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EXECUTIVE SUMMARY

A wide variety of high nitrate-concentration aqueous mixed [radioactive and Resource
Conservation and Recovery Act (RCRA) hazardous] wastes are stored at various U.S. Department of
Energy (DOE) facilities. These wastes will ultimately be solidified for final disposal, _?thoughthe
waste acceptance criteriafor the final waste form is still being determined. Because the nitrates in the
wastes will normally increase the volume or reduce the integrity of ali of the waste forms under
consideration for final disposal, nitratedestructionbefore solidification of the waste will generally be
beneficial. This report describes and evaluates various technologies that could be used to destroy the
nitrates in the stored wastes. This work was funded by the Department of Energy's Office of

• Technology Development, through the Chemical/Physical Technology SupportGroup of the Mixed
Waste Integrated Program. Ali the nitrate destruction technologieS will require further development
work before a facility could be designed and built to treat the majority of the stored wastes. Several
of the technologies have pz,,-',,cul_lyattractive features: the nitrate to ammonia and ceramic (NAC)
process produces an insoluble waste form with a significant volume reduction, electrochemical
reduction destroys nitrates without any chemical addition, and the hydrothermal process can
simultaneously treat nitrates and organics in both acidic and alkaline wastes. These three technologies
have been tested using lab-scale equipment and surrogate solutions. At their current state of
development, it is not possible to predict which process will be the most beneficial for a particular
waste stream.

lt is recommended that development work continue on the NAC, electrochemical destruction
and hydrothermal processes. More information is needed on the capabilities and potential problems of
these processes before a reasonable decision can be made on which would be the best for treating a
particular waste stream. Also, the overall system requirements for radioactive waste disposal, and in
particular the waste acceptance criteria for the final waste form, will need to be finalized before a
determination can be made on whether nitrate destruction is required, as well as providing criteria for
comparing the various nitrate destruction processes. The development work should include pilot-scale
tests to further define the operating limits, through-puts, required process/safety controls and
economics of the processes, and small-scale tests on actual waste solutions to identify any potential
problems caused by minor waste constituents.

ix
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1. INTRODUCTION

A wide variety of nitrate-containing aqueous mixed [radioactive andResource Conservation and
Recovery Act (RCRA) hazardous] wastes are produced or stored at various DOE facilities. These
wastes generally have very high concentrations of nitrates (either sodium nitrate or nitric acid) and
high levels of radionuclides. The RCRA constituents typically include heavy metals, solvents or both.
These wastes will ultimately be solidified for final disposal, although the final methods and criteria for
solidification and disposal are still being developed. Because the nitrates in the waste will generally
increase the volume or reduce the integrity of ali of the waste forms that have been proposed for
ultimate disposal, nitrate destruction prior to solidification of the waste will normally be beneficial,
although the cost-benefit relationship for nitrate destruction is not yet certain. Nitrates are also a
concern as a source of groundwater contamination. In addition, high levels of nitrates will increase
rutheniumvolatilization during any high-temperatureprocessing of the waste, such as calcination or
vitrification.

This report describes the various technologies that have been proposed for destroying nitrates in
aqueous waste_ and evaluates the potential of each for treating the mixed wastes currently stored at
DOE facilities. The technologies were identified from literature searches and from an announcement
printed in the Commerce Business Daily soliciting information. Various methods exist for separating
nitrates from waste solutions (as opposed to destroying the nitrates), including evaporation (acid
wastes only), electrochemical ion exchange, and electrodialysis. Separation methods are being
examined at the Rocky Flats Plant (RFP) for recovering nitric acid for reuse. These methods may be
desirable for removing nitrates from mixed wastes if a use can be found for the recovered nitric acid;
however, separation technologies are not evaluated in this report.



