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ABSTRACT: The feasibility of reducing nitrate/nitrite salts under hydrothermal conditions for 
the treatment of aqueous mixed wastes stored in the underground tanks at the Department of 
Energy site at Hanfbrd, Washington was studied. The reduction of nitrate and nitrite salts by 
reaction with EDTA using a tank waste simulant was examined at temperatures between 623K 
and 800K and pressures between 0.6 and 1.2 kbar. Continuous flow reactors were used to 
determine kinetics and products of reactions. All reactions were studied under pressures high 
enough to produce single phase conditions. The reactions are rapid, go to completion in less than 
a minute, and produce simple products, such as carbonate, nitrogen, and nitrous oxide gases. The 
experimental results demonstrate the ability of chemical reactions under hydrothermal conditions 
to reduce the nitrate and nitrite salts and destroy organic compounds in the waste mixtures. 

INTRODUCTION 

The processing of nuclear material at the U.S. Department of Energy's facilities at Hanford, 
Washington has created a legacy of more than 60 million gallons of radioactive waste. The waste 
takes the form of saltcakes, supernates, and sludges. Nitrate and nitrite salts are the major 
constituents of these complex, radioactive mixtures. The treatment strategy for the waste is still 
under development. For some waste treatment schemes, however, an initial process that would 
homogenize the waste, destroy the nitrate, nitrite, and organic complexing agents and free trapped 
radionuclides is desirable.fi] The high salt content, combined with the presence of radioactive 
components in the waste, has complicated or prevented the application of conventional treatment 
methods. This fact, combined with concerns over long term safe storage of the waste in 
underground tanks is motivating the development of new treatment technologies. Previous 
studies examining the reactions of sodium nitrate with methanol and ammonia under 
hydrothermal conditions suggest that Hydrothermal Processing (HTP) could possibly accomplish 
much of the desired initial treatment in a single processing step.[2] 

Hydrothermal Processing (HTP) refers to the oxidation-reduction reactions of chemical 
compounds in high temperature aqueous mixtures under supercritical or near-critical conditions. 
Some of the advantages of HTP are that the oxidation of organics produces simple products such 
as carbon dioxide and water and that the reactions occur at lower temperatures than those of 
incineration, limiting the production of NO x gases and char. Also, the reactions are carried out 
entirely in an enclosed pressure vessel allowing the effluents to be collected and monitored before 
release. Under hydrothermal processing conditions, the waste is in dilute concentration, so that 
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the heat of reaction is absorbed by the water and the temperature can be maintained at any desired 
level, typically in the range 573-823K. The densities are high enough that reasonable process 
throughput can be achieved, but its transpoit properties are Dke those of a gas, allowing rapid 
chemical reaction.[3] Applications of HTP, thus far, have been primarily concerned with the 
destruction of organic material and have used added oxygen as the oxidizer. In contrast, the 
nitrate and nitrite salts are the major constituents of most of the Hanford wastes. Their destruction 
would produce a significant volume reduction and simplify the waste matrix. 

The work described in this paper examined the oxidation-reduction reactions of the nitrate and 
nitrite salts with the organic material present in waste storage tank 101-SY. The treatment of this 
tank is of particular interest since it is decomposing to form potentially explosive mixtures of 
hydrogen, ammonia, and nitrous oxide gases. Destroying the nitrate, nitrite, and organic 
components of the waste would mitigate the explosion hazard and could facilitate application of 
additional treatment processes. A non-radioactive simulant of 101-SY waste was used for the 
experiments. The large excess of oxidizer in the waste precluded the need to add oxygen to 
destroy the organics. However, because the tank contains insufficient reducing material, if the 
total removal of nitrate and nitrite is required, additional reducing reagent must be added. The 
reactions of both ammonia and methanol with nitrate salts have previously been examined for this 
purpose. [2] Although the effects of adding reducing reagent to the waste or varying the 
concentrations of the waste's constituents are important, their investigation was beyond the scope 
of this project. Here we present the product distributions and reaction kinetics as a function of 
temperature and residence time for a single waste formulation. We also discuss a simple kinetic 
model that was developed for this mixture. This work is the initial step towards the goal of 
developing a kinetic model to be used for process design and scale-up of a pilot scale HTP unit for 
treating a variety of Hanford tank wastes. [4] 

