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REACTION CHEMISTRY OF NITROGEN 
SPECIES IN HYDROTHERMAL SYSTEMS: 

SIMPLE REACTIONS, WASTE SIMULANTS, 
AND ACTUAL WASTES 

P. Dell'Orco1, L. Luan2, P. Proesmans2, 
and E. Wilmanns2 

Dynamic Experimentation1 and Chemical Science 
and Technology2 Divisions 

Los Alamos National Laboratory 
Los Alamos, NM 87545 

ABSTRACT 

Results are presented from hydrothermal 
reaction systems containing organic components, 
nitrogen components, and an oxidant. Reaction 
chemistry observed in simple systems and in 
simple waste simulants is used to develop a model 
which presents global nitrogen chemistry in these 
reactive systems. The global reaction path 
suggested is then compared with results obtained 
for the treatment of an actual waste stream 
containing only C-N-O-H species. 

INTRODUCTION 

Many waste streams suggested for supercritical 
water oxidation or hydrothermal treatment contain 
high levels of nitrogen species in addition to 
hazardous organic compounds1 ,2. This nitrogen 
can be "free nitrogen", i.e. ammonia or 
nitrate/nitrite, or can be bound as organic amides, 
(R-NH2), nitrated organics (R-N0 2), or cyanides. 
Waste streams with high nitrogen components 
include metabolic waste, biological sludges, high 
explosive derived waste, and wastes from nuclear 
fuels processing. 

The mineralization of organic carbon in these 
wastes has been successfully demonstrated by 
several researchers3'4. The complete conversion of 
aqueous nitrogen species to benign gaseous 
products, such as N 2 , has rarely been 
demonstrated. This task is perhaps equally as 
important as organic conversion, due to the 
increasing regulatory pressures on removing 
nitrogen from aqueous effluents. 

Most work to date on the conversion of 
nitrogenous species has been qualitative. Usually, 
partitioning of nitrogen species in effluent streams 
is provided, but with no understanding of the 
mechanism through which the effluent products 

were formed. In many situations, nitrogen gas is 
not analytically quantified, but derived from mass 
balances. 

An exception to these qualitative efforts is the work 
performed by Webley and Tester5, who 
investigated ammonia oxidation by oxygen in a 
small bench scale reactor. This research included 
investigations of reactor wall catalysis and the 
effect of methanol on the reaction rate. Ammonia 
was found to be very stable in the presence of 
oxygen, with less than 20% conversion reported 
near 700°C and 250 bar at residence times on the 
order of 10 seconds. The presence of methanol did 
not appreciably affect the reaction rate; however, 
the reactor material used in the study was found to 
catalyze the reaction. The stability of ammonia in 
the presence of oxygen was also demonstrated by 
Takahashi, et al.6, who investigated the concurrent 
oxidation of ammonia with acetic acid, and found 
ammonia to react slowly at residence times of 1 
hour and temperatures below 500°C. 

Complementing the study of Webley and Tester 
was an investigation of urea/ammonia/oxygen and 
nitric acid/oxygen reactions by researchers at 
MODAR, Inc . This research was conducted 
between 600°C and 650°C near 248 bar. Similar 
to the aforementioned research, ammonia was 
found to be quite stable in the presence of oxygen 
alone at these reaction conditions. The presence of 
ethanol, however, dramatically increased the 
reaction rate for ammonia disappearance, and 
resulted primarily in the formation of N 2 0. N2 was 
not measured analytically in these studies, and NOx 

gases were below their detection limits. The fact 
mat ethanol and not methanol increased reaction 
rates for ammonia suggests that free radicals 
formed from ethanol oxidation/decomposition were 
more reactive with ammonia than radicals from 
methanol reaction. In addition to these 
experimental results, the authors also provided a 
thermodynamic argument which demonstrated why 
NOx gas formation from thermal N 2 oxidation 
mechanisms was not favored in SCWO 
environments. 

The formation and subsequent conversion of 
organic nitrogen was investigated by Shanableh8 

and Tongdhamachart9 in industrial activated 
sludges and anaerobicaUy digested municipal 
sludges. Both studies found an initial increase in 
ammonia concentrations presumably due to 
hydrolysis/oxidation of the organic matter. Above 



400°C at a water density of 0.25 g/mL, ammonia 
concentrations, after an initial increase, began to 
decay at 5-20 minute time scales. As with the 
MODAR study, it is possible that carbon 
constituents enhanced ammonia oxidation over 
rates observed in pure ammonia/oxygen systems. 
Hydrolysis/oxidation of nitrogen containing 
organic compounds to form ammonia in 
hydrothermal environments has also been shown to 
occur for urea7, acetamide10, and mixed waste 
simulants containing EDTA4. 

For high explosives such as TNT and RDX, 
hydrothermal treatment has been shown to produce 
nitrate and nitrite1'3. Even at oxidation 
temperatures above 600°C at 10 s residence times, 
some nitrate and nitrite remain in solution. 
Increasing the hydrogen peroxide concentrations in 
the oxidation system led to increased nitrate/nitrite 
yields. The primary gas products resulting from 
hydrothermal oxidation of these energetics were N 2 

and N 2 0 , with no measured quantities of NO x 

gases. In oxygen deficient environments, this 
nitrate/nitrite generated from hydrolysis of the 
energetic material is generally converted to 
ammonia by reaction with organic carbon. Oxygen 
deficiency in these systems can also result in the 
formation of small quantities of HCN. 