2. COMPOSmON OF NITRATE-CONTAINING MIXED WASTES

Nitrate-containingaqueous mixed wastes are generated and stored at many U.S. Department of
Energy (DOE) facilities. Examples of the composition of these wastes are shown below (Tables 1-5).
The wastes stored at the Hanford Site, Oak Ridge National Laboratory (ORNL), andthe Savannah
River Plant (SRP) are ali high-nitrate-concentration alkaline solutions. The ORNL waste has the
highest concentrationof potassium, while the Hanford site waste has the highest concentrationof total
organic carbon. The SRP waste has the highest sodium and nitrite concentrations. The Idaho National
Engineering Laboratory (INEL) waste is acidic, has a very high nitrate concentration, and contains
significant concentrations of chromium and mercury. The waste at RFP is much more dilute; it is

• currentlydried and then mixed with cement before storage. The composition data for Hanford,
ORNL, and RFP are overall averages, while the data for INEL and SRP are for one specific tank;
however, at ali of the sites, the waste composition varies widely among tanks. The waste composition
results listed in Tables 1-5 were chosen to give as wide a variation as possible among the wastes at
the various sites.

Generally, the nitrate destruction processes are not particularly sensitive (or else have not been
tested sufficiently to know if they are sensitive) to feed composition. However, in most cases, a
significant difference in process performance or pretreatmentrequirements exists between acidic and
alkaline feeds.
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Table 1. Composition of ORNL Low-Level Liquid Waste
Melton Valley Storage Tank (MVST) Supernate

(Average composition of 10 tanks)

Volume = 830,000 L
Density = 1.23 g/mL

pH ffi 12.5

Concentration

Contaminant (g/L) (Bq/L)

Nitrate 270
Sodium 88
Potassium 24
Carbonate 6.9
Calcicm 3.4
Chloride 2.9

Magnesium 0.7
Total Organic Carbon 0.6
Uranium 0.2

_C.s 4.8E8
_Sr 4.1E7
u4Cs 5.0E6

+eCo 3.4E6
_°+Ru &7E5

Gross alpha 3.3E5
uC 1.9E5

i

Source:M. B. Sears,et al.,Samplingand Analysis of
RadioactiveLiquid Wastesand Sludgesin the Melton
Valleyand EvaporatorFacilityStorageTanks at ORNL,
ORNI.frM-I1652, MartinMarietta EnergySystems,
Inc.,Oak Ridge NationalLaboratory,September 1990.



5

Table 2. Composition of SRP High-Level
Waste Tank Supernate

(Results from Tank No. 2, F-Area)

. _', Volume = 380,000,000 L
Density ffi 1.41 g/mL
pH - 14.5

Concentration

Contaminant (g/L) (Bq/L)
i i

Sodium 214

Nitrate 149
Nitrite 133

Hydroxide 76.5
A;.,minum 18.9
Carbonate <6.0

Phosphate 3.8
Chloride 2.1
Sulfate 1.9
Chromium 0.2

_Cs 1.3Ell
mca 5.0E9
IO6Ru 2.3E9
_r 1.7E6

Gross alpha <8.0E3
i

Source: R.S. Ondrejcin,Chemical Compositionsof Supemates
Stored in SRP HighLevel Waste Tanks, DP-1347/UC-70,E. I. du
Pont de Nemours& Co., SavannahRiverLaboratory,August
1974.
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Table 3. Composition of Hanford Plant
_-Level Waste Tank Supemate a

Volume = 600,000,000 L

Density - 1.3 g/mL
pH - 14

Concentration
i i

Contaminant (g/L) (Bq/L)
i i

Nitrate 183
Sodium 115

Hydroxide 32
Nitrite 23

Phosphate 8.0
Carbonate 3.9
Sulfate 2.8

Total Organic Carbon 2.6
Aluminum 2.3
Potassium 1.8
Fluoride 13
Chloride 0.06

mca 9.4E8
_Sr 3.1E7
_l'c 9.4E5

UlAm 2.5E5

_Pu 2.5E4
i

*Volumeand concentrationdata is based on dissolvingthe
existingsolidsalt cake and supernateinto a 5 M sodium solution.
Source: Final Environmental Impact Statement:Disposal of
Hanford Defense High.Lewi, Tran.mmnic,and Tank Wastes,
DOE/EIS-0113,December 1987.



Table 4. Composition of INEL
I-Iigh-Level Wrote Tank Supemate

(Results from Tank WM-183)

Volume = 7,500,000L
Density = 1.22 g/mL
pH ,, 0.2

' " Concen'tration .....