EXPERIMENTAL METHOD 

Reactions of the 101-SY simulated waste mixture were studied using a tubular flow reactor. The 
recipe for the simulant was obtained from Westinghouse Hanford Corporation [5] and assumes 
that the waste will be diluted 3-to-l with water before it is treated. All experiments used the 
concentrations given in Table I. When mixed, the majority of the components dissolved, but 
some formed insoluble solids (<1 wt. %). Most experiments were performed using a laboratory 
scale reactor with maximum flow capacity of 0.02 L/min. The reactor and experimental 
procedures are described in detail elsewhere.[6] Briefly, the waste mixture was pumped from a 
supply tank at ambient pressure to operating pressure by a high pressure liquid pump. It then 
entered a tubular flow reactor, was heated and maintained at reaction temperature for the desired 
reaction time, and finally, rapidly cooled. After depressurization, the solid, liquid, and gaseous 
effluents were separated. For most of the experiments, the reactor was a coiled high nickel alloy 
625 tube with dimension 2.32 m x 6.3 mm OD x 2.2 mm ID, immersed in a fluidized sand bath 
heater. The heat-up zone of the reactor tubing was about 0.22 m long, and the remainder of the 
reactor had a relatively flat temperature profile. The volume of the reactor tubing, including heat-
up and cool-down zones, was 7.39 cm^. For the analysis of the kinetics measurements described 
below, we assumed that most of the reaction occurred in the portion of the reactor within ~10°K 
of the maximum temperature. The estimated reactor length is 0.135 m, with a volume of 4.68 
cm3. This value was used to estimate reactor residence times. The uncertainty in the residence 
time due to the heat-up and cool-down portions of the tubing is about 10%. Additionally, the 
density of the simulant mixture was not known at the reaction temperatures. In the absence of this 
information, we used the density of pure water to calculate reactor residence times. Recent 
density measurements from our laboratory indicate that -the density of the 101-SY simulant may 
be as much as 20-30% higher than water. Therefore the calculated residence times are relative; 
more extensive density determinations are required. This uncertainty needs to be taken into 
account when interpreting the kinetic parameters derived from the data. 

Gas products were analyzed by gas chromatography. The detectable gases were N2, N2O, O2, 
H2, CH4, CO, CO2, C2H6, and C2H4. Although other gas products could have been produced, 
they would have been in much smaller quantities, since mass balances were reasonably good. 
Infrared absorption was attempted with a few selected gas samples, and no other products, 
including NO or NO2, were detected. Ammonia was detected in amounts far less than in the 
liquid effluent, consistent with its high solubility even at high pH. 



Table 1. Composition of 3:1 diluted 101-SY simulant (Ref. 5) 
EDTA is ethylenediaminetetraacetate, C10H12N2O84-. The tetrasodium salt is used. 

Component Molarity 
(mol/L) 

wt% 

PO43- 0.027 0.22 
SO42- 0.017 0.14 
F" 0.006 0.010 
Ca2+ 0.002 0.008 
Fe3+ 0.002 0.010 
Ni2+ 0.001 0.005 
Zn2+ 1.25X10"4 7.09X10"4 

Cs+ 4.23x10-5 4.89x10-* 
Sr2+ 2.71X10-6 2.08X10-5 

H 2 0 63.889 78.43 

Component Molarity 
(mol/L) 

wt% 

Na+ 3.526 7.05 
N0 2 " 0.913 3.65 
NO3- 0.755 4.07 
OH- 0.689 1.02 
A102- 0.478 2.45 
C0 32- 0.210 1.10 
ci- 0.089 0.27 
EDTA4' 0.051 1.28 
K+ 0.033 0.11 
Cr3+ 0.032 0.14 

Liquid samples were analyzed for total organic carbon (TOC) and total inorganic carbon (TIC), 
for anions and cations by Ion Chromatography (IC), for metals by Inductively Coupled Plasma 
(ICP), and for pH. The IC anion analysis determined EDTA, acetate, formate, nitrite, nitrate, 
oxalate, and glycolate. The cations measured were ammonia and methylamine. The analysis for 
metals gives a good indication for corrosion if the corrosion metals are not in the reactant in large 
amounts. The TOC/TIC analysis proved difficult for the Hanford simulant because the caustic 
solution degraded the quartz liner and the catalyst in the instrument TOC levels below 200mg/L 
could not be reliably measured. 