Recently, an investigation has been performed in 
wet air oxidation operating regimes, looking at 
different reducing agents for nitrate11. Perhaps the 
most promising reducing agent appeared to be 
ammonia, which yielded primarily N 2 gas, but also 
significant quantities of N 2 0 . Ammonia only 
reacted with nitrate below 400°C at less than 2 hour 
residence times when the initial pH of the feed 
solution was below 4. 

The above paragraphs provide a brief summary of 
important works involving nitrogen chemistry in 
hydrothermal systems. Works that have not been 
presented in this brief introduction are discussed 
later in this report. It is evident from the literature 
that the conversion of aqueous nitrogen species to 
the desired gaseous products is not well 
understood. Moreover, the conversion of 
ammonia and nitrates to gaseous products has only 
been achieved at temperatures above 600°C, and 
even in this case the selectivity of N/N20 has not 
been well controlled. 

For several years, the hydrothermal processing 
project at Los Alamos has investigated nitrogen-

carbon systems to develop strategies for removing 
aqueous nitrogen from such wastes. Simple 
systems have been investigated, and observed 
process chemistry has been applied to waste 
simulants and actual wastes. Work has primarily 
been focused in two areas: the chemistry of 
propellant, explosive, and pyrotechnic (PEP) 
conversion and destruction, and the chemistry of 
nitrogen-laden mixed waste streams. This paper 
will discuss reaction paths for nitrogen in nitrogen-
carbon-oxidant systems. Reaction paths have been 
developed based on observations of reactions from 
our laboratories at Los Alamos as well as from data 
provided in the literature. The results included in 
this paper will include experimental observations 
from simple reacting systems, more complicated 
waste simulants, and a rather complex waste, 
derived from the base hydrolysis of Comp B-3 
explosive. These different systems are discussed 
to demonstrate how the addition of various 
elements to a waste matrix affect the distribution of 
nitrogen products in the treated effluent. 

EXPERIMENTAL 

The experimental apparatus utilized for studies at 
LANL have been described in several places, and 
will only be briefly discussed here 1 2 1 3 . Basically, 
a feed solution is pumped by use of HPLC or 
Haskell air driven pumps to a tubular reactor 
immersed in a fluidized sandbath. The reactor 
includes ten surface thermocouples along its 
length, to accurately determine temperature profiles 
for use in kinetics analyses. In some experiments, 
preheaters were included to heat separate reactants 
prior to mixing. Reactors generally consisted of 
0.21 cm ID alloy 625 or C276 tubing, with 
volumes from 10 to 25 cm 3. After exiting the 
reactor, the effluent stream is cooled by use of a 
chilled water tube-in-shell heat exchanger, and the 
pressure is brought to atmospheric conditions by 
the use of a metering valve or long lengths (30 m) 
of small ID (0.025 cm) capillary tubing. The 
capillary tubing is generally used for required 
pressure reductions greater than 400 bar. 

After pressure letdown, the effluent is either 
direcdy collected in zero headspace vials and 
preserved prior to analysis, or the effluent is 
diverted to an evacuated gas liquid separator to 
collect reaction gases in a semi-batch mode. 
Generally, a minimum of three liquid samples are 
collected at each condition, and analyzed separately 
to provide a measure of combined analytical/ 



sampling errors. Only one gas sample is collected 
per experimental condition. liquid samples are 
generally analyzed by ion-chromatography to 
measure nitrate, nitrite, and ammonia 
concentrations, and gas samples are analyzed by 
gas chromatography to determine N2, N 20, C0 2 , 
H2, CO, and CH4 concentrations. Gases were also 
occasionally analyzed by mass spectrometry and 
infrared spectroscopy, to determine if NO^ gases 
were present. Metals concentrations were 
determined by inductively coupled plasma 
spectroscopy. 

RESULTS AND DISCUSSION 

Chemistry Observed in Simple Reacting Systems 

Systems investigated have included nitrate-
methanol, nitrate-acetic acid, and nitrate- ammonia. 
The counterion for nitrate has typically been 
sodium. These reactions have been investigated at 
concentrations less than 10 mM and pressures from 
300 bar to 1 kbar. The pressure-temperature 
regimes used in these investigations insure that 
sodium nitrate is soluble14, and thus that the 
reacting solution is homogeneous. 

for acetic acid and methanol, respectively. Feed 
concentrations of species vary from 3.5 to 5.0 
mM. 

