54 M Aluminate; 1.12 M Nitrite; 0.42 M Carbonate; -
2.59 M Nitrate; 2.00 M Hydroxide in A.ir. · 

TIME. NITRITE - NITRATE OXALATE- .FORMATE GLYCOLATE 
(hours) . (mmoles) · (mmoles) (mmoles) (mmoles) _ (mmoles) 

0 28.0±.8 ,, _ 64.8±1.9 0 0 5.25±.16 

100 28.5±.8 65.3±2.0 · trace trace 4.99±.15 

· 100 ,_ 

27.9±.8 · 64.4±1.9 · · trace trace 5.00+.15 

100 27.9±.8 64.8±1.9 .166±.005 · .. 021±.002 5.05±.15 

100 27.5±.8 64.7±1.9 .128±.004 .084±.008 5.01±.15 

200 27.8±.8 64.4±1.9 .140±.004 .081 +.008 4.90+.15 
.. 

200 28.2±.8. 64.6±1.9 .135±.004 .115±.003 4.97+.15 

300 28.4±.8 , 66.0±2.0 .346+.010 .225+.006 4.64+:14 

300 28.0±.8 64.8±1.9 .168±.005 .223±.007 4.66±.14 

Table .E.18. Analysis of Nonvolatile Reaction Components·of the Reaction of SY1-SIM-
91 B Containing 0.21 M Glycolate; 1.54 M Aluminate; 2.24 M Nitrite; 0.42 M Carbonate; 
2 59 M N"t 2 00 M H d "d d . A . . . .. . ... -1 rate; 1v1 rox1 e un er an raon Atmosohere. 

TIME. GLYCOLATE NITRITE 
(hours)· -(mmoles) (mmblesJ 

,. 

0 1.68 17.92 

25 1.38 ., 17.84 

50 1.11 17.67 
.. 

75 .84 17.34 

100 .65 16.96 

150 .28 16.78 

200 .21 16.65 
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Table E.19: Analysis of Nonvolatile Reaction Components of the Reaction of SY1-SIM-
91 B Containing 0.21 M Glycolate; 1.00 M Aluminate; 2.24 M Nitrite; 0.42 M Carbonate; 
2 59 M N"t t 2 00 M H d : "d d A A h 1 ra e; IV ro~t e un er an rgon tmosp ere. 

TIME 
(hours) 

0 

25 

50 

75 

100 

150 

200 
I 
i 

GLYCOLATE 
(mmoles) 

1.68. 

1.66 

1.57 

1.40 

1.14 

.85 

.63 

NITRITE 
.· (mmoles) 

1T.92 

17.75 

17.76 

17.63 

17.41 

17.06 

16.83 

Table E.20. Analysis of Non~olatile Reaction Components of the Reaction of SY1 .:.SIM-
91 B Containing 0.21 M Glycolate; 1.54 M Aluminate; 1.12 M Nitrite; 0.42 M Carbonate; 
2 59 M N"t t 2 00 M H d 1 "d d A At h 1 ra e; 1y ro~1 e un er an rgon mosp ere. 

TIME GLYCOLATE NITRITE 
(hours) (mmoles) (mmoles) 

0 1.68 8.96 

25 1.42 8.82 

50 1.32 8.48 

75 1.14 8.26 

100 1.03 8.04 

150 .63 7.56 

200 .52 7.66 
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Determination of total gas'.;., evolutio·n from glycolate as a function of 
temperature. The temporal formation of gases from glycolate decomposition in SY1-SIM-
91 B simulated waste prepared as described previously with glycolate at 0.21 M, was 
determined at 60° C, 90° C and '120° C using the apparatus shown in Figure E.5. A Teflon 
liner in the reaction vessel was used to prevent contact of the caustic simulated waste 
solution with glass. The leveling bulbs were filled with mercury. The oil bath, reaction 
vessel, buret and holding bulbs were all i·nsulated. Barometric pressure and temperature 
measurements were at the same time as each volume measurement. All barometric 
pressure readings were corrected for temperature, latitude and height above sea level. 
Each experiment was begun by placing a 100 ml portion of the reaction mixture in the 

· . reaction vessel, sealing the system and raising the preheated oil bath to a point just below 
the flange. Data used in constructing the plots shown in Figure 1.8 are given in Tables 
E.21-23. . , 

~==:v I' J=====;--;====,;==:::Ql)===,;:::===•• 1---
VACUUH INERT GAS 

OIL BATH 
I • 

HAGNETIC 
STIRRER . ... 

... 

-5~~~~EA~TION 
VESSEL 

~ LAB JACK 

CALIBRATED 
/STORAGE 
~ BULBS 

~ 
LEVELING 

· BULB 

Figure E.5. Long Term Gas Kinetics Apparatus. 
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Table E.21. Total Gas Measu:rements for the Reaction of SY1-SIM-91 B Containing 0.21 
' M GI I t t 60°C. A ' 1yco a ea In ,r. I 

TIME BURET BAROMETER OIL BATH CORRECTED 
READING READING TEMPERATURE READING 

(hours) (ml) : (mm Ha) (OC) (ml) 

0 Oi .. 730 58 -1.51057402 
I 

0.5 12; 740 58 13.280967 
i 

1 19 i 740 60 19 

2 26! 731 63 21.258036 
: 

3 30: 731 64 24.505935 

6 31: 731 64 25.482047 

18 33! 732 66 26.40177 
i 

23 30i 732 62 26.155224 
I 

... ,, ......... 27 301 732 62 26.155224 
I 

. ·-~,-·. 43 31 l 735 64 26.715875 

·---~ 47 28! 735 61 25.781437 
' ' 

55 27; 736 60 25.772973 
' 

68 27: 738 60 26.386486 
i 

79 321 738 64 28.626706 
i 

90 281 740 61 27.317365 
I 

95 28! 738 60 27.383784 
' 

103 26! 737 58 ·26.443807 
I 
I 

114 31 i 736 63 27.7 
I 

' 
120 28 734 58 27.517825 

124 31 734 62 27.759104 
i 

138 
I 

31 ! 736 61 29.063473 
I 

143 29 1 735 60 27.452703 
I 

146 30; 734 60 28.135135 
I 

152 
I 

32: 736 62 29.368358 
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,•: . ·t ~-

163 31 736 ·61 29.063473 

168 30 735 60 28.445946 

173 26 737 58 26,.443807 

• 187 28 738 · · 61 26.702994 

190 27 · .738 60. 26.386486 

199 - 28 742 60 28:616216 

210 · 28 737 63 25.048214 

219 - 30 . ·736 64 26.041543 

231 30 736 ,,, 62 27.391045 
,· 

245 30 735 ·64 25.734421 

256 26- 736 · 62 . 23.436418 

261 26 ·736 ,60 24.778378 

280 25 739 60 . 24.695946 
- .--;·. 

,• ·. 285 25 ~ 'i' ' 740 60 25 
, ' 

294 . 0 741 , ' '26 23.043478 

304 20 741 60 '.• 20.297297 

310 .20 741 58 21.628399 

313- 24 740 ' ' 

60 24 

318 25 740 62 · 23.656716 

328 25 741 62 23.958955 

332 25 740 61 24.326347 

342 27 740- ,··. -, 62 25.644776 

352 29 736 
,, 

· 64 25.058754 

,357 29 , ', 735 · 61 26.771707 

365 30 734 62 26.773134 

- ·. 378 30 734 63 26.098214 

391 30 734 62 26.773134 
' 

·402 32 735 65 27.023669 
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405 

414 

424 

429 

432 

437 

448 

453 

462 

473 

477 

486 

496 
., .... -··•--·· 

501 

510 

520 

525 

547 

557 

573 

582 

592 

597 

607 

618 

622 

626 

630 

i 
I 

33i 
! 

26i 
I 

26! 
! 

251 
I 

27i 

I 

251 

25 
I 

I 
30 I 

I 
29 ! 

I 
29 I 

' I 

33 i 
I 

31 i 
I 

I 

29 i 
I 

29 i 
I 

29 I 

I 

I 

34 i 
I 

30 I 
I 

30 I 
I 

30 i 
i 

28 I 

i 
29 I 

I 

28 t 

30 I 
I 

I 

28 I 

29 i 
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735 

736 

738 

738 

742 

737 

737 

736 

735 

734 

734 

735 

734 

734 

735 

735 

734 

735 

734 

736 

736 

736 

736 

736 

736 

736 

734 

736 

106 

65 28.002219 

61 24.105389 

63 23.376786 

61 23.72006 

62 26.254627 

62 24.73 

61 23.416916 

60 . 23.783784 

63 26.40625 

64 24.447181 

62 25.787164 

65 28.002219 

62 27.759104 

62 25.787164 

62 26.094776 

60 27.452703 

63 27.08125 

65 29.95932 

64 29.347774 

63 26.714286 

63 26.714286 

64 26.041543 

62 25.413731 

63 25.728571 

62 25.413731 

63 26.714286 

61 25.474251 

64 25.058754 
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1'°,!:i,' h'j 

... .., 
.: '(,, :·' \ 

·640 · 26 .·737 60 25.083784 

645 . 26 736 . 60- 24.778378 

654 28 738 62 26.026269 

664 24 737 60 23.091892 
., •' 

679 25 . '738 61 23.72006 

689 
.. 