Contaminant (g/L) (Bq/L)

Nitrate 279
Sodium 17.9
Aluminum 14.0
Potassium 3.9
Iron 3.0

Hydrogen ion 1.8
Calcium :_.6
P1uoflde 0.8
Chromium 0.7

Mercury 0.6

wCs 9.9E9
mSr &2E9
_tEu, mEu 1.3E8
1_.e &TE'/

1.8E6

Sou_- Chr/sKent,IdahoNatlmudEngineeringLaboratmy,
IdahoFalls,ID, persmudcommunicationto P. A.Taylor,Oak
RidgeNationallaboratory,OakRidge,Tenn.,Feb.4, 1993.
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Table 5. Composition of RFP
Nitrate Salt Waste

Volume = 23,000°000 L/year

Density - 1.01 g/mL
pH - acidic

i

Concentration

Contaminant (g/L) (Bq/L)

Nitrate 3.1
Sodium 1.6
Chloride 1.4
Sulfate 1.4
Potassium 1.1
Carbonate 0.7
Calcium 0.5
Fluoride 0_3
Iron 0-3

Plutonium (total) 500
immmmmmwmm,_,

_,_un_: ,6,.Faucet, RockyFlats Plant, Goklen,
permoalcommunicationto P. A. Taylor,Oak Ridge National
Labonttoey,Oak Ridge, Tenn., March24, 1993.



3. PROCESS DESCRIPTIONS

3.1 NITRATE TO AMMONIA AND CHRAMIC (NAC) PR_

3.1.1 _ _ption

The NAC process involves the chemical reduction of nitrate ions to ammonia by powdered
aluminum. The aluminum/_ converted to aluminum hydroxide and sodium aluminate, as shown in
the following stoichiometric reaction:

3NANO3 + 8AI + 12HzO-* 3NH 3_ + 5Ai(OH)3 + 3NaAIO2 .

Small-scale batch tests using simulated ORNL Melton Valley Storage Tank (MVST)
supernate waste and Hanford High-Level Waste (3 to 6 M NO3- ) have shown that approximately
twice the theoretical amount of aluminum is required to reduce essentieHy all of the nitrate to
ammonia. Typically 1.6 kg of aluminum was required to treat 1 kg of NANO3 (1.9 x
stoichiometric), in the batch tests, with most of the excess aluminum required to re.ect with the
last 10% of the nitrate.1 As the nitrate concentration decreases, more aluminum reacts with
water to form hydrogen gas. Laboratory-scale tests have demonstrated that a smaller excess of
aluminum (1.1 x stoichiometric) is required to destroy essentially ali Ofthe nitrate using a
continuous-flow reactor,2 as shown in the following reaction:

3NANO3 + 8.8A1 + 14.4H20-* 3NH 3t + 5.BAl(OH)3 + 3NaAIO2 + 1.2H2 t

Radioactively contaminated aluminum scrap from DOE facilities could be beneficially used in the
process.

This process occurs in alkaline solutions (pH > 11.5) at sfightly elevated temperatures
(>50°C). The reaction is highly exothermic (-381 kcal/mol of NANO3); therefore, the solution
will need to be cooled after the reaction is initiated. For high-nitrate-concentration waste
solutions, water would need to be added to keep the slurry dilute enough to mix. The reaction
products form a granular, sand-like material that can be dried, pressed, and sintered to form an
insoluble alumina-silica ceramic as the final waste form. Silica is added to the reactor to
immobilize the sodium in the ceramic waste form. The volume of the final solid waste form will be

about 70% less than the starting solution for a 4 M Na.NO3 solution. The aluminum hydroxide will
co-precipitate and/or adsorb many inorganic contaminants from the waste solution, such as heavy
metals and 9°Sr,which will be incorporated into the insoluble final waste form.

If oxygen is present, the off-gas will be flammable because of the ammonia and hydrogen
produced; thus, an inert gas blanket will be required for the reactor. The off-gas will need to be
treated to remove ammonia, probably by catalytic oxidation to convert the ammonia to nitrogen
gas and water.