One of the first items to consider is the relative rate 
of reaction of sodium nitrate compared with 
oxygen. This data is shown in Figure 1, which 
shows experimentally observed conversions for 
acetic acid and methanol compared with predictions 
from the models of Webley and Tester2 and Lee 
and Gloyna10. The model for methanol was 
developed at 248 bar, compared to the 300 bar at 
which the data were collected; both models are 
valid in the concentration/temperature range 
shown. As observed in Figure 1, NaN03 appears 
to be a more effective oxidizer for both methanol 
and acetic acid. This result is intuitively incorrect; 
oxygen, at room temperature, has a higher redox 
potential than does nitrate. The result shown in 
Figure 1 indicates that nitrate might outcompete 
oxygen in organic conversion reactions; when 
considering kinetics for waste treatment, nitrate and 
nitrite concentrations must be considered. This 
influence of oxidized nitrogen species on reaction 
kinetics has recently been demonstrated by Crain20, 
who observed that nitric acid significantly 
increased reaction rates of simple compounds over 
oxygen alone. 
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Figure 1. Comparison of Methanol and 
Acetic Acid Conversions with Sodium 
Nitrate and Oxygen/H 20 2 at 450°C. 
Experimental points taken at 272 bar and 300 bar 

Figure 2. Products from the Oxidation of 
Methanol With Sodium Nitrate: 300 bar, 
475°C. Nitrate reacts to form nitrite, ammonia, 
and trace N 20, while methanol is converted to 
inorganic carbon. 



Typical products for reactions of nitrate with 
simple organic reducing agents are shown in 
Figure 2 for a reaction with methanol. As 
observed in the Figure, sodium nitrate is reduced to 
both sodium nitrite and ammonia. Methanol is 
converted primarily to inorganic carbon. Mass 
recoveries of 98% and 91% for C and N, 
respectively, were determined for this experiment. 
This data is in agreement with previous literature13 

regarding this reaction. N 2 may be produced, but it 
is recovered in such small quantities that it can't be 
statistically separated from background values. 
One interesting aspect of oxidation with sodium 
nitrate is that no CO is formed, unlike in oxygen 
systems. Because no hydrogen is detected either, 
it appears that the water-gas shift reaction does not 
occur, indicating that NaN0 3 oxidizes MeOH by a 
mechanism quite different than 0 2 . No NO x gases 
were detected in NaNO^eOH experiments. 
Some trace methane has been observed in 
NaNOj/MeOH systems, possibly resulting from 
methanol hydrolysis. Figure 3 shows the 
products of NaNO^acetic acid reactions at 450°C 
and 280 bar. As with methanol, nitrate reduction 
results in the formation of both nitrite and 
ammonia, albeit less nitrite as in the same reaction 
using methanol. 

140 

120 

100 fr o 
E 
£ 80 c .o 
£5 6 0 
c 
g 40 
o 
O 

. N 

20 

0 » 

—•—Nitrate 
-B-Nitrite 
-••-Ammonia 
-o- -Total Organic Carbon 
• •*•• -Total Inorganic Carbon 
- * - -Nitrogen X 10 
--*. -Nitrous Oxsde X 10 
-•"Methane X10 
-••"-Carbon Monoxide X10 

^ - > 

4 6 8 
Residence Time (s) 

10 12 

Figure 3. Reaction Products Resulting 
from Acetic Acid Oxidation Using Sodium 
Nitrate. Reaction Conducted at 280 bar, 450°C. 

Because nitrite is also produced in these 
reactions, it is of interest whether it reacts at the 

same relative rate with organic compounds. 
Studies of nitrite consumption relative to nitrate 
have been studied extensively in Hanford tank 
systems by researchers at PNL and Los Alamos. 
Data in our laboratory, from the reaction of sodium 
nitrate/sodium nitrite/EDTA mixtures has shown 
that nitrite reacts to a much greater extent than 
nitrate12. An example result is shown in Figure 4, 
which plots nitrite consumption versus nitrate 
consumption for a 1.0 M NaN0 2 , 0.7 M NaN0 3 , 
and 0.6 M TOC (as NaJEDTA) reaction mixture. 
As observed in the Figure, considerably more 
nitrite is reacted relative to nitrate. Up to a nitrate 
reacted value of 100 mmol, approximately 5 mol of 
nitrite is reacted per mol of nitrate. This ratio 
appears to lessen somewhat at 150 mol nitrate 
reacted, corresponding to reaction temperatures 
above 430°C. At these higher temperatures, nitrate 
may compete better with nitrite for organic carbon 
oxidation. 
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Figure 4. Nitrite and Nitrate Competition 
for Organic Oxidation for NaN0 3 /NaN0 2 / 
Na4EDTA systems. Experiments performed 
from 380°C to 450°C near 1 kbar pressure. 