25 740 62 23.656716 
.. 

701 · 25 740 62 · 23.656716 

713 24 740 64 21.341246 

722 24 740 62 22.662687 
'. 

727 24 738 62 22.060896 

737 24 739 62 22.361791 

749 
,, 

24 736 
., ' ' " 

60 22.789189 
•.. , t~i)i' 

' ' 

760 · ·24 736 · 60 22.789189 

766 24 · ·:. 736 
" . 

60 . '22789189 
·. 

773 24 737 '" ·' ·so· 23:091892 
. '· 

784 23 739 .· 60 .~~ 22.698649 

797 22 740 60 ... ,. ' 22 

808 26 
•, ,, . 

742 · 63 24.5875 

813 26 742. 62' 25.25791 

822 •. ·24 741 62 22.963582 

832 20 74.1 60 20.297297 
' ' 

846 24 741 62 '22.963582 
" 

856 24 741 62 22.963582 

869 24 740 62 22.662687 

880 28 
'' 

741 62 26.945075 

891 26 738 63 23.376786 

912 27 739 64 24.002522 
.. 

917 26 740 63' 23.982143 
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928 26 741 64 23.619288 

934 26 740 64 23.317507 

941 25 740 62 23.656716 

952 25 740 62 23.656716 

958 25 739 64 22.028932 

966 27 739 63 24.669196 

976 28 739 65 24.323669 

982 27 737 60 26.07973 

989 27 738 62 25.034925 

. 1000 27 739 64 24.002522 

1005 27 739 65 23.339793 

1013 24 740 62 22.662687 

-···---···-1024 . 24 741 64 21.640356 

.... -,., •-· 1030 22 740 61 21.335329 

....... ,·-1039 23 742 63 21.60625 

1048 24 742 64 21 :939466 

1063 24 741 64 21.640356 

1076 19 742 60 19.591892 

1084 21 745 62 21.164925 

1096 22 741 62 20.972836 

1102 ·22 740 62 20.674627 

1109 21 740 62 19.680597 

1120 24 745 64 22.836795 

1125 25 740 64 22.329377 

1135 19 740 59 19.659639 

1144 19 741 60 19.295946 

1149 20 740 60 20 

1157 19 741 59 19.956476 
' 

1'08 
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•· i :; "., ( ')_-, --

1t68 - 19 742 61 -.· - 18.934431 

t174 18 ·741 . , .. . . 59 18.952108 
. . 

- 1182 ' 16 742 60 · 16.583784 

1192 16 743 58 18.186103 

·1200 --- 17 ' 742 59 18.241867 

1205 18 742 ., 59 19.24759 

1218 18 743 _60 18.883784 

- 1228 18 _ 741 _ 59. _ 18.952108 

1243 16 .. 
-- 740 58 .17.305136 

1254 20 739 60 :19.702703 

1264 20 738 59 20.066265 

1-271 20 736 60 18:·s10811 

-1276 19 737 59 · 18.769127 

1288 19 i •'•, '.;ii· 739 60 18.704054 
--

1301 19 738 -- 56 21.063526 

1312 18 739 60 17.705405 
.. 

·~ ·~- ••• \!.,ti, 

13~9 18 . 738 59 18.065663 
.. 

1326 16 . 738 58 16.717825 

1336 18 739· 60 17.705405 

1342 . 1_8 738 58 18.724471 

1348 18 738 60 17.410811 

1360 19 . •· ' 739 - 60 18.704054 

1372 _ 17 739 ,, 58 18.016163 

1385 18 740 61 17.347305 

' 1396 18 740 60 18 
I 

1410 11 741 -- 56 .13.853951 

' . 1421 15 ; 

739 58 16.006798· 
; ' 

1432 13 739 56 15.298328 
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·1446 141 738 57 15.361818 
I 

1456 16! 738 58 16.717825 
' . 
' 

1462 171 738 58 17.721148 
i 

1469 16i 738 58 16.717825 
I 
I 

1481 15i 739 58 16.006798 
I 

1494 151 740 58 16.299094 

1504 131 741 58 14.576586 
I 

1518 13 742 57 15.517273 

1528 9 742 55 12.759451 

1534 18 742 62 17.284179 

1559 181 742 60 18.589189 
' 

1582 1ai 740 60 18 
I 

1600 19! 739 62 17.398358 
...... , .... I 

1614 19! 739 61 18.049251 
----·~ I 

I 
1624 181 738 61 16.75988 

-·· 
1 el 1641 739 60 15.708108 

I 

1648 1 al 739 60 17.705405 
I 
I 
I 

1655 18! 739 61 17.053593 
I 

1661 19! 740 62 17.692537 
I 

1687 181 739 62 16.405672 
I 

1695 171 739 60 16.706757 
I 

1709 161 740 60 16 

1721 1 el 739 61 15.062275 

1735 171 739 62 15.412985 

1746 16 740 61 15.353293 

1756 14 739 60 13.710811 

1768 14 739 60 13.710811 
i 

1774 141 739 60 13.710811 
i 
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1781 12 740 58 13.280967 

1792 12 741 58 13.569184 

1805 14 741 60 : 14.289189 

1816 14 740 60 14 

1829 14 738 58 14,711178 

.1839 14 738 60 13.421622 

1853 14 739 60 13.710811 

1863 14 741 60 14.289189 

1869 14 741 60 14.289189 

1890 13 742 60 13.575676 

1918 13 743 60 13.863514. 

1925 14 743 62 13.584776 

1935 12 745 60 1.3.432432 

1948 9 \ 739 57 10.615 

1960 10 744 60 11.135135 

1965 10 744 58 12:410876 

1969 ;13 739 60 12.712162 
,· 

1982 13 741 60 13.287838 

1995 13 741 59 13.930271 

2006 13 739 60 12.712162 

2012 13 737 59 . 12.775452 

2020 19 732 62 15.339104 

2030 18 735 60 16.527027 

2041 12 736 57 12.770909 

·2056 ·12 740 59 12.638554 
' 2068 14 740 60 14 

2082 10 742 59 11.201807 

2093 110 741 58 11.554381 

. 111 



2104 

2116 

. 2128 

2141 

2153 

2164 

2175. 

2187 

2199 

2213 

2222 

2237 

... 2247 

_ 2261 

}• .. 2271 

2282 

2289 

2298 

2308 

2322 

·2332 

2345 

2356 

2364 

2390 

2404 

2428 

2441 

i 
i 

10i 

' 9/ 
' 

101 
i 

101 

' 
12i 

I 
12 ! 

I 

12! 
! 

12i 
I 

12! 

I 
13i 

14 

13 
' 

13[ 
I 

91 

' I 
81 

I 
I 

8:. 
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742 59 11.201807 

741 58 10.546979 

742 58 11.839879 

741 58 11.554381 

741 58 12.561782 

741 61 12.649251 

741 58 13.5691'84 

742 60 12.572973 

742 58 11.839879 

743 61 12.222156 

743 61 12.222156 

744 60 11.135135 

743 62 11.588657 

744 61 12.507784 

742 61 11.936527 

142 60 12.572973 

742 60 12.572973 

740 60 12 

741 60 12.286486 

740 60 14 

740 60 13 

740 62 12.722388 

740 60 13 

740 58 14.287009 

742 58 10.831118 

744 58 11.399396 

744 58 10.387915 

743 58 10.105136 

112 



· . . ,WHC-EP-:-0823 

cL)·l ... , ' . _, 

2451 .. , 8 745 ·.· 58 • . · 10.670695 

2465 5 ,·, 744 56. · :8.6139818 

2476 5 743 . 58 • 7.0747734 

2490 6 742 58 7.8048338 

.·2500 6 ' 742 60 6.5567568 

2512 11 740 60 11 
' , 

2524 J1 ·'. 739 60 10.714865 

-2539 ·12 738 60 11.427027 

2550 12 738 60 11.427027 

2560 12 737 · 60 11.140541 

2574 12 . 737 61 l0.508383 
,, 

,, 

· 2584 ·' 12 737 60 11.140541 

2598 13 " . 737 61 . 11.501347 

2607 12 ' . 736 60 10.854054 

2619 13 735 60 11.560811 

2632 12 . 736 60 10.854054 

2644 8 
; 

738 58 8.6912387 ! ,, 

· 2693 8 741 · 60 · · 8.2810811 

2704' 6 741 58 7.5247734 

2719 6 740 58 7.244713 

2730 6 . 740 58 7.244713 

2740 7 .· 739 59 7.3429217 
.. 