RESULTS AND DISCUSSION 

The reactions of the 101-SY simulant mixture were studied at pressures between 0.6 to 1.2 kbar 
and in the temperature range 623-800K. Mass flow rates of 7 to 16 g/min resulted in calculated 
residence times of 11 to 27 seconds. Reactor residence times in these experiments were varied by 
changing the flow rate at constant temperature arid pressure. The Reynolds numbers (calculated 
for pure water) ranged from 1000 to 3000. Although the fluid flow in these experiments was 
probably closer to laminar than turbulent, we assumed plug flow to calculate residence times. If 
radial diffusion is rapid, molecules can cross stream lines in the flow and sample all flow 
velocities, resulting in a narrow residence time distribution and plug-flow kinetics.[7] Using 
measured values of the diffusion coefficient for pure water [8], our calculations indicate that the 
deviations from plug-flow kinetics due to flow dispersion is small. This approximation, combined 
with the uncertainties discussed previously in connection with the temperature profile and 
density, leads to an uncertainty in the absolute residence time, although the relative residence 
times are representative. Species concentrations refer to the effluent at room temperature and 
ambient pressure. Gas concentrations refer to the millimoles of gas produced per liter of liquid 
effluent at ambient temperature. Concentrations at reaction temperature and pressure are lower, 
since the fluid density is reduced from ambient density. For pure water at these conditions, the 
density is near 0.6 g/cm3.[9] 

Reactions of Nitrate/Nitrite 

The hydrothermal reactions of the 101-SY simulant produce a number of products, the 
distribution of which depends on the reaction time and temperature. The concentrations of the 
major products as a function of time for reaction at temperatures and pressures near 723K. and I 
kbar are shown in Fig. 1. The experiments show that organic carbon is largely oxidized within 13 
seconds at 723K. In most experiments, the organic carbon was quantitatively oxidized to 
inorganic carbon, but EDTA was below detection limits in the effluent, indicating that EDTA 



decomposes rapidly (and possibly in the heat-up zone of the reactor) to other organics. The 
measured TIC increases from its initial level as the reaction time increases and more organic 
material is converted. For all simulant experiments, the sum of TOC and TIC was constant to 
within ±15% of the feed value, with an average carbon recovery of 101% over all experiments. 
Figure 1 also shows that nitrite reacts more rapidly than nitrate, decreasing to about half its initial 
value after 13 seconds. The principal nitrogen-containing products are nitrogen gas, nitrous 
oxide, and ammonia. Nitrogen and nitrous oxide were produced in comparable amounts, and 
smaller amounts of ammonia were formed. Nitrogen recoveries were 100% + 15%, with an 
average recovery of 99.3% for all experiments. Hydrogen is produced in significant amounts at 
the shorter reaction times. Hydrogen and ammonia are intermediate products of the oxidation-
reduction reaction. Other experiments show that these products are removed at longer reaction 
times to water and nitrogen gas. Water as a product was not detectable. The pH of the solution 
typically dropped a few tenths of a pH unit from the starting value of 13.8. 
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Figure 1. Reaction products from 101-SY simulant processed at 620-628K and 1.0-1.1 kbar. H2 
is scaled up by a factor of five for clarity. 