While the production of ammonia and nitrite in 
Figures 2 and 3 can be explained by redox 
chemistry between the oxidizing species nitrate and 
the organic material, the production of N 2 and N 2 0 
may not be as easily explained. It is possible that 
these species are also redox intermediates in 
organic oxidation, but another explanation is 
provided by looking at ammonia/nitrate reactions in 
hydrothermal systems, which have been 



thoroughly investigated14. Figure 4 shows reaction 
products observed when NaN03 and NH4OH are 
reacted in the absence of carbon, but not in the 
absence of oxygen. The figure demonstrates that 
the primary reaction products for this system 
include N, and N 20. Some nitrite is also formed, 
presumably by nitrate decomposition from reaction 
with the reactor wall. This nitrite can also react 
with ammonia to form primarily N2 gas14. In 
MN03/NH4OH reactions, it has been observed mat 
when M is either Na+ or Li\ the reaction proceeds 
at slightly higher temperature-residence time 
parameters than the nitrate-carbon reactions shown 
in Figures 2 and 3, with N 3 to N 20 selectivities on 
the order of 50. When M is H+, however, or if an 
ammonia halide salt is substituted for the hydroxide 
salt, the reaction rate is appreciably accelerated, 
with significant reaction at temperatures below 
400°C and at less than two minute time residence 
times, in agreement with other studies11. 
Additionally, die NJ/NJO selectivity is generally 
less than 10 in these HN0 3 reactions. This result 
indicates mat the form of nitrate used is indeed 
important from a mechanistic reaction modeling 
standpoint 
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• ith the data shown in Figures 2, 3, and 4, the 
)bal pathway through which organic matter 
eracts with nitrate can be inferred. Nitrate 
dizes organic components and is meanwhile 
uced to nitrite and ammonia. The nitrite is more 

reactive than the nitrate with the organics. Once 
ammonia is formed in the reduction cycle, the 
formation of N? and N 20 is facilitated by ammonia-
nitrate, ammonia-nitrite reactions. N2 and N 2 0 can 
also be potentially formed through N-C oxidation 
intermediates. These reaction paths have been 
schematically illustrated for Hanford tank wastes4, 
and are shown below: 

NOf C'H& )N0i c'Ht° >NH. JWV *NvN20 (1) 

In developing a more basic understanding of the 
chemistry occurring in the above reactive systems, 
it is necessary to consider the physical forms of 
nitrate, nitrite, and ammonia: are these species 
associated as ions or can they exist as associated 
ion pairs or even free radicals? These questions are 
important in considering whether reaction paths are 
expected to be representative of gas-phase or liquid 
phase mechanisms. In water-solute systems where 
the dielectric constant of pure water is less than 10 
(which is also the condition for the simple systems 
discussed above), data in the literature strongly 
suggest that NH3 is the stable ammonia species . 
The low dielectric constant15 (< 10) and pure water 
ion product515 (< 10"20) at these experimental 
conditions (400°C < T < 525°C, P < 300 bar) 
suggest that the ionic forms N03" and NH/ are 
themodynamically unfavored. Experimental data 
for ammonia ionization support this presumption. 
While no direct experimental evidence of the 
physical state of alkali nitrates has been presented, 
one might consider it to behave similar to other 
monovalent salts, such as NaCl, which has been 
determined to be primarily associated at the 
experimental conditions presented above21. 

The best argument for the mechanism through 
which MNO? species react has been provided by 
reference 14 in which an extensive investigation of 
MNOj/NHa reactions is reported. Changes in 
N ^ j O selectivity and reaction rate were observed 
when the ambient effluent pH was acidic. In 
addition, kinetics were observed to increase when 
FT was used as "M" and when ammonium chloride 
was used instead of ammonia. A combination of 
experimental and gas phase, literature-based 
evidence suggested the following mechanism for 
activation of nitrate and nitrite to reactive species in 
hydrothermal systems: 

MNO,+H20<r -±HONO, + MOH (2) 



HON02< >HO»+N02 (3) 
MN02+H20< >HONO+MOH (4) 
HONOi > HO • +N0 (5) 

After the formation of N0 2 and NO as described in 
the above equations, ammonia oxidation was 
assumed to proceed through gas phase mechanisms 
reported in the literature1 . 

As suggested in equations 2 through 5, the true 
reactive species derived from MNOx are N 0 2 , NO, 
and HO» radicals, not nitrate and nitrite. In the gas 
phase, reactions of N 0 2 and NH 3 have been 
determined to produce primarily N 2 , not N 2 0 , in 
agreement with hydrothermal experimental 
observations 1 4 1 1. Other investigators have 
suggested NH 4 N0 3 as the reacting species, or ionic 
nitrate/ammonia reactions in hydrothermal 
systems11, but these invariably lead primarily to 
N 2 0 , not N 2 , formation2 3 , 2 4, in conflict with 
experimental data and thermodynamic reasoning. 
The formation of small amounts of N 2 0 in 
ammonia/nitrate reaction systems can perhaps be 
attributed to the "precipitation" and subsequent 
reaction of NH 4 N0 3 , as observed in nitric acid 
production plants. Other mechanisms for N 2 0 
formation in the gas phase from NO x/NH 3 

reactions have been suggested18. 

One important implication of the reactions 
presented above is the suggestion that NO and N 0 2 

can, in fact, be formed in SCWO environments. It 
is also true, however, that these species are quite 
reactive in water, and can react by natural 
equilibrium driving forces or by radical quenching 
to form nitrate and nitrite in solution upon cooling 
of the effluent. The quenching of NO and N 0 2 

products in reactor cooldown sections results in the 
ubiquitous observation than NO and N 0 2 are not 
generally reported in effluent off-gas from SCWO 
treatment processes. In extreme situations (i.e., 
NaN0 3 decomposition at temperatures less than 
525°C), NO has been identified as a major reaction 
product14. 