The proposed flowsheet for the process is shown in Fig. 1. A preliminary cost estimate was
performed in 1992 by D. E. Brashears of Martin Marietta Energy Systems' Central Engineering.
For a plant to process 1200 kg NO3-/h over 20 years, the estimated capital cost is $20M, with an
operating cost of $2 to $3/kg NO3- destroyed. 1



]0

NITROGENAND

COMMERCIAL DOE-CONTAMINATED WATE_ VAPOR
ALUMINUM SCRAP ALUMINUM

ALUMINUM
SHREDDER

_L=_ CATALYSTBED

AMMONIA r._. .... .r,.... ]

AUGER HEAT

NITRATE-BASED

AOUEOUSWASTE
•COOLANT OUT

_,, FINE SIUCA REACTOR

v | _ COOLANT INI

I'ROGRESS_ E_'/[_CAVITY PUMP

' PROGRESSIVE
CAVITY PUMP

i

.... I MICROWAVE ,
GENERATOR '

r OFT.--GAS PRESS CERAMICWASTE

c'(} () (} tj) c(J (} o"-(-T)

Fig. I. Flow diagram for nitrate to ammonia and ceramic process.
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3.1.2 Technology Status

This technology has been tested in laboratory-scale experiments using surrogates for the
Hanford and ORNL wastes.

3.1.3 Advantages

This process occurs at a relatively low temperature (50°C) and atm_pheric pressure.
Essentially ali the nitrate can be destroyed. The process will precipitate wSr and heavy metals that
may be present in the waste. An insoluble solid waste form is produced which will be smaller in
volume than the starting solution (about 70% less for a 4 M NO3- solution); this process
compares to a volume increase of about 40% for grouting the wastewater. The alkaline waste
solutions that are stored at Hanford, ORNL, and SRP will not require any pretreatment prior to
nitrate destruction.

3.1A Disadvantages

Because the process converts nitrate to ammonia rather than nitrogen gas, further off-gas
treatment will be required. The ammonia and hydrogen gas producedby the reaction are
potentially explosive; consequently, an inert gas must be maintained in the system. Because the
process is highly exothermic, safety controls will be required to prevent a runaway reaction. The
solid waste form generated by the process has not yet been qualified as acceptable for final
disposal, although it should easily qualify.

3.1.5 Evaluation

The main advantage of this process is that a solid, insoluble waste form is produced, although the
waste form has not yet been qualifiedfor final disposal. The waste form will trap many of the
radionuclides present in the waste solution and will result in a significant volume reduction
compared tc grouting the liquid wastes. Because the process has been tested only in laboratory-
scale equipment using surrogate solutions, significant development work will be required before
the process can be completely evaluated. Because of the ammonia and hydrogen produced in the
off-gas and the large amount of energy produced during the reaction, many safety concerns will
need to be addressed. The process could be used directly on the alkaline waste solutions stored at
Hanford, ORNL, and SRP, but acidic waste streams would require pH adjustment before
treatment.

3.2 ELECWROCItEMICAL DESTRUCTION

3.2.1 Process Description

Electrochemical destruction of nitrate and nitrite containing mixed wastes shows promise in
reducing the volume of residual wastes in effluent waste streams as well as being competitive with
other wet-processing approaches on, at the least, the basis of power consumption. This method of
destroying nitrates is under development by Bradtec, Inc. (Bristol, United Kingdom), AEA
Industrial Technology (Oxfordshire, United Kingdom), and researchers at SRI'. The process has
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been tested on simulantsfor radioactivewastestreamsexpected at RF_ and SRPJ"sIn ali cases,
electrochemicaldestructionof nitrates has been proposed using a cell such as shown in Fig. 2.

The approachbeing investigated for the RFP involves a process that is being demonstrated
for a varietyof applications._'sBradtec'selectrochemicalion-exchange(EDQ process consists of
the separationof the nitrate from the wastestream by an anion.exchangeresin followed by
migrationof the nitrateanions to an anode. Th_ nitratecan be recovered as nitric acid, or it can
be destroyedin an electrochemicalcell to produce nitrogen and other products,thus reducing the
volume of the waste stream.