2762 , 7 ·,• 738 58 7.6879154 

2787 9 - . 740 · 61 8.3742515 
., 

., 

2815 0 · 741 57 2.0909091 

2835· 
I .) 

5 741 ,. 60 5.277027 

· · 2859 7 ,, 
739 60 : 6.7202703 

2879 7 : 736 60 5.8810811 

.113 
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2900 131 
' 731 64. 7.9120178 

2931 6 739 60 5.7216216 

2954 6 743 60 6.8351351 

2978 5 741 60 5.277027 

3003 6 738 60 5.4432432 

3028 5 739 59 5.3396084 

3049 11 738 64 7.9320475 

3076 13 738 65 9.2819527 

· 3093 . 6 739 62 4.4934328 

3115 2 740 58 3.2205438 

3145 8 742 62 7.3170149 

3164 8 744 63 7.2571429 

3199 8 740 62 6.758209 
•-···· 

3223 6 740 60 6 
- .. •---·· '' 

3235 4 742 60 4.5513514 
. ·-~·~·-· 

3262 7 743 62 6.5983582 

3289 9 745 64 7.9146884 

3308 6 749 62 7.260597 

3332 2 748 60 4.1837838 

3357 4 747 61 5.3131737 

3377 7 741 62 6.0422388 

3414 8 737 62 5.92 

3430 7 738 61 5.8224551 

3478 8 737 62 5.92 

3502 8 737 . 60 7.1567568 

3526 8 736 62 5.640597 

3554 10 738 64 6.9465875 

3584 9 736 62 6.6292537 

. 114 
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I:: 

3599 9 · 734 62 6.0677612 

3622 7 738 61 5.8224551 

3647 9 736 62 6.6292537 

3671 7 734 62 4.0958209 

3695 2 740 , . 58 3.2205438 

3717 1, 746 60 2.6297297 
. - ' 

3742 0 748 60 2.1621622 

3765 0 748 60 2.1621622 

3791 3 743 62 .2.6061194 
•' 

3813 13 734 64 8.7652819 

38'38 
,., ' 

3 741 62 2.0607463 

3868 0 745 60 1.3513514 

3886 0 747 60 .1.8918919 

3910 0 ' . :-,J . 745 60 1.3513514 
. ' 

3933 1 ' 744 _ 61 ,1.4814371 
' 

3.6041791 3957 4 743 62 

3979 4 . 740 
I 62 2.7820896 
,. 

4004 10 735 64 6.1053412 

4029 9 736 64 5.4029674 

4053 8 734 -63 4.4714286 

4077 7 741 64 . 4.8194362 

4103 2 737 60 1.18108·11 
-i.·. 

4133 0 742 58 1.7522659 

4150 0 741 60 0.2702703 

4173 2 739 60 1.727027 
' 

4197 6 
•. - -- -· I 

63 737 3.3330357 

4221 3 745 62 3.1514925 

4245 3 
.. 

742 -
I 63 1.73125 

11.5 



4266 

4297 . 

4318 

4341 

4365 

4388 

4410 

4437 

4461 

4485 

4508 

4532 

4560 

··•·· 4584 

..... 4725 

4846 

'4871 

4894 

4918 

4941 

4964 

5013 

· 5036 

5061 

5076 

5099 

5021 

5046 

l 

I 
2i 
! 

Oi 

2 

I 

I 
11 

al 
I 
I 

oi 

I 

o! 
I 
I 

5! 

I 
J• 

-1 ! 

i 3! . 

I 
I 

21 
! 

21 
I 

o! 
! 

-1 I 

1 

-3 

-6 

-41 

-2 

-4 

-41 
I 
I 

-1 I 
i -3: 

WHC ... EP-0823 

743 62 1.6080597 

744 62 -0.119403 

740 62 0.7940299 

743 62 -0.38806 

733 59 -0.301657 

736 60 -1.081081 

739 -0;868263 

744 60 -0.92973 

741 62 -0.925373 

738 64 2.0192878 

744 62 -1.118806 

743 62 -1.386119 

741 64 1.8510386 

746 65 1.6186391 

746 66 1.0238938 

742 63 0.7375 

744 63 1.2785714 

742 62 -0.656716 

740 61 -1.595808 

733 61 -1.497455 

738 60 -3.532432 

745 58 -3.509063 

742 60 -3.47027 

741 60 -1.732432 

742 60 -3.47027 

741 60 -3.735135 

741 · 61 -1.327695 

740 61 -3.58982 
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: •(-

•' 

5094 -5 748 61 -3.482036 

5118 -6 . ·' 750 60 -3.378378 

, 5143 -5 743 60 ~4.209459 
. ' 

5168 -3 741 61 -3.324401 

5222· -2 
., 

743 62 -2.384179 

5239 .:.6 745 60 -4.689189 

5263 -5 . ' 742 60 -4.472973 

5287 -4 741 · 61 · -4,.322754 

. 5311 -2 744 62 -2.118209 

5335 -1 744 61 -0.523353 

5360 -8 749 61 -6.246707 

5383 -6 743 62 -6.376418 

5432 -.6 744 60 -4.951351 

5479 -7 ,, - 745 60 -5.695946 

5503 -6 745 60 -4.689189 

5527 -5 739 62 -6.426119 

5551 -4 737 62 
' 

-5.9€3 
; 

5575 -4 737 61 -5.379042 

5599 -6 744 60 -4.951351 

5624 . ' -4 743 62 -4.380299 

5647 -4 738 62 -5.696716 

5671 -2 733 62 -5.043881 

5694 -1 735 62 -3.524627 

5720 -4 .,739 61 -4.850898 

5743· -7 743 60 -6.217568 
'· 

5767 . '~6 737 61 ' -7.36497 

579.1 ~7 744 60 -5.956757 

5815 -8 743 59 -6.640964 
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WHC-EP-0823 

5839 
i 

-10 i 744 59 -8.39759 
I 

5863 -8! 740 60 -8 
' 
' 

5912 -2! 734 61 -4.193413 
I 

5935 -al 740 59 . -7.421687 

5960 -71 745 60 · -5.695946 
i 

5983 -al 744 58 -5.79577 

6007 ~Tl 740 58 -5.833837 

6054 .71 744 60 -5.956757 
C 

6079 -7 742 60 -6.478378 

6103 -5 738 62 -6.68806 
I 

6127 -21 734 62 -4.77791 
I 

6151 -2 I . 731 62 -5.575821 
I 
I 

... 6175 -5 ! 736 61 -6.634731 
' I 

,o••6199 -7 ! 739 61 -7.837874 

""·6247 -41 738 61 -5.11497 

6271 -7 741 62 -7.892985 

6295 -2 737 64 -5.143323 
I 

·6319 -7 I 742 62 -7.633731 

6343 
i 

-7 I 740 61 -7.577844 

6365 51 715 63 -3.694196 

. 118 
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[1 ·i:t 

Table E.22. Total Gas Measurements for the Reaction of SY1-SIM-91 B Containing 0.21 
M GI I t t 90° C . A . . IVCO a ea m Jr. 

.. TIME BURET · BAROMETER OIL BATH CORRECTED 
. READING READING TEMf:>ERATURE READING. 

(hours) ·· (ml) · (mm Hg) ·. .. (oC) (ml) 

o. ·O 730 · · 80 .. 5.7729117 

0.5 .9 740 80 20.586402 

1 45 · 740 80 57;606232 

2 · 104 731' 99 85.825022 

3 110 · 731 94 98.306319 

6 117 .,,, 731 99 98.356223 

18 110. ,:.·732 94 98.987996 
... ,. 

23 87 732 . 88 84.404028 

27 82 732 87 80.762432 

· 43 103 735 ·96 91.477752 

47 . 86 735 90 82.716216 

55 123 ·736 103 102.18827 

68 .. 107 738 98 94.726663 
-·· ., 

79 87 738 -· 88 88.374553 

90 105 740 98 94.110512 

95 86 738 89 86.025399 
.. 