The suggestion that NO and NOx species can be 
present at appreciable concentrations in 
hydrothermal environments apparently contradicts 
thermodynamic and kinetic evidence for the 
formation of NO compounds, presented in 
reference 7. These arguments, however, are based 
on the formation of so-called thermal NO (NO 
resulting from N 2 -0 2 reactions); the production of 

NOx in reactions 2-5 results instead from fuel 
nitrogen reaction mechanisms. Despite the fact that 
NO-N0 2 compounds are not generally considered 
in SCWO environments, their presence can explain 
observed N 2 /N 2 0 selectivities observed in simple 
reacting systems, and contributes to accelerating 
carbon oxidation chemistry. 

Reaction Chemistry in Simulants: 
Controlling factors in N 2 / N 2 0 selectivities 

An interesting observation that has not been 
addressed in the figures and discussion presented 
thus far is the change in N 2 /N 2 0 selectivity 
observed in an investigation of a metabolic waste 
simulant, containing urea, as discussed in the 
introduction. If ethanol and urea (which quickly 
hydrolyzes to form 2 NH 3 molecules) were simply 
oxidized using 0 2 by exclusive parallel reaction 
paths, one would expect that N 2 /N 2 0 selectivities 
would not differ from O/Nt^ systems, as 
observed in this investigation and in the study of 
ammonia oxidation with oxygen5. As a dramatic 
selectivity change occurs, this is clearly not the 
case, and the simplified reaction path shown by 
equation one is apparently missing an important 
reaction component 

The changes in selectivity observed in the 
MODAR, Inc. studies are likely due to carbon-
nitrogen reaction pathways which form precursors 
more suitable for N 2 0 than N 2 formation. Looking 
to combustion chemistry for insight, an excellent 
review of nitrogen combustion chemistry25 

presents the following two dominant reactions for 
N 2 0 formation in nitrogen-carbon-oxygen 
systems. 

NH»+NO< >N20 + H» (6) 
NCO + NO< > N20 + CO (7) 

Reaction paths for N 2 are quite similar, beginning 
with the similar free radical species; N 2 0 
production generally occurs in lower temperature 
regions, however, and once produced decomposes 
readily in combustion environments. 

In the above equations, NH and NCO must be 
formed in order to arrive at N 2 0 . Clearly, the 
NCO intermediate results from nitrogen-carbon 
reactions. It can form from the oxidation of HCN, 
a common combustion intermediate, or from 
cyanuric acid, which is used industrially to reduce 



N0 X species in combustion gas effluents . 
Equation 6 relies on the formation of the NH« 
radical for the formation of N 2 0 . This radical can 
form from successive hydrogen abstractions from 
ammonia by oxidizing species, or perhaps more 
plausibly through NH 3 and NH 2

# reactions with 
CH* and CHf radicals. In either situation (Eq. 6 or 
7) the presence of CH,. radicals is expected to 
provided an additional reaction path for NH3/NOx 

species. Such reactions are not evident when using 
methanol instead of ethanol5, perhaps because the 
necessary CHX radicals are not appreciably formed. 
From the data in reference 7, it appears that 
significant CHX-NHX reactions occur in 
supercritical water, increasing N 2 0/N 2 selectivities 
while accelerating degradation rates of ammonia. 
The MODAR, Inc. data also indicate that N 2 

conversions don't appreciably change when 
ethanol is added to the reactive system, suggesting 
that N 2 0 and N 2 are produced by parallel reaction 
paths. 

The same investigation also presented results 
indicating that that nitrate and nitrite were converted 
primarily to N 2 0 at a maximum reaction 
temperature of 595°C at an approximate residence 
time of 25 seconds. The conversion of 
nitrate/nitrite species was found to decrease as a 
function of increasing oxygen present. A possible 
reaction from the combustion literature to explain 
these experimental observations is shown by 
equation 8. 

2NO< >N20 + 0» (8) 

The source of NO in this case is nitrous acid and 
nitric acid that have undergone homolysis and, in 
the case of N0 2 , subsequent reaction. The reaction 
shown by equation 8 also explains why increased 
0 2 concentrations decreased NOx" conversions: 
Higher 0 2 concentrations favor N 0 2 as the 
dominant NO x species instead of NO; as a result, 
the NO source term in equation 8 is reduced by 
increased oxygen concentrations. For this 
particular situation, with reaction temperatures 
above 500°C at water densities less than 0.1 g/mL, 
It is difficult to imagine a reaction mechanism 
which would form N 2 0 without first the formation 
of NO x species. 