Similar experiments at other temperatures demonstrate that the rate of oxidation of total organic 
carbon is strongly dependent on temperature. TOC reduction is a few percent at 653K, but 
becomes 98% at 745K (20 sec reaction time). In the temperature range 653K to 773K, N2O and 
H2 first increase with temperature and reaction time, as more organic reacts. Hydrogen then 
decreases to the detection limit (~9 mmol/L) and nitrous oxide reaches a maximum followed by a 
slight decrease. In contrast, the effluent level of N2 increases monotonically with temperature 
(and organic conversion), becoming the dominant gas-phase product above -723K. At these 
higher temperatures, hydrogen and N2O are probably produced early in the reaction, but react 
further (to water and N2) in later stages of the reaction. Methane and ethylene were also detected 
in the effluent, but at very low levels, less than 1% of the available carbon, and less than 0.1% of 
the total gas product. These two gases show similar trends with temperature as hydrogen. 
Oxygen, carbon monoxide, carbon dioxide and ethane were below detection limits in the analysis. 

Although organic carbon in the form of EDTA was the principle reducing reagent in the 101-SY 
simulant, other reducing species such as C r 3 + and F e 3 + were also present at much lower 
concentrations. These species are oxidized by HTP. The Cr 3 + was converted to Ci6* in the liquid 
effluent, while Fe 3 + is converted to an insoluble oxide in the solid effluent. Analysis of the solids 



shows that hydrothermal treatment of the waste reformulated and reduced the amount of the 
insoluble material. 

Kinetic Analysis 

Several approaches to modeling the rate data for the simulant were taken. The simplest, a 
treatment that is effective first-order in TOC, is presented here. In this analysis, since EDTA is 
converted to smaller organics early in the reaction, the organic species are lumped together. TOC 
is used in place of the EDTA concentration. The effective first-order rate is calculated from 
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Equation (1) gives the rate constant at a given residence time (x), feed organic concentration, and 
effluent organic concentration. An Arrhenius analysis of the rates, shown in Fig. 2, yields an 
activation energy and a preexponential factor for keff. Above 748°K, the data appear to level off. 
This is an artifact attributable to the difficulty of measuring low levels of TOC in the caustic 
mixture, as discussed earlier. The points below 725°K lie reasonably close to a line on the 
Arrhenius plot (Equation 2). 

(2) k = Ae~ 

The fitted parameters are E a = 123 kJ/mole and A = 1.1 x 108 sec - 1. 
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Figure 2. Arrhenius plot of effective first-order removal rates for TOC in the 101-SY simulant. 
Below 725°K, the points were fitted to Arrhenius parameters as shown by the solid line. 

The effective first order model can also be extended to give an approximate means for predicting 
product concentrations. Previous experiments indicate that the oxidation-reduction reactions of 
nitrate produce nitrite and vice versa.[10]] Consequently, the nitrate and nitrite concentrations can 
be lumped as [NOx-]. The overall reaction is 

TOC + bNOx- - > cH 2 + dN20 + eNH3 +... + TIC 

The following NO x- conversion invariance is then assumed: 



C]0([NOx-]0/[TOC]0-b*XTOC) (3) 
H2 and N2O concentrations can be approximated in the following way. These are both formed 
from the oxidation of EDTA in the initial stages of the reaction, and both are consumed by further 
reaction at elevated temperatures and longer residence times. Assuming their consumption is a 
first order reaction, die rate Equations 4 and 5 give the H2 and N2O concentrations. 

^ [ H 2 ] = c*ki[TOC]-k 2[H 2] (4) 

^ [ N 2 0 ] = d*ki[TOC]- k 3[N 20] (5) 

These equations can be solved analytically, yielding convenient expressions for [H2] and [N2O]. 
Ammonia was treated similarly, but its decay was found to be negligible for the conditions 
studied. Higher temperatures are probably required for ammonia oxidation by the remaining 
nitrate/nitrite. The ammonia concentration is then given by Equation 6. 

^[NH 3 ] =e*k,[TOC] (6) 

Agreement of the model predictions with experimental results is quite good considering the 
simplicity of the model. Table 2 shows the kinetic parameters derived from the fit. Experimental 
errors for TOC and NOx- conversions were about 1 to 2 percent of the mean conversion, based on 
three replicate effluent samples and two feed samples. 

Table 2. Parameters for kinetic models. Terms are defined in Equations 1, 3-6. 