Electrochemicalmethods of reducingthe amount of nitrate and nitrite in mixedwaste at
SRI' have been investigated for several yearsusing single- and multiple-cellelectrolysis
compartments.Investigationson SRI' wastes indicatethat electrolysis is a viable means of
destroyingnitratesand nitrites.The presenceof chromium in the waste solution can reduce the
electricalefficiencyof the process because of cyclicoxidation and reduction.The electrical
efficiencycan be reduced from >90% to <40% by 16 mg/Lchromium.4

The electrochemicaldestruction of nitrate is brought about by reduction to nitrogen at a
cathode in a destructioncell such as the one shown in Fig. 2. This is achievedby makingthe ni-
trate-anolytemixturefollow a route througha series of bipolar electrodes in the anode com-
partmenc Monopolarelectrochemicaldestruction has been considered byseveral investigators, but
the bipolarcell designhas been found to be more effective.4 The cells also have the potential of
oxidizingorganicsin the waste at the anode. Concentrationof nitrates from dilute aqueous
streams,such as groundwater,has also been investigatedby incorporatingEIX along _th the
destructioncell._6

The conversion of nitrateto nitrogen (the preferredproduct)or ammoniais achieved
througha series of sequentialreductionsteps. Because some of the intermediatespecies are
unstableand short-lived,only the importantreactions in the destruction process are given below:.

NO3-+H20+2e- =•NO 2- + 2OH-

NO3- +3H20+Se- =•0.5N 2+ 6OH-

NO3- + 6H20 + Be- -> NH3 + 9OH-

However,measurablequantitiesof NH(+, N20, H2, and O2 can be expected as additional products
in destroyingnitrates and nitrites._ For aqueous wastes with dilute concentrationsof nitrates,
destructioncan be facilitatedby concentrationof the nitrates.One approachto concentration
involves the EIX process that combines ion exchange and electrodialysiswithdestruction?

3.2.2 Technology Status

Destruction of nitrates by electrolysishas been investigated for a number of years for its
applicabilityto radioactivemixedwastes._s The EIX process has been examined specifically for
wastes from RFP; a pilot-scale plant has been proposed.3 Research using SRI' wastes has deter-
mined that the efficiency of the reductionof nitrates and nitrites depends on the current density,
presence of chromate ion, temperature, and electrode spacing.4
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-- A __A __A __A
NaNO 3IN _ -_ _ _ --_I i T

• ,

..

Figure 2. Destruction cell used to reduce nitrates. Source: Atkins, K.J., D. Bradbury, G.R.
Edict, and S.M. Scrivens, El.ectrochemicai Ion Exchange Trea_tmentof Plutonium-B_ring Nitrn_te
_Waste,BRADTEC Ltd., Bristol Polytechnic, Coldharbour Lane, Bristol BSI6 IQY, United
Kingdom, November 1992.
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3.7.3 Advaatages

There are a number of advantages in using the electrochemical process to destroy nitrates.
Significantly, no secondary wastes are formed with the simple use of a destruction cell because the
process does not require addition of significant quantities of other chemicals. The process could
be used on acidic or alkaline waste streams without pretreatment. For acidic solutions, the waste
will be neutralized while the nitrate is being destroyed. The potential exists for simultaneously
destroying organics at the destruct cell anode. For dilute nitrate wastes, where an ion.exchange
resin might be used in the EIX process, the resin is used continuously and requires no additional

regeneration.

3.2.4 Di_lvantagea

Electrolysis affects ions other than the nitrates that are intended to be destroyed. In some
cases, the products plate-out on electrodes; however, this problem can be solved partially by
proper electrode selection, reversing electrode currents where poss_le, or removing problem ions
before destruction.4_ Use of porous membranes has also resulted in some problems with fouling.4
Chromium concentrations above 1 mg/L significantly reduce the electrical efficiency of the
process.

Release of the off-gases will require further evaluation. The NH3 and N20 may have to be
treated, depending on the amounts produced and on local and national environmental regulations.
The lx_ible formation of NO2 as a result of NO (gas) combining with 02 (gas) in separation of
nitrates from dilute nitric acid may warrant evaluation. 3 Hydrogen generation at the cathode
presents a safety concern because a potential exists for the formation of an explosive mixture of
gases.

The electromigration of ions in aqueous solutions is accompanied by electroosmosis, a
process in which water diffuses through the membrane. This can, if not controlled, lead to volume
imbalances over long treatment periods. In addition, the electrolysis process consumes water and
requires significant quantities of makeup water. The treated solutions would have to be solidified
for final disposal, which would increase the volume by about 40%.