This N 2 /N 2 0 selectivity phenomenon discussed 
above has recently been investigated using a 
simulant of a Los Alamos site waste. In this 

situation, a waste simulant containing isopropyl 
alcohol (0.5 M), tetrahydrofurfurol alcohol (0.1 M) 
and ammonia (1 M) was oxidized using hydrogen 
peroxide (50% excess for the organic) and nitric 
acid. The nitric acid was added in varying ratios to 
promote complete ammonia/nitrate removal. The 
real waste actually contains trace quantities of 
uranium and mercury, which were not added to the 
simulant. The strategy employed for this 
treatability study was to use hydrogen peroxide as 
the oxidant for the organic matter and nitric acid as 
the oxidant for the ammonia. Figure 6 shows 
N 20/N 2 selectivities for nitrate/ammonia systems 
investigated with and without the organic 
component. As observed in the Figure, the 
presence of the isopropyl alcohol and 
tetrahydrofurfural alcohol dramatically increase the 
N JN20 selectivity, at all temperatures investigated. 
This result is in apparent contradiction to results 
obtained using urea-ethanol-oxygen mixtures, 
discussed above. One major difference in the two 
systems is that nitric acid was present in the Los 
Alamos investigation; this introduced the 
possibility of NOx-C reactions, which likely do not 
occur in the MODAR study. The other major 
difference is the use of slightly higher pressures 
(and thus water densities) and slightly lower 
temperatures. One possible explanation is that N 2 0 
formed in the reaction reacts with organic radicals 
to form N 2 . This contradiction of the MODAR 
results is shown simply to illustrate the complexity 
of C-N interactions in hydrothermal systems. 
Clearly, more research on ternary C-N-0 networks 
needs to be performed in order to minimize N 20/N 2 

selectivites in these systems. 

Much of the reaction chemistry presented in this 
section and the preceding section is speculation as 
to why certain experimental phenomena are 
observed. The important issue in this discussion is 
that it is difficult to explain experimental 
observations without invoking the formation of NO 
and N0 2 gases. Although some issues, such as the 
differences in Nj /^O selectivities reported by 
MODAR and LANL, haven't been completely 
resolved, it is apparent that free radical reaction 
mechanisms can be invoked to explain N ^ ^ 
observations. The only reasonable free radicals 
that can form from nitrate and nitrite salts or acids 
are NO and N0 2 . 



0.35-

0.3. 

IE 0.254---

0.2::. 

0.15. 

O 0.1: L 
CM v.i-f-

111111111111 n 111111 j 1111111111111 [ 1111 

• - 0 — -

! O 

Aitimonia/Nijtrate j reactions: 
W/a Organic Cdmpobervt -

0.05-t i la i--/4 1 ; 
: Ammonia/Nitrate reactions 

.W'ft'flffftiWffl'rW'ii' 
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 
Nitrate/Ammonia Ratio in Feed Solution 

Figure 6. N 2 / N 2 0 Selectivities Determined 
for LANL Waste Simulant, 350 bar, 
500°C. Reactions were performed using 1 M 
NH3, nitric acid in varying ratios to feed ammonia, 
and, where designated, with 0.5 M isopropyl 
alcohol and 0.1 M tetrahydrofurfuryl alcohol. 

Generalized 
Chemistry 

Nitrogen-Carbon-Oxygen Reaction 

The above experimental results and observations 
from the literature demonstrate certain patterns in 
nitrogen-carbon-oxygen reaction chemistry in 
hydrothermal systems. These general observations 
are presented as a global reaction path for N 
species in N-C-O-H systems in Figure 7. The 
figure presents mainly global kinetics, but suggests 
elementary species through which the global 
reactions proceed. The following paragraphs will 
give a brief description of the suggested reaction 
paths. 

First, aminated or nitrated compounds generally 
hydrolyze quickly in hydrothermal environments to 
form ammonia and nitrite. At hydrothermal 
conditions, where the dielectric constant of pure 
water is generally less than 10, nitrite and nitrate 
quickly associate with cations (M+) (Rxn. A). 
These cations can also be FT. The subsequent 
hydrolysis of these cations leads to the formation 
of the true reactive NO x species, N 0 2 and NO 
(Rxn. B). Ammonia simply becomes unassociated 
and unionized as NFL. 

foot -̂  
C 0 2 , N 2 , N 2 0 «« ™* HCN.NCO ^ 

°2 Sfc^ f !U> 

R-N0 2 , R-NH2 Heat, H 2 0 
NH 4

+ , N 0 2 \ M V , 
M + 

MNO3, N 0 2 

NO, M N 0 2 

Figure 7. Generalized Reaction Path for Nitrogen in N-C-0 2 Hydrothermal Reactive Systems. Species 
presented are those speculated to exist at hydrothermal waste treatment conditions, T = 400-600°C, P = 
230-350 bar. Quenching reactions for radicals, NO x species are not shown. 

In the presence of oxygen, nitrites/NO are 
quickly converted to nitrates/N02 (Rxn F). 

These reactions occur not only at reaction 
conditions, but also in preheat and cooldown 



reactor regions. Ammonia remains relatively 
stable in the presence of oxygen, at temperatures 
below 600°C, but can react with oxidized 
nitrogen species to form primarily N2 gas at 
temperatures less than 500°C (Rxn. E). At 
temperatures above 600°C, ammonia can react in 
the presence of oxygen to form N2 (Rxn. H). 