103 91 737 91 87.666027 

114 86 ._f,-" 736 88 . 86.05094 

120 103 734 92 96.187805 

124 103 734 92 96.187805 

138 93 736 91 88.988061 

143 82 . 735 86 . 84.07743 

146 105 734 96 92.760602 

'. 152 93 736 -90 · 90.335135 
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163 

168 

173 

187' 

190 

199 

210 

219 

231 

245 

256 

261 

280 

285 

304 

310 

313 

318 

328 

332 

342 

352 

357 

365 

378 

391 

402 

405 

i 
i 

94 i 

I 
I 86 i 

108 

84 

78 

96 
I 

i 96 I 
I 

97 f 

I 
I 
I 

96 i 

I 
94 

i 
94 i 

I 

i 76 I 

94 I 
i 

88 i 
I 

88 I 

i 
88 i 

I 

88 ! 
! 

90 i 
I 

I 79 I 

i 
85 I 

I 

92 I 
I 

96 I 
I 

96 ! 
! 

104 I 

96 I 
I 

I 96 I 
I 
I 

96 i 
I 

I, 

93 i 

WHC-EJ>-0823 

736 

735 

737 

738 

738 

742 

737 

736 

736 

735 

736 

736 

739 

740 

741 

741 

740 

740 

741 

740 

740 

736 

735 

734 

734 

734 

735 

735 

120 

91 89.979923 

86 88.09467 

94 100.4262 

86 88.070075 

86 82.019619 

94 91.919935 

90 93.989189 

92 91.604946 

92 90.615802 

92 87.973602 

90 91.32973 

86 78.70198 

92 90.629241 

90 88 

93 84.654054 

92 85.981873 

92 85.326027 

93 85.983607 

90 79.647297 

89 86.339779 

92 89.30411 

94 87.942146 

92 89.949204 

94 94.464865 

90 91.978378 

91 90.626789 

91 91.295218 

91 88.323675 



. , ;, 'l' 
. ''.'~ 

WHC-EP-0823 · 

414 105 ·. - 736 96 94.103274 

. . :424 78 738 86 .. 82.019619 
,. 

429 · 76 738 85 81.343591 

432 97 . 742 92 · 95.612595 

437.' 95 ·.737 92 90.29191 

448 · 95 737 90 92.993243 

453 98 · 736. 90 95.308108 

462 108 735 96 96.363217 
·". ·• 

473 96 734 89 93.337435 

477 96 734 " 90 91.978378 

486 98 735 91 93.276247 
.. 

496 98 734 90 93.962162 

501 103 734 90 98.921622 

510 102 735 91 : 97.238306 

520 102 735 90 98.608108 

525 102 
.. 

734 .go 97.92973 

547 120 735 93 112.25299 

557 110 734 92 103.093 

573 99 736 89 97.673705 

582 115 736 96 103.8875 

592 102 736 90 99.286486 
., 

597 103 .. 736 90 100.28108 

607 96 736 87 97.42991 

618 101" · 736 90 98.291892 

622 100 736 89 .. 98.671047 

626 100 734 87 100.07883 

630 .. .. 111 736 92 . -105.45297 

640 .. 101 737 90 98.968919 
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645 

654 

664 

679 

689 

701 

713 

722 

727 

737 

749 

760 

766 

773 

784 

797 

808 

813 

822 

832 

846 

856 

869 

880 

891 

912 

917 

928 

I 
109 ! 

I 

102 ! 

107 I 
I 

107 I 

106 I 

106 ! 
I 
I 100 i 
I 

100 i 

100 I 

100 I 
I 

100 I 

! 105 I 

! 
105 i 

I 

105 I 
I 

99 ~ 
I 

98 I 
I 

98 I 

i 
107 ! 

98 I 

98 I 

108 

99 

112 

110 
i . 

115 I 

100 

107 
I 

107 I 

WHC-EP-0823. 

736 

738 

737 

738 

740 

739 

740 

740 

738 

739 

736 

736 

736 

737 

739 

740 

742 

742 

741 

741 

741 

741 

740 

741 

738 

739 

740 

741 

122 

93 102.09907 

89 102.02624 

92 102.17777 

92 102.85916 

90 106 

92 102.54736 

90 100 

90 100 

90 98.648649 

91 97.952554 

89 98.671047 

90 102.27027 

90 102.27027 

90 102.9527 

89 99.702266 

88 100.759 

88 102.11241 

92 105.58468 

88 101.4357 

89 100.05052 

92 105.89916 

90 99.674324 

92 109.19452 

91 109.2862 

93 109.39821 

87 103.48536 

.90 107 

92 104.9033 



WHC-EP-0823 

934 107 740 90 107 

941 113 740 90 113 

952 107 740 90 107 

958 115 739 91 112.89113 

966 113 739 90 · 112.30676 

976 111 739 88 113.13666 

982 112 737 92 107.13022 

989 114 738 93 108.40908 

1000 106 739 90 105.31622 

1005 109 739 90 108.31216 

1013 114 740 90 114 

1024 108 741 92 105.89916 

1030 109 740 89 110.40608 

1039 108 742 89 110.78008 

1048 113 742 92 111.56793 

1063 111 741 91 110.2848 

1076 108 742 89 110.-78008 

1084 114 745 94 111.83294 

1096 107 741 89 109.08758 

1102 107 740 89 108.40055 

1109 108 740 90 108 

1120 110 745 88 116.29052 

1125 112 740 90 112 

1135 112 740 91 110.59341 

1144 112 741 90 112.69189 

1149 112 740 90 112 

1157 119 741 94 114.03703 

1168 114 742 ·92 112.56514 

123 
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1174 109 741 87 113.93524 

1182 104 742 88 108.16195 

1192 106 743 87 112.28511 

1200 107 742 88 111.18673 

1205 110 742 90 . 111.37838 

1218 109 743 87 115.32238 

122ff 1.17 741 92 114.86194 

1243 123 740 92 120.13425 

1254 126 739 94 119.56397 

1264 115 738 90 113.60811 

1271 122 736 90 119.17838 

·1276 122 737 92 117.03511 

, .. 1288 118 739 92 114.46548 

,. ·, .. 1301 121 738 92 . 116.74.481 

.,,,.1312 121 739 92 117.44501 

1319 1.18 738 89 118.02707 

1326 128 738 93 . 122.2568 

1336 120 739 90 119.2973 

1342 120 738 91 117.16988 

1348 120 738 90 118.59459 

1360 119 739 91 116.87475 

1372 128 739 94 121.53949 

1385 114 740 88 116.84765 

1396 118 740 90 118 

1410 114 741 88 117:54609 

1421 114 739 88 116.1492 

1432 115 739 87 118.58992 

1446 117 738 89 117.02702 

124: 



1456 12·0 

. ' 1462 120 

1469 · 116 •· 

1481 " 120 · 

1494 · 125 

1504 117 

1518 119 

1528 118 

1534 · 123 

1559 119 
' . 

1582 120 

1600 120 

1614 .. 134 

1624 128 

1641 132 

1648 125 

1655 126 

1661 . 128 

1687 124 --

1695 124 

1709 126 

1721 .. , ' 118 

1735· 115 

1746 115 

1756 116 

·. 1768 116 

1774 125 

1781 · 125 

1·,,; 
'. ',"; 

WHC-EP-0823 

.,, 
' ' ' . 

738 

738 

738 

739 

·740 

741 

742 

.742 

-·742 

· 742 

740 

739 

739 

f ' 738 

739 

· 739 

739 

740 

739 

739 

· 740 

739 

·739 

. 740 

· :_739 

739 

739 

740 

125 

, .. 

,, 

90 118.59459 

. 90 118.59459 

88 · 117.4564 

90 119.2973 

92 122.12329 

90 117.69865 

90 120.4027 

88 122.27756 

92 121.54001 

90 120.4027 

89 121.43646 

90 119.2973 

92 130.35631 
" 

92 123.68764 
.. 

93 · 126.92632 

92 121.41772 

90 125.28919 

93 123.67213 

90 123.29189 

90 · 123.29189 

91 124.55495 

-S9 118.72901 

88 117.15338 

88 117.85319 

89 116.72619 

86 121.04424 

89 125.73886 

90 125 



WHC:-EP-0823. 