32.5 Evaluation

The development of the electrochemical destruction of mixed wastes appears to be
maturing commensurate with the needs for waste disposal. At least three companies are actively
pursuing this form of waste minimization, and work is continuing. Power consumption for this
process appears reasonable by comparison with other waste processes, and the minimal need for
addition of other chemicals shows considerable promise in reducing the final waste volumes.
Bradtec indicates that power requirements are relatively low at 0.96 kWh/g mol of NO3-
destroyed or a total of 1.6 kWh/g tool for both separation by EIX and destruction. 3 Such power
consumption at $0.03/kWh would result in power costs of $0.46/kg NO3- to destroy nitrates.

The investigation of electrochemical destruction for specific radioactive mixed wastes
supports the use of this process. As an example, treating 8 L/rain of Hanford supernate is
expected to require about 2.1 MW of power if concentration with EIX is used. As explained
previously, the off-gas will contain N2, NH3, and N20. Heat generated by the electrodes during
this process has been addressed by several investigators; the heat can be removed by the
circulating fluids.
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Extensive development work would be required before a treatment facility could be
designed and built. The treated wastewater would need tObe solidified before final disposal. Costs
for building and operating a treatment facility have not been estimated.

3.3 BIOIf)GICAL DHNrrRIFICATION

33.1 Process Description

Biological denitrification has been used at the Oak Ridge Y-12 Plant since 1976 to treat
highly concentrated nitrate wastes. More dilute waste streams are being treated in fluidized-bed
bioreactors at the Portsmouth Gaseous Diffusion Plant and the Fernald Feed Materials Plant.
The nitrate is converted to nitrogen gas and carbon dioxide. A readily biodegradable organic
carbon source must be supplied to the bacteria, and moderate temperatures (15 to 50°C) and pH
(7.5 to 8.5) must be maintained in the bioreactor for optimal denitrification rates. The feed stream
to the Y-12 bioreactors contains about 5 M total nitrate (mostly aluminum nitrate) and about
1.5 M nitric acid. Calcium acetate is supplied as the organic carbon source. The bioreactors can
treat about 2 g NO3-/L of reactor volume/d. The denitrification reaction produces enough
alkalinity to neutralize the feed and maintain a pH of about 7.5 in the bioreactor as long as the
feed solution contains less than 1.5 M free nitric acid. The bioreactor produces a sludge that
contains calcium carbonate, aluminum hydroxide and biomass._'s

Feeding highly concentrated nitrate wastes to a bioreactor is feasible only if the cations in
the waste will precipitate in the bioreactor. For soluble cations, such as sodium, the concentration
of the waste stream fed to the bioreactor is limited by the tolerance of the bacteria for the cation.
In the case of sodium, high denitrification rates have been observed at sodium concentrations up
to 1.2 Mr. It may be possible to isolate or develop bacterial strains that could tolerate even higher
sodium concentrations. Acute radiation experiments have demonstrated that 0.3 rad/s should not
adversely affect the denitrification bacteria?

33.2 Technology Status

Biological denitrification has been used for over 15 years to treat high nitrate-concentration
mixed wastes at the Oak Ridge Y-12 Plant. These wastes contain low concentrations of uranium,
but they do not contain fission products like most of the currently stored mixed wastes. The
process has not been tested on the high sodium-nitrate concentration mixed wastes that are stored
at DOE facilities.

33.3 Advantages

The main advantage of biological denitrification is that the nitrate is converted to nitrogen
gas at ambient temperature and pressure. The required equipment is simple, readily available, and
easily operated.

3.3.4 Disadvantages

Disadvantages of the process include both the narrow pH and salt concentration ranges that
the bacteria can tolerate and also a slow denitrification rate, which dictates large bioreactors.
Wastes that contain high sodium concentrations, which include most of the stored wastes, will
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require dilution prior to treatment. The sludge produced during the process would require further
treatment to stabilize or destroy the biomass to prevent off-gassing during storage.

3.3.5 Evaluation

t

Unless an order-of-magnitude improvement is found in sodium tolerance for denitrification
bacteria, the high-pH mixed wastes stored at Hanford, ORNL, and SRP would need to be diluted
significantly before biodenitrification could be used to destroy the nitrates. Also, the waste would
have to be neutralized; this would requue large amounts of acid and might solubilize additional
radionuclides and heavy metals. Significant effort has been expended in the past to reduce the
volume of these stored wastes as much as possible; consequently, diluting the wastes for nitrate
treatment would be very undesirable. The treated waste would require further treatment, such as
biomass destruction and grouting, before final disposal to solidify the waste and prevent off-
gassing during storage.