Oxidized nitrogen species as well as free radicals 
derived from 0 2 react with organic matter by 
three mechanisms: direct oxidation by 0 2 , 
resulting in C0 2 and water (Rxn. D), oxidation 
by oxidized nitrogen species, resulting in reduced 
nitrogen species (i.e., NH3) and C0 2 (Rxn. C), 
and reaction with NO -̂CH^ species to form 
short-lived C-N-O species (Rxn. Ix), which 
further react in the presence of oxygen to form 
N 2, N 2 0, and C0 2 (Rxn. I2). The dominant 
reaction path depends on relative C/N/02 ratios in 
the waste stream, as well as on the particular 
carbon species in the waste. N 2 0 can also be 
produced by NO-NO reactions (Rxn. J), and can 
disappear by reaction with organics, reduced 
nitrogen species, or oxygen derived radicals 
(Rxn. G). Three primary mechanisms result in 
die formation of N2 and N 2 0 in these systems: 
production from NOx-NH3 reactions (Rxn. E), 
production through the oxidation of carbon-
nitrogen intermediates (Rxn. I), and production 
from direct NH3 oxidation by oxygen (Rxn. H). 
While the N 2/N 20 selectivities have been fairly 
well defined for the first and last reactions, 
selectivity from the middle reaction is highly 
dependent on the carbon species present. 

Quenching reactions, which prevent the actual 
evolution of NO and N0 2 in reactor gas 
effluents, are not provided in Figure 6. In these 
reactions, OH» radicals recombine with NO and 
N0 2 species to form nitrous and nitric acid, 
which then equilibrate with ions in solution. NO 
and N0 2 can also have natural equilibrium with 
NO; and N03" in water26. 

Comparison of Comp B-3 Hydrolysate Results 
With Global Reaction Path 

Now that a global nitrogen chemistry cycle has 
been described for hydrothermal systems, the 
cycle will be analyzed with regard to treatment of 
an actual waste stream. The actual waste 
investigated results from the base hydrolysis of 
Comp B-3 explosive (60% RDX, 40% TNT). 
The hydrolysis process, which occurs in 1.5 M 

NaOH at approximately 90°C renders the 
energetic material into water soluble, non-
energetic products, resulting in the formation of a 
black liquor with the approximate composition 
identified in Table I. A more detailed description 
of the process and reaction products has been 
presented elsewhere27. Approximately 30% of 
the organic carbon in the original explosive is 
converted to formate. The remainder of the 
organic carbon has not been analytically 
quantified. For the discussion presented below, 
the Comp B-3 solution was diluted 
approximately 2:1, and reacted at temperatures to 
485°C at pressures of 0.6 to 1.3 kbar. The 
elevated pressures were required to keep sodium 
carbonate/bicarbonate from precipitating and 
plugging the reactor. 

Table! Feed Composition of 2:1 Diluted 
Comp B-3 Base Hydrolysate 

Species Concentration (mg/L) 
Na+ 15,000 
N0 2 10,500 
NH4

+ 500 
N0 3 200 
TOC 10,000 

The parameters varied in this investigation were 
the reactor residence time (60-110 seconds), the 
temperature (3O0-485°C), and the oxidant 
equivalence ratio (0.26-1.0), phi (())), which is 
defined as [02y[TOC]0, (assuming 2 H 2 0 2 

molecules produce 1 0 2 molecule in 
hydrothermal environments). In addition, the 
actual dilution of the Comp B-3 hydrolysate was 
somewhat varied, as 10-20wt% H 2 0 2 solutions, 
when mixed cold with the waste produced some 
additional dilution. 

The first observation from the treatment of the 
hydrolysate is that 300-350% of the nitrogen 
detected in the feed solution (see Table I) was 
recovered in the reactor effluent. Apparently, a 
significant amount of the nitrogen in the raw 
hydrolysate was present as bound N. This N 
was likely hydrolyzed to form free N037N02" 
and NH3 species at relatively low reaction 
temperatures, as such reactions are observed to 
occur at temperatures as low as 90°C. Evidence 
that hydrolysis occurs is also provided by Figure 



8, which plots as a function of temperature both 
the total amount of N 2 and N 2 0 gas produced per 
liter of hydrolysate processed and the molar ratio 
of gaseous nitrogen species to aqueous nitrogen 
species (N0 3 \ NO;, NH 4

+). Above 400°C, the 
production of gaseous N species is nearly linear, 
within experimental data scatter (scatter is caused 
by differences in oxidant equivalence ratios and 
by slightly different residence times). From 
4O0°C to 450°C, however, the gaseous 
N/aqueous N ratio remains relatively flat. This 
indicates that even though gaseous N is being 
produced, detectable aqueous N species are being 
produced in greater quantities, keeping the 
gaseous N/aqueous N ratio relatively constant. 
At temperatures above 450°C, these aqueous N 
species appear to react rapidly, resulting in a 
rapid increase of the gaseous N/aqueous N ratio. 
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Figure 8. Nitrogen Gas Production and 
Gaseous N to Aqueous N Ratios as a 
Function of Temperature for the 
Hydrothermal Treatment of Comp B-3 
Hydrolysate. N 2 and N 2 0 concentrations are 
scaled to reflect a 2:1 dilution of the original 
Comp. B-3 hydrolysate solution. Residence time 
= 60-100 seconds, P = 1 to 1.3 kbar. 