Component A (s-1) Ea (kj/mol) Stoich. Coeff. X2 

TOC(ki) 1.09 X 108 123 1(a) 8.4X10^ 0>) 
NOx- b= 1.18 9.2X10-4 (b) 

H 2 (k2) 1.41 X 109 137 c=0.40 2.0X10-4 (c) 
N 2 0(k 3 ) 1580 70.3 d=0.34 2.0 XHHfc) 

NH3 e=0.30 3.3X10"4 W 
( a) Defined as 1. (b)^2 is dimensionless. ( c)ln (mol/L)2. 

The effluent N 2 concentration was not amenable to a similar analysis. Large variations in N 2 

were observed as a function of temperature and residence time. We believe this is primarily due 
to the relatively late production of N 2 in the reaction, after an appreciable amount of the organic 
has been oxidized. 

The difficulty in predicting N 2 may be due to the role of reactions of other nitrogen species, e.g. 
N 2 0 decomposition, and NOx7NH3 reactions. NCV/NH3 reactions have been studied extensively 
in basic solutions from 723K to 798K.[11] At lower pressures near 300 bar, reaction times were 
on the order of 10 seconds at 773K for the destruction of NOx". N 2 was the primary reaction 
product in those experiments, with average N 2 /N 2 0 selectivity near 50. This reaction was 
effected by sodium concentrations; Dell'Orco has postulated that the reaction is regulated by the 
hydrolysis of NaNOx species to HNOx species, which freely react with ammonia.[l 1] Ammonia 
can be formed from two sources in the simulant: reaction of EDTA-bound nitrogen and NOx" 
reduction by organics. Although the higher sodium concentrations in the 101-SY simulant might 
inhibit NaNOx/NH3 reactions, the higher pressures favor increased hydrolysis and increased 
reaction. In either case, a more detailed kinetic model is necessary to account for N 2 production. 

Using the effective first-order model, we can predict product concentrations as a function of 
reaction time, shown in Fig. 3. The model predicts that hydrogen and nitrous oxide will rise 
initially and then fall due to further reaction. Ammonia will behave similarly, but rate parameters 



for the ammonia/nitrate/nitrite reaction at 1.0 kbar have not yet been determined, so ammonia 
simply levels off in these predictions. 

Higher temperatures will help to ensure higher organic and nitrate/nitrite destruction, but they also 
lead to decreased solubility of carbonates and other inorganic species. We feel that 723K and 1.0 
kbar are reasonable conditions for the engineering design of a pilot reactor for 101-SY waste. A 
residence time of about 1 min. should be sufficient for complete reaction with the organic in the 
waste (Fig. 3). Destruction of the remaining nitrate and nitrite will depend on the kinetics of the 
added reducing reagent. The observation of these high activation energies means it is probable 
that very little reaction occurs in the preheater of the reactor. This helps to establish confidence in 
the derived kinetic parameters, since they assume reaction only in the isothermal portion of the 
reactor. More accurate rate parameters could be developed in a reactor in which nitrate and/or 
nitrite are isolated from the organic in separate pre-heaters and individually brought to reaction 
temperature. In addition, measurements at higher Reynolds number would be desirable since the 
plug-flow approximation would be better justified. This would require considerably higher flow 
rates than we could achieve with our current reactor. 
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Figure 3. Predicted species concentrations at 450°C. The model used was effective first-order in 
TOC, as described in the text. Nitrogen (N2) was calculated as the difference between reactant 
and product nitrogen, since a model for it was unsuccessful. NOx" is scaled down by a factor of 
two for clarity. 

CONCLUSIONS 

The results reported here demonstrate the feasibility of hydrothermal processing of Hanford tank 
waste 101-SY simulant at temperatures near 450°C. Complete conversion of EDTA to carbonate 
is achieved at residence times of less than one minute. Our experiments show that the initial 
products of the reaction of nitrite/nitrate with EDTA are carbonate, hydrogen, nitrogen, nitrous 
oxide, and ammonia. Nitrite is depleted to a greater extent than nitrate. At longer residence times 
(and higher temperatures), ammonia and hydrogen gas are oxidized and nitrous oxide is reduced 
to nitrogen.[10] 
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