Acid waste streams, such as those at RFP and INEL, appear to be better candidates for
this technology, although these streams are currently being solidified. The wastes may need to be
partially neutralized with lime prior to treatment. Any dilute mixed-waste streams that may be
produced in the future would be good candidates for biodenitrification. The cost for operating the
Y-12 Plant bioreactors is about $4/kg NO3-, but costs for a remote-handled facility would be
much higher.

3.4 CtlEMICAL REDUCTION

3.4.1 Process Ek:scdption

A wide range of reducing agents, such as formic acid, formaldehyde, sugar, and ammonia,
can be used to convert nitrate to a mixture of nitrogen gas and NOx's. Examples of the reactions
that can occur with formic acid are shown below. I°

2HNO 3 + HCOOH -_ 2NO 2 + CO2 + 2H20 ;

2HNO 3 + 3HCOOH -* 2NO + 3CO2 + 4H20 ;

2HNO 3 + 4HCOOH -* N20 + 4CO2 + 5H20 ;

2HNO 3 + 5HCOOH -* N2 + 5CO2 + 6H20 .

The denitration of high-level waste (HLW) using formaldehyde has been performed for
many years at the Marcoule and La Hague plants in France and at the Tokai-Mura plant in
Japan. Formaldehyde is metered into a boiling solution of HLW at a controlled rate. Became the
process is used mainly to adjust the acidity and nitrate concentration of the HLW prior to
extraction processes, destroying ali the nitrate is not a goal of these facilities. There is normally an
induction period after the formaldehyde is added to the HLW before the reaction initiates. If
excessive amounts of formaldehyde build up in the solution before the reaction starts, rapid
reaction rates could produce high pressures in the reaction vessel. Several incidents of this type
have occurred in the full.scale facilities with minor consequences, lt There is also the possibility of
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an unstable oscillatory reaction, caused by periodic build-up of reactants followed by very rapid
reaction, occurring if noble metals, such as palladium, are present in the waste solution. _2

The off-gas will contain high concentrations of NOr; thus, treatment will normally be
required. The gas could be scrubbed, but this will produce large volumes of radioactively
contaminated nitric acid or nitrate salts that will require further treatment for disposal. The
preferred treatment for the off-gas would be catalytic reduction with ammonia, which will produce
nitrogen gas.13

3.4.2 Technology Status

Nitrate reduction with formaldehyde has been used for many years to reck_ce the acidity of
HLW at full-scale facilities in France and Japan. The process is potentially unstable, but it has
been successfully used for many years with only minor incidents.

3.4.3 Advantages

The process has been used for many years in full-scale facilities on acidic HLW.

3.4.4 Disadvantages

Because the nitrate is converted to nitrogen oxides rather than nitrogen gas, further off-gas
treatment would be required. Because the alkaline wastes at Hanford, ORNL, and SRP would
need to be acidified before treatment, huge amounts of acid would be required. The process is
potentially unstable; therefore, safety controls will be required to prevent a runaway reaction. The
process is not normally capable of destroying ali of the nitrate; consequently, substantial
concentrations of nitrate would still be present in the waste after treatment. Because the treated
waste would need to be solidified before final disposal, its volume would be increased.

3.4.5 Evaluation

The chemical reduction process has been used for many years in France and Japan without
serious incident, in spite of the potential for unstable or runaway reactions. The process has not
been tested on the alkaline mixed wastes stored at DOE facilities. Unless methods are developed
to use the process under alkaline conditions, large amounts of acid would be required for pH
adjustment before treatment. Also, extensive development work would be required before a
facility could be designed and built to process DOE wastes. The treated solution would require
solidification before final disposal. Cost for building and operating a chemical reduction facility
should be similar to those for the NAC process facility.