Not shown in Figure 8 is the distribution of 
aqueous nitrogen species. Not unsurprisingly, 
the distribution of N-species detected in the 
aqueous effluent is a strong function of the 
oxidant equivalence ratio. These results are 
shown in Figure 9. At high oxidant equivalence 
ratios (above 0.9), nitrate and nitrite (NOx") are 
the predominant reactions species. Oxidant 

equivalence ratios (<|>) below 0.7 typically result 
in near equimolar NOx-/NH3 ratios in the 
effluent. In the absence of oxygen, NOx" species 
appear to act as the primary oxidant for the TOC, 
resulting in the formation of ammonia. At excess 
oxygen conditions, the NO x never is reduced all 
the way to ammonia, perhaps because it is 
regenerated by the oxygen, or because these 
species are simply outcompeted in organic 
oxidation reactions by the oxygen. Because 
greater than 95% organic destruction was 
achieved above 425°C, the optimum situation for 
complete nitrogen removal from the system is to 
have the NOx7NH3 ratio near 0.9, which is the 
approximate stoichiometry for reaction E in Fig. 
7, in the presence of sodium. With NOx7NH3 

ratios near the stoichiometric ratio, complete N 
conversion to gas species can be achieved with 
longer residence times and increased 
temperatures, via reaction E in Figure 7. 
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Figure 9. NO x 7NH 3 Ratio for Comp B-3 
Hydrolysate Processing as a Function of 
Oxidant Equivalence Ratio and Reaction 
Temperature. Residence time = 60-100 
seconds, P = 1 to 1.3 kbar. 

Another interesting item to consider for this real 
waste system is the N2/N20 selectivities, to 
determine whether they compare with the waste 
simulant processing performed by LANL or by 
MODAR, as discussed in the previous section. 
Figure 10 shows this data. As demonstrated in 
the Figure, the Nj/NjO selectivity is very high at 



temperatures below 350°C; consulting Figure 8, 
which shows the total N2+N2Q production at 
these conditions, it is apparent that very little gas 
is formed below 400°C at residence times less 
than 100 seconds. What small amount of gas 
that is formed is predominately N 2. The 
selectivity drops dramatically at 400°C, to values 
less than 3. The selectivity then increases 
gradually to temperatures near 485°C, to values 
above 10. Over the range of conditions 
presented in Figure 10, the oxidant equivalence 
ratio appears to have very little effect on observed 
N2/N20 selectivities. The increase in selectivities 
above 450°C possibly suggests that N 20 forming 
reactions are favorable in the 400-450°C 
temperatures. Because total N gas formation is 
fairly linear in the 400°C to 485°C (Figure 8), it is 
ambiguous as to whether N 20 is being reacted 
away at the higher temperatures or whether 
enough N2 is being produced to result in the 
observed selectivity increases. Nevertheless, 
N2/N20 selectivities at 485°C (-10) share better 
agreement with the Los Alamos data (Figure 6, 
N2/N2O=10-20) than with the MODAR, Inc. 
data7 (NJ/NJO = 0.5-1.0) 
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Figure 10. N 2 /N 2 0 selectivities for 
Comp B-3 Hydrolsate Processing. 
Residence time 60-100 seconds, P = 1-1.3 kbar. 

Results from these hydrolysate processing 
experiments are provided to illustrate that the 
reactions listed in Figure 7 occur not only in 
simple reaction systems, but also in complex, 
ambiguously defined, wastes. The reactions 

described for Comp B-3 processing illustrate that 
hydrolysis, NOx-C redox, and NOx-NHx redox 
reaction paths occur in this complex waste. In 
order to control nitrogen concentrations in 
aqueous effluent streams, it is necessary to 
optimize redox chemistry such that NOx-C and 
NOx7NH3 reactions occur. This is done by 
adjusting the oxidant equivalence ratios such that 
NOx"/NH3 concentrations near their 
stoichiometric ratio after all of the organic carbon 
in the system is consumed. Too much oxygen 
results in elevated NOx" concentrations, which 
won't react to form gaseous species until very 
high temperatures are reached. Too little oxygen 
results in excess ammonia concentrations, which 
also won't react in the presence of oxygen alone 
until temperatures above 600°C are used. 

CONCLUSIONS 

Through investigations of simple and complex 
nitrogen-carbon reaction systems, a global 
reaction path for nitrogen conversion in 
hydrothermal systems has been derived. This 
global reaction path provides insight into 
methods for optimizing the conversion of 
aqueous nitrogen species to gaseous species, 
while also providing insight into factors which 
control N/NjO selectivities. The research also 
demonstrates that certain reactions which convert 
both nitrate and ammonia to aqueous species can 
occur at temperatures below 500°C. Finally, the 
elementary reaction mechanisms through which 
nitrate and nitrite react has been presented. It 
was suggested that both experimental results and 
thermodynamic reasoning lead to the conclusion 
that NO and N0 2 are derived from MNOx species 
in hydrothermal systems, and that these species 
are responsible for observed reaction chemistries. 
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