1792 122 741 89 124.14934 

1805 123 741 90 123.70676 

1816- 122 740 90 122 

1827 128 738 91 125.12634 

1839 126 738 90 124.57838 

1853 126 739 89 126.74026 

1863 126 741 92 123.82472 

1869 126 741 90 126.71081 

1890 122 742 86 129.24269 

1918 122 743 88 127.01991 

1925 122 743 90 124.11622 

'·1935 118 745 86 127.31058 

''"1948 133 739 93 127.91678 

''"1960 134 744 91 135.41152 

, ... "1965 131 744 92 130.94495 

1969 128 739 92 124.39725 

1982 137 741 92 134.77923 

1995 135 741 91 134.25121 

2006 135 739 90 · 134.27703 

2012 135 737 90 132.83108 

2020 140 732 93 129.78378 
' ' 

2030 133 735 89 130.86108 

2041 134 736 90 131.11351 

2056 126 740 88 128.91413 

2068 130 740 90 130· 

2082 122 742 88 126.31059 

2093 127 741 87 132.10976 

2104 123 742 86 130.25656 
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2116 130 741 92 127.80818 

2128 130 742 88 .134.37666 

2141 139 741 91 138.24561 

2153 144 741 92 141.75029 

2164 132 741 88 135.67027 
' . 

2175 145 741 94 139.7884 

2187 132 . 742 90 133.43784 

2199 140 742 93 . 137.02127 · 
. ' 

137.16892 2213 135 · 743 90 

2222 140 743 92 · 139.21829 

2237 138 . 744 92 137.94423 

2247 138 743 92 137.22118 

2261 138 744 91 139.4221 

2271 138 742 93 135.0323 

2282 134 742 90 .135.44324 
.. , •·-··· . ,- -

2289 144 742 92 142.48139 
····--

2298 141 740 92 138.03562 

· 2308 138 741 90 138.72703 

2322 142 740 91 140.51099 

2332 140 740 91 138.51648 

2345 139 740 90 139 

2356 141 740 92 · 138.03562 

2364 142 740 92 139.03014 

2390 139 742 90 140.45676 

2404 131 744 87 138.31919 

2428 127 744 88 132.7841 

2441 132· 743 88 137.11607 

2451 130 745 89 135.05506 
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2465 132 744 90 134.87568 

2476 137 743 88 142.16416 

2490 139 742 90 140.45676 

2500 136 742 90 137.44865 

2512 141 740 90 141 

2524 138 739 90 137.27297 

2539 144 738 90 142.52973 

2550 146 738 90 144.52432 

256 141 737 90 138.80676 

2574 144 737 90 141.79459 

2584 143 737 90 140.79865 

2598 145 . 737 92 139.81635 

'·'-2607 145 736 91 140.56489 

···2519 147 735 92 140.32705 

'"'--2632 145 736 89 143.55144 

. 2644 144 738 90 142.52973 

2693 136 741 88 139.69787 

2704 132 741 86 138.65451 

2719 137 740 90 137 

·2730 137 740 89 138.48343 

2740 139 739 90 138.27162 

"2762 145 738 92 140.5488 

2787 144 740 92 141.01918 

2815 131 741 86 137.642 

2835 141 741 90 141.73108 

2859 142 739 90 141.26757 

2879 142 736 89 140.55941 

2900 142 731 89 136.88714 

128 
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WHC--EP.;.0823 
:·:. 

2931 135 739 88 137.23701 

2954 · 145 743 . 92 · 144.21105 
.. 

2978 140 741, 90 140.72973 
.. 

3003 144 738 . 91 141.03926 
.. 

3028 153 739 90 152.2527 

3049 
... 

162 738 93 155.88697 

3076 165 738 94 157.33158 

3093 147 739 86 · 152.34728 

3115 · 150 740 88 '. 153.04709 

3145 149 742 87 ·. 155.07115 

.3164 158 744 92 157.94215 

3199 155 740 90 -· 155 

3223 152 · 740 88 . 155.05817 

3235 · 152 ., 742 90 153.49189 

3262 157 743 92 
.. 

156.19368 

3289 161 745 ·92 161.6958 

3308 159 749 92 
"•· 

162.'69838 

3332· 156 748 90 1-62~·01081 

3357 158 747 91 161.73091 
.. , . 

3377 157 741 
.. 

90 157.7527 

3414 159 737 90 156.73378 

3430 162 738' 90 160.48108 

3478 '' 163 
,. 

737 . ' 

90 160;71757 

3502 163 737 90 
,. 

. 160.71757 
' ' 

' . 

3526 163 736 90 159.95676 

3554 161 738 90 159.48378 
•.' 

3584 ··167 736 90 
.. 

163.93514 
.. 

.. 

. 3599 172 734 91 165.80347 
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3622 166 738 90 164.47027 

3647 169 736 92 162.82337 

3671 173 734 92 165.23979 

3695 166 740 92 162.89863 

37l7 151 746 88 158.54495 

3742 163 748 90 169.08649 

·3765 167 748 91 171.5552 

·3791 167 743 92 166.1792 

3813 181 734 92 173.13144 

3838 175 741 92 172.62208 

3868 162 745 . 88 168.93191 

3886 163 747 90 168.32568 

.. 3910 164 745 90 167.81081 

-~-3933 174 744 92 173.9405 

·-3957 173 743 91 173.74242 

3979 168 740 90 168 

4004 185 735 94 174.71436 

4029 179 736 92 172.71482 
.. 

4053 182 734 92 174.1179 

4077· 179 741 92 176.60554 

4103 173 737 90 170.67703 

4133 164 742 87 170.23703 

·4150 164 741 89 166.32228 

4173 178 739 90 177.21892 

4197 184 737 91 . 180.03454 

4221 178 745 91 180.30676 

4245 180 742 91 179.96985 

4266 167 743 86 175.64181 
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, . l 

4297 165 744 .. 87 172.78784 

4318 183 740 93 178.22131 

4341 178 743 90 180.34324 
-.. 

4365 189 ' . 733- 93 178.64618 

4388 192 736 94 182.38256 

4410 175 739 88 . 177.40426 

4437 179 744 90 182.12973 

'4461 - 181 - . - 741 90 -181.78514 
_. 

4485- 187 738 92 '182.20577 

4508 -185 -744 90 • 188.16216 

4532 182 743 90 184.35946 · 
. .,., 

4560 193 - 741 92 190.54765 
'"'" ;, .. ~-· 

4584 191 746 92 192.52728 

4725 188 746 · 90 192.76757 

4846 200 742 93 196.6903 
··-· .. 

4871 199 .. 744 94 195.67394 

4894 -199 . 742 -92 197.32786 
-··· 

4918- 200 740 92 196.71233 
.,,, 

4941 201 733 ·-· 92 192.05287 
' ' . . . 

4964 201- 738 92 196.09143 

· 5013 ·- 190 . · 745 90 193.98649 

5036 193 ·742 ·-- . ,. 90 194.6027 

5061 - 198 741 92 195.52697 

-5076 198 742 92 196.33065 

5099- 198 741 92 . 195.52697 

5021 197 741 91 196.16443 

-·5045 203 .. 740· - 92 199.69589 

5094 200 .. 748 93 - 201.51529 
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5118 197 750 92 201.75213 

5143 198 743 90 200.42432 

5168 200 741 92 197.5187 

5222 204 743 92 203.12564 

5239 200 745 92 200.74417 

5263 200 742 91 199.96881 

5287· 200 741 92 197.5187 

5311 205 744 92 204.93728 

5335 202 744 91 203.59127 

5360 200 749 92 203.96964 

5383 200 743 90 202.43243 

5432 203 744 92 202.93749 
·•··· 

5479 203 745 92 203.74789 
.... 

5503 203 745 92 203.74789 
---~-.. 

5527 202 739 89 202.84722 

5551 207 737 92 201.22665 

5575 208 737 92 . 202.21713 

5599 205 744 91 206.5992 

5624 204 743 90 206.44865 

5647 208 738 90 206~35676 

5671 212 733 91 204.5454 

5694 212 735 92 204.5341 
' 

5720 208 739 90 207.17838 

5743 202 743 90 204.44054 

5767 206 737 90 203.54324 

5791 205 744 90 208.27027 

5815' 201 743 90 203.43649 

5839 193 744 87 201.17378 

132 
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,·5863 ' ' 20.0 · 740 . 89 . 201'.65746 
' ' ,, 

5912 211 734 91 204.38098 

5935 206 740 90 206 

5960 : . 203 745 90 207.07432 
'' ''· 

5983 202 744 · 88 208.60726 

6007 · 206 740 90 206 

6054 196 744 88 202.54141 

.6079 
' 

207 742 90 208.64054 · 

6103 213 738 92 207.99342 
'. 

6127 217 734 92 208.64389 
. ' 

6151 · · 2'1'9· 731. 92 208.12109 

6175 219 736 94 ·208.94393 

6199 213 739 .91 210.48983 

6247 . 220 738 ,,,··, . 94 . 211.58509 

6271 220 741 94 .. ,.214.07121 

6295 223 .· 737 · " 93 ,, ,215.38847 ··-··· 

6319 ' 219 _, 742 . 92 217,,,27203 

6343 219 .740 92 215.60822 

6365' 238 :•.715 92 213.06816 
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Table E.23. Total Gas Measurements for the Reaction of SY1-SIM-91 B Containing 
0.21 M Glycolate at 120° C in Air. 

TIME .. ::: mLGAS OIL. BATH··. HOOD . BAROM: PRESS:. 
hours:. EVOLVED •· •·•Oe •. :. OC mmHg; 

0 0 119 27 742 

' Oo.5 84 114 28 742 

1 147 120 28 742 

7 185 127 28 742 

11.5 189 128 29 742 

21.5 197 130 26 744 

26 210 133 27 744 

29.5 213 129 28 742 

,-·36. 5 215 · 129 28 742 

"""47. 5 218 129 28 742 
,,,.,..~ 50 214 128 28 741 
__ , 

53 220 130 28 741 

55.5 224 129 28 739 

61.5 229 129 28 739 

71.5 234 130 27 739 

77.0 240 130 28 739 

85.5 246 130 28 739 

96 252 130 28 738 

102 254 127 27 738 

110 256 125 26 738 

120 261 130 28 740 

126 261 129 26 739 

134 260 127 26 739 

144 261 126 24 739 

146.5 252 125 26 740 
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151.0 249 126 26 740 

152.5 255 122 26 739 

157.5 256 125 27 739 

168.0 257 126 26 740 

170.5 253 122 26 740 

176 258 122 26 740 

181.5 262 122 26 740 

192.0 259 122 26 740 

196 259 120 26 740 

199.S 256 119 26 739 

205.5 257 118 26 739 

216.0 264 118 25 742 

217.5 272 118 25 742 
·~· ,. 

226.5 272 120 26 741 

229.S 274 120 26 740 

240.0 279 122 25 743 

242.5 284 122 25 -742 

247.5 280 118 26 
. ..,, 

740 

255.5 280 118 26 740 ---

263.5 282 118 26 740 

267.5 288 118 26 739 

271.5 288- 120 25 738 

275.5 290 124 25 738 

286.5 295 124 25 738 

291.5 300 124 25 737 

299.5 300 129 26 735 

314.0 295 120 26 736 

318.5 302 122 26 740 

325.5 300 120 26 742 

337.0 301 119 26 738 
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341 303 119 26 738 

349.5 304 123 26 738 

360.5 303 124 24 740 

364 307 116 24 740 

368.5 309 115 25 739 

373.5 308 126 25 740 

378.0 309 120 26 740 

385.5 310 121 26 740 

395.5 312 120 25 741 

398.5 310 122 26 742 

410.5 311 122 26 742 

419.5 314 122 26 742 

424.5 318 123 26 742 

0 431.5 321 122 26 742 

,c443. 5 324 123 26 743 

'"•448. 5 326 124 26 743 

457.5 331 125 26 743 

466 339 127 26 743 

480.5 344 126 26 743 

492 350 126 26 744 

495 356 120 27 744 

505 359 120 26 744 

516 365 119 26 744 

522 375 128 27 743 

527.5 382 127 27 743 

539.5 390 126 27 743 

545.5 394 126 28 740 

550.5 399 127 27 740 

562.5 407 134 27 740 

568 411 124 27 740 
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577 415 125 27 740 

587.5 419 126 26 739 

599.5 422 . 127 26 740 

608.5 419 127 26 740 

617.5 420 128 27 740 

624.5 428 129 27 742 

637.5 428 132 26 744 
,. 

648.5 436 127 25 744 

659.5 444 122 24 745 

664.5 449 125 24 744 

671.5 451 122 24 744 
.•• 

684.5 458 122 24 744 

695.5 466 122 26 740 

709.5 480 125 25 741 

110. 5· 479 123 26 741 

726.5 475 122 26 741 

732.5 478 123 26 741 

743.5 480 123 26 741 
'" 748.5 484 125 26 742 

753.5 486 124 26 742 

768.5 492 125 25 742 

773.5 ·493 · 126 25 742 

777.5 495 126 24 742 

792.5 498 127 24 744 

798.5 . 499 127 24 743 

805.5 502 126 24 742 

815.5 504 126 24 742 

821.5 508 124 24 742 

827.5 510 125 24 742 

838.5 512 127 25 742 
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844.5 512 129 25 741 

852.5 520 131 25 740 

865.5 527 130 25 740 

870.5 531 130 25 740 

876.5 536 131 25 740 

885.5 540 130 25 740 

891.5 542 129 25 740 

898.5 544 134 25 740 

908.5 548 128 25 739 

917.5 545 136 26 738 

923.5 549 132 26 740 

936.5 547 129 26 741 

947.5 542 128 26 741 

·957_5 539 126 27 742 

: 981. 0 538 124 27 741 
,] ' 

" 990. 5 543 126 28 738 

1004.5 544 128 27 740 

1010.5 550 129 27 738 

1018.5 560 131 27 739 

1029.5 571 133 27 740 

1034.5 563 129 26 740 

1042.0 556 125 25 741 

1053 547 118 25 742 

1060.5 553 130 25 741 
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TASK 2: PRODUCT IDENTIFICAJION 

Materials · · 

All organic ~eagents. (except. those mentioned below) were purchased from Aldrich 
· Chemical Company and used without further purification. Inorganic reagents were ACS 

reagent grade or· better. N-(2-hydroxyethyl)-N-ethylglycine (HEG), 1 N-(2-hydroxy-1-
. phenylethyl)-piperidfne,2 and· N-(2-hydrox.y-2-phenylethyl)-piperidine3 were prepared 
· according to. literature procedures. · 

N-13C2-Hydroxyethylethylenediamine triacetic acid (HEDTA-A). The synthesis 
of this compound begins with C~ 13 labeled ethylene •oxide. In the first step the ethylene 
oxide is converted to N-hydroxyethyl13nediamine, which is then converted to the triacetic 
acid .. 

N-13C2-Hydr.oxyethylethylenediamine. Ethylenediamine (3 g, 0.05 mol) was 
dissolved in water (20 .. ml) in a 100 ml, 3:.necked round-bottomed flask, which was 
equipped with a dry ice-acetone condenser that was cooled to 0° C with salt-ice mixture. 
The break-seal flask containing the 13C2-ethylene oxide (0.5 g, 0.01 mol) was connected 
to a T-connector and cooled in a dry ice-acetone bath. One opening of the T-connector 
was connected to a Pasteur pipette with Tygon tubing and the othe'r end was ·stoppered 
with a rubber septum. The rubber septum was pierced with-a-long needle connected to 
a nitrogen line. The seal of the flask was broken with the nitrogen inlet needle and the tip 
of the pipette was positioned below the surface of the ethylen.ediami ne solution. The flask · 
of ethylene oxide was brought to room temperature and bybbling ·with nitrogen was 
continued for 3 h to carry ethylene oxide into the reaction vessel, which was k~pt at 0° C 

· for a total of 5 hand then left at room.temperature· for overnight Excess ethylenediamine. 
and water were removed with a rotary evaporator and the residue was distilled using 
Kugelrohr apparatus at 130° C/0.3 torr.· The distillate (0.8 g, 73%) showed only 
resonance·s expected for the product and was used without further purification for the 
next step. 1H NMR spectrum (020): o 2.57 (poorly resolved triplets, 2H, CH2NH2), 2.67 
(poorly resolved triplets; 2H, CH2NH), 2.87 ~nd 2.40 (2 poorly resolved triplets, 1 H each, · 
JH,c=141 Hz, 13CH2NH) and 3.82 and 3.34 (2 poorly resolved triplets, 1 H <=ach, JH,c=144 
Hz, 13CH2OH). 13C NMR spectrum (020): (3-tristrirnethylsilyl-propionate was used as an 
internal standard) o 52.78 (d, Jc.c=39.,1 Hz,. 13CH2NH) a~d 63.03 (d, Jc.~=39.2 Hz, 
13CH

2
OH). . · · - ·· · · . . 

. . ,,. . . .-

co·nversion of N-13C2.;Hydroxyethylethylenediamine into N-13C2-Hydroxyethyl
ethylenediamine triacetic acid. A'solution of N~13C2-hydroxyethylethylenediamine (54 
mg, 0.5 mmol), bromoacetic acid (231 mg, 0.55 mmol) and NaOH (120 nig, 3 m·mol) in 
1 O ml water was allowed to stand at room temperature overnight. Hydrobromic acid 
solution (1 ml of 49% HBr solution iff 2 ml of water) was added to the reaction mixture 
until the pH was 2.5 after which the solvent was removed under. vacuum. The.residual 
solid was recrystallized from ·methanol to give 72 mg (40%) of HEOTA, which was 
contaminated with 14% Br- (determined by ion chromatography): The product showed 
only resonances expected for HEOTA and was used for thermal decomposition 
experiments in simulated.waste media. 1H· NMR spectrum (020) at pH=2.5: o 3.15 (t, 1 H, 
JH,c=144 Hz, 13CHN}, 3.63 (broad singlet, 6H, 2 CH2N, 13CHN, 13CHOHL 3.81 (s, 4H, 2 

' . .-' - . . ' . -
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CH2CO2H), 3.87 (broads, 2H, CH2CO2H) and 4.14 (t, 1 H, JH.c=147 Hz, 13CHOH). 13C 
NMR spectrum (D2O): (3-tristrimethylsilylpropionate was used as an internal standard) i5 
59.13 (d, Jc.c=40.3 Hz, 13CH2N) and 61.68 (d,Jc,c=40.4 Hz, 13CH2OH). . 

Preparation of N..:Hydroxyethylethylenediamine-13C2mtriacetic acid (Ne 13CH2
13CO2H) 

(HEDTA-8). This compound was prepared in 46% yield from unlabeled 
hydroxyethylethylenediamine. and Br13CH2

13CO2H by the same procedure described 
above. The product obtained after recrystallization from methanol contained.15% bromide 
(by IC analysis) but its NMR spectra contained only resonances expected for HEDTA. 
1H NMR spectrum (D2O) at pH=2.5: i5 3.48 (poorly resolved triplet because of 1 ,3 and 1,4 
coupling, 2H, CH2N), 3.55 and 3.88 (poorly resolved triplets, 2H each, 13CH2

13CO2H) 3.62 
(broad singlet, 5H, 2 CH2N and 13CH 13CO2H), 3.88 (t, 2H, CH2OH) and 4.11 (d, 1 H, 
13CH 13CO2H). 1~C NMR spectrum (D2O): (C6D6 was used as an external standard) o 
56.28 (d; Jcc=52.0 Hz, 13CH2

13CO2H),· 57.94 (d, Jcc=52.8 Hz, 2 13CH2
13CO2H), 171.18 

(d, Jc,c=52.4 Hz, 2 13CO2H), and 171.34 (d, Jc.c=52.7 Hz, 13CO2H). . 

N-Ethylglycine (EG). A 0.40 ml portion of 70% solution of ethylamine in water ·(5 
mmoles) in a round-bottomed flask was treated with a solution of 70 mg (0.5 mmol) of 
bromoacetic acid and 40 mg (1 mmol) of NaOH in 3 ml of water with stirring. After heating 
.for 30 minutes at 70" C, the water was removed under reduced pressure on a rotary 
evaporator and the resulting solid was dissolved in 1.6 ml of D2O and 0.4 ml of SY1-SIM-
91 B solution for NMR analysis. 

N-Ethyliminodiacetic acid (EIDA). A. 0.040 ml portion of 70% solution of 
ethylamine in water (0.5 mmoles) in a round-bottomed flask was treated with a solution of 
139 mg (1 mmol) portion of bromoacetic acid and 60 mg (1.5 mmoles) of NaOH in 3 ml 
of water with stirring. After heating for 30 minutes at 70° C, the water was removed was 
removed under reduced pressure on a rotary evaporator and the resulting solid was 
dissolved in 1.6 ml of D2O and 0.4 ml of SY1-SIM-91 B solution for NMR analysis 

Product Identification and Quantitation 

Gas and ion chromatographic instrumentation and procedures and NMR instrumentation 
were the same as those described for Task 1. In the case of model systems, the 1H NMR 
database given in Table E.24 was established using authentic compounds and used to 
identify the products. In all cases the products were quantified by means of a calibrated 
cell with cyclohexane (dissolved in CDCl3) as standard. When ion chromatography was 
used, the products were quantified by comparison of responses with those of authentic 
samples.· · 

Methods 

Thermal Decomposition of Labeled HEDT A. The thermal decomposition of 
HEDTA-A and HEDTA-B in simulated waste was conducted in the vessel shown in Figure 
6. One ml of solution that was 0.21 M in labele.d HEDTA was placed in the Teflon 
container, the cover placed on top, and then sealed by screwing down the brass cap. The 
container was placed in an oil bath whose temperature was maintained at 120±3° C. At 
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D - Teflon disc 

----. Groove for 
0-ring 

--. Teflon liner 

-- __ J. 

--" 

- Brass screw cap 

ca, 

- Threads 

- Brass tube 

Figure E.6. Reaction Vessel Used for the Thermal Decomposition of 13Cmlabeled 
Compounds. 
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regular intervals the container was removed from the bath, cooled to room temperature, 
and opened to allow transfer of the solution to an NMR tube for measurement of the 13C 
NMR spectrum. Intensities and chemical shifts of the resonances were determined versus 
an external C6D6 standard. After acquisition of the NMR spectrum the solution was 
returned to the vessel for continued heating. The reaction of HEDTA-A was conducted for 
1452 hand that of HEDTA-8 for 1808 h. Identification of reaction mixture components was 
made using a database (Table 2.1) generated with authentic samples of probable 
products. 

a e . . - ata ase- or-Model :vstems.· T bl E 24 1H NMR D b f s 

Compound 1H-NMR Chemical Shifts, oom1 

-CH, -CH,,- -CH,,- -cH,,-coo- -CH?-O-

GLYCINE 3.06 

EG 0.93 2.42 3.02 

EIDA 0.84 2.39 3.00 

HEG 0.91 2.52 2.58 3.03 3.53 

IDA 3.06 

MIDA 2.12 2.93 

DMG 2.08 2.85 

1Determined respect to the signal due to cyclohexane (external standard). All the 
compounds were dissolved in a SY1-SIM-91 B/02O mixture (1 :4). 

Nitrosation and cleavage reactions employing tetraethylammonium 
tetrachloroaluminate and sodium nitrite. For each reaction 7 mmol [Et4N][AICI4] and 
10 mmol NaNO2 and 75 ml solvent were combined in a 250 ml round bottom flask which 
was fitted with a condenser. Acetonitrile was used for most reactions because of its 
relatively low volatility; however, DMSO was used for some reactions because of the 
greater solubility of NaNO2 in this medium. The mixture was heated at reflux for 2 h after 
which 1 mmol of substrate (amine or ethanol amine) was added. Reflux was continued for 
the desired period of time after which the mixture was cooled to room temperature and 
treated ca. 20 ml of saturated aqueous sodium bicarbonate and the resulting solution 
extracted with portions of methylene chloride. The combined extracts were dried over 
sodium sulfate or magnesium sulfate .after which the drying agent was removed by filtration 
and the solvent evaporated on a rotary evaporator. The residue was taken up in 
deuterochloroform and a known amount of toluene (50 µL) added as an internal standard. 
The yield of nitrosated product was determined by integration versus the toluene standard. 
In the case of the two phenyl substituted ethanol amines, N-(2-hydroxy-1-phenylethyl)
piperidine, and N-(2-hydroxy-2-phenylethyl)-piperidine, the NMR spectrum of the extracted 
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ONO. + + 

N-(2-hydroxy-2-phenylethyl)- . 
piperidine 

'[ o~O~]: + [ ~}~OH] 
ON 2 ON 2 

Ph 

·o· )voH . N 

N-(2-hydroxy-1-phenylethyl)
piperidine 

A 

+ + 

·~-0~+ 
. ON .. . . · 

A' B' 

product mixture contained additional resonances besides those due to benzaldehyde and 
N-nitro~opiperidine. Reactions performed in DMSO produced more of these new 
compounds. Chromatography of the product mixture on silica gel using ether/hexane as 
· eluent allowed for the separation of N-nitrosopiperidine, benzaldehyde and two additional 
products from each of these compounds:: Although the NMR spectnfof these four new 
compounds suggest that none was completely pure the major resonances in their 1H and 
13C NMR spectra coupled with their mass spectra (Table E.25) suggest structures A and 

· B and A' and B' respectively. The 13C NMR spectra and suggested assignments are 
shown in Figures E. 7-E.10. · 

Table E. 25 H" h R I . M S . iQ eso utIon ass ,pectra ID f ata or New 0 C mpounds 

Compound MW, Calcd for MW, Found .. ' 

M+1 for M+1 

A 523.2305081 · 523.235626 

B . 467.2406788 467.236588 

A' 262.1191665 a 

B' 234.1242519 · 234.1 28754 

aThe high· re.solution spectrum of this compound was not 
obtained. ·The low resolution spectrum exhibited the M+1 peak. 
at 262. · 
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Figure E.7. Decoupled 13C NMR spectrum of A (mixture of diastereoisomers). 
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INDEX °FRE!l PPM INTENSITY 
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-04 9736.7 129.028 24.970 
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.8 
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13 5842,3 77.420 61.56B. 
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17 5300.5. 70.346 91.009 
18 4499;6 59.627 44.257 
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20 3941. 7 52.235 53.861 
21 3342.6 44.295 58. 151 
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Figure E.8. Decoupled 13C NMR spectrum of B (mixture of diastereoisomers). 
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13 4940. 2 65. 466 
14 4748.9 62.930 
15 3239.6 42.930 

_. 16 3232.2 42.B33 
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0) 18 1117.6 14.810 
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Figure E.9. (a) Decoupled 13C NMR spectrum of A'. 
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Figure E.9 cont'd. (b) Off-resonance decoupled 13C NMR spectrum of A' . 
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Figure E.10. (a) Decoupled 13C NMR spectrum of B'. 
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Reactions of ethanolamines with NOBF4• The corresponding ethanolamine (0.4 
mmol) was dissolved in 2 ml of CD3CN. 1To this was added at room temperature, with 
stirring, an excess of NaH. The resulting mixture was allowed to react under an inert 
atmosphere 30 min with stirring. After that time the mixture was filtered and transferred 
to a 5 ml round-bottomed flask containing 0.4 mmol of NOBF4• The reaction proceeded 
almost instantly judging by the prompt1 dissolution of NOBF4 and by 1H-NMR, which 
showed a pronounced shift (> 1 ppm) toward lower fields for the signal corresponding to 
the methylene attached.to the alkoxide. :· 

Thermal degradation of nitrosated ethanolamines. The solution obtained from 
the procedure described above was heated overnight at 60° C under inert atmosphere. 
After that time, the gas phase was analyzed by GC and the solution hydrolyzed with -2 ml 
of 3 M 0 20100·. Part of the resulting solution was removed by means of a syringe and 
analyzed by 1H-NMR. After that the solution was poured back into the flask and kept at 
room temperature. The gas phase was monitored by GC. After no more changes were 
observed in the gas phase, the mixture was diluted and analyzed by IC in order to 
determine the amount of oxalate produced in the reaction. 

TASK 5: SOURCE OF NITROUS OXIDE, NITROGEN AND AMMONIA 

Materials 

N-15 la_beled sodium nitrite and sodium nitrate were obtained from Merck Isotopes and 
were 99.5% enriched. Other reagents were from sources described under Tasks 1 and 
2. 

Product Identification and Quantitation 

Gas and ion chromatographic instrumentation and procedures and NMR instrumentation 
were the same as those described for Task 1. Mass spectral analysis of labeled nitrogen 

··gases was done using a VG Model 70SE spectrometer using electron impact ionization at 
70 eV. 

Quantitation of ammonium chloride by 14N NMR spectral measurements. A 
standard curve was generated for ammonium chloride versus an external nitromethane 
standard as follows. A 15.0 mg portion of dry ammonium chloride was dissolved in 1.0 ml 
of D20 and four NMR were prepared by diluting 0.020 ml, 0.060 ml, 0.190 ml and 0.380 
ml aliquots of the stock solution to 0.5 ml. These samples were transferred to NMR tubes· 
and 14N NMR spectra were measured using nitromethane as an external standard. The 
plot of relative intensities of the ammonium chloride signal to that of the nitromethane 
external standard versus the known concentration of ammonium chloride in the solutions 
was linear. 
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Methods 

Thermal decomposition of HEDTA in SY1-SIM-91 B prepared with N-15 labeled 
reagents. Origin of N2 and N2O. Three different reactions were performed with SY1 -SIM-
91 B solutions prepared using N-15 labeled reagents; 4.5 ml of solution was prepared for 
each reaction. The first reaction employed both N-15 labeled sodium nitrite and sodium 
nitrate'. The second reaction employedN-15 labeled sodium nitrite and unlabeled sodium 
nitrate and the third reaction employed unlabeled sodium nitrite and N-15 labeled sodium 
nitrate. These solutions were heated at 120° C for 1000 h in th.e same vessel used for the 
HEDTA "A" runs (Figure E.1 ). Prior to placing the apparatus in the oil bath, the vessel was 
evacuated to aspirator pressure (ca. 25 torr). For reactions that were done under an inert 
atmosphere, the Teflon nee.die was replaced with a septum the solution was bubbled for 
1 o min with helium or argon using a long needle. The Teflon needle was replaced and 
aspirator vacuum was applied for a minute. After carrying out the reactions, the vessels 
were cooled to room temperature and the side arm was connected to a mass spectrometer 
for head space gas analysis. Representative mass spectra obtained on these samples are 
shown in Figures E.11-E.12. Labeled nitrogen appears in N2 and N20 only from. reactions 
that contain labeled nitrite. Peaks at m/e = 29 and 45, which could be due to 15N14N and 
15N14NO/14N15NO, respectively were determined to be artifacts of undetermined origin. 
There was no di.fference in the isotopic content of samples heated under oxygen 
containing and those heated under an inert atmosphere. · 

With the reaction vessel shown .in Figure E.1, there is the possibility that the caustic 
solution can splash onto the glass condensation tube, which could result in the introduction 
of silica into the reaction mixture. One reaction employing a simulated waste solution . 
made with N-15 labeled sodium nitrite was repeated in which a Teflon cap was placed over 
the Teflon liner to prevent splashing of the solution onto the glass walls. Only N-15 
labeled nitrous oxide was produced; N-15 labeled nitrogen was also present. '"'· 

Nitrous Oxide Decomposition. The same procedure was applied for reactions in 
the presence or absence of simulated waste . .A known volume of nitrous oxide was injected 
.by means of a gas-tight syringe into the glass apparatus used for the reactions in 
simulated waste (''B" runs; Figure 2), which have been previously purged with Argon. The 
Teflon-lined glass vessel located at the bottom ofthe apparatus was immersed in an oil 
bath at 120· C. The amounts of N20, N2 and 0 2 at various times were determined by using 
the GC technique previously described (see "Product Identification and Quantitation"). 

Origin of. NH3• After completion of headspcj.ce gas analyses of the reaction 
mixtures prepared with N-15 labeled sodium nitrite and/or sodium nitrate, the Teflon needle 
in the reaction vessel was replaced with a septum and the side arm was connected to a 
Tygon tube that was fitted with a Pasteur pipette at the other end. The Pasteur pipette was 
immersed Jn 90 ml of 0.5 ml HCI solution contained in a 100 ml graduate cylinder, the 
septum was pierced with a long needle that directed a flow of nitrogen through the sample. 
The vessel was placed into a 120· Coil bath for several h to drive the ammonia from the 
solution.· After completion ofthe purge, the HCI solution was evaporated under reduced 
pressure ~nd the residue that remained was dissolved in D20 (0.5 ml) and 14N and 15N 
NMR spectra were obtained. The 14N spectra were measured using the same extemal 
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nitromethane standard described above. The 15N spectra were obtained versus an 
aqueous Na15NO2 solution as an external standard. Because of the long relaxation times 
of the N-15 nucleus, measurements of concentration were considered problematic, and 
these spectra were used for qualitative observations only. To estimate the ratio of N-14 
to N-15 ammonia produced, control experiments that employed only N-14 reagents were 
run to established the total yield of ammonia that was produced (more cprrectly, trapped) 
in these experiments. Then, the yield of N-14 labeled ammonia produced in experiments 
involving labeled reagents was determined by integration of the NH/ signal intensity 
versus the nitromethane standard. 

Reactions of hydroxyl amine and. N2O3 
2
• with formaldehyde: 14N NMR 

spectroscopy was utilized to monitor the fate of nitrogen from hydroxylamine and N2O3 
2
• 

in reactions with formaldehyde. These reactions utilized a capillary of nitromethane as an 
external standard in the same fashion as described above. Quantitation of condensed 
phase species was done by ion chromatography (nitrite, formate) and 1H NMR (methanol, 
formate) spectroscopy. Determinations of gas phase constituents (hydrogen, nitrogen, 
nitrous oxide) were done by gas chromatography as previously described. Reaction 
stoichiometries are given in Section 5.C. Chemical shifts of potential products were 
measured under the same conditions as the reactions with formaldehyde; these data are 
contained in Table 5.4. 
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