3.5 HYDROTHERMAL PROCESS

3.5.1 Process Description

The hydrothermal process is a variation of the chemical reduction process, with the
chemical reduction occurring at higher temperatures and pressures. The same range of reducing
agents could be used, but other, more refractory, compounds, such as ferrocyanides, which may
already be present in the waste, will also react with the nitrate under these conditions.
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Laboratory-scale tests have shown that formic acid can be used to destroy essentially all of
the nitrate in a 3 wt % NO3- solution within 2 h under acidic (pH = 4) or basic (pH -- 13)
conditions in a pressurized vessel (T = 350°C and pressure = 19 MPa). In th_ acidic solution,
essentially all of the nitrate was converted to nitrogen gas, but in the basic solution, only about
50% was converted to nitrogen gas, and the remainder was unaccounted for.14Other reductants,
such as ammonia, urea, methane, and hydrogen, were tested under similar conditions, but they
were found to be less effective, particularly at high pH.

Laboratory-scale tests have demonstrated that various organics and ammonia w/II react with
nitrate under supercritical or near supercritical conditions (450 to 525°C and 30 MPa). A mixture
of nitrogen gas and nitrous oxide iz produced from the mtrate. Potassium ferrocyanide, which is
present in the Hanford waste, will react with nitrate at 500°C and 30 MPa. Most salts are only
slightly soluble in supercritical water; for example, sodium nitrate has a solubility of 293 ppm at
525 °C and 24.8 MPa. Low solubility may make it difficult to get high sodium-nitrate-concentration
solutions into the reactor, but also opens the possibility for removing the reaction products (i.e.,
sodium hydroxide) and other radionuclides and heavy metals as a solid waste. Is

3.5.2 Technology Status _.

This technology has been tested in laboratory-scale experimen_ using a surrogate for the
Hanford tank waste and other more dilute nitrate solutions.

3.53 Advantages

This technology is similar to the chemical reduction process. The main advantages are that
organics present in the waste could be used to destroy nitrate, thus, converting the organics to
carbon dioxide and minerals. Also, both acidic and alkaline solutions could be treated using this
process. Under some conditions, almost ali of the nitrate can be converted to nitrogen gas. It may
be possible to separate most of the salts and some radionuclides and heavy metals as a solid
waste. If the majority of the salts are removed, the dilute water solution remaining could be
greatly reduced in volume by evaporation before solidification for final disposal.

3.5.4 Disadvantages

Because nitrates and other salts have limited solubility in supercritical water, plugging of the
lines to and from the reactor is a concern. Because the high temperatures and pressures used in
the process will increase corrosion rates, exotic materials will probably be required for the reactor.
Further processing, such as grouting, will be required to solidify the waste prior to final disposal.
Off-gas treatment may be required for NOx's.

3.5.5 Evaluation

This process has the potential for destroying nitrates in both acidic and alkaline wastes
without any required pretreatment. Under some conditions the nitrate is converted almost
completely to nitrogen gas. A major advantage of this method is that organics present in the waste
will be destroyed at the same time as the nitrate. The treated solution will require solidification
before final disposal, although the volume of solid waste may be greatly reduced if the salts are
separated from the supercritical water in the reactor. Extensive development work would be
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required before a facility could be designed and built. The costs for building and operating a
facility have not been estimated.

3.6 C-M..ClNATION

3.6.1 Pmcem Description

Aqueous radioactive wastes at INEL are stabilized and solidified in a fluidized-bed calcining
facility called the New Waste Calcining Facility (NWCI_. The 1.5-m diam calciner, which is
heated to 5000C by in-bed combustion, will process about 200 gal/h of waste, producing a dry
granular solid for storage. The NWCF treats a variety of wastewaters, including wastes high m
aluminum, zirconium, fluoride, and ammonia as well as nitrate. The concentration of sodium
nitrate in the feed is strictly controlled to prevent caking of the calcine. Sodium nitrate melts at
08°C, and mixtures of sodium nitrate with potassium, calcium, or magnesium nitrate melt at even
ower temperatures. Sodium nitrate decomposes to produce NazO and NO, in the range of 600 to

9000C, which is above the temperature limit for the NWCF. t6 Sinai! _mounts of sodium-bearing
wastes are calcined by mixing them with other waste solutions, but inventories of sodium wastes
are accumulating because of the limited amount of sodium allowed in the NWCF. The cost for
calcining waste in the NWCF is about $37/L ($130/kg NO3-). [13.H. O'Brien, Idaho National
Engineering Laboratory, Idaho Falls, Idaho, personal communication to P. A. Taylor, Oak Ridge
National Laboratory, Oak Ridge, Tennessee, March 24, 1993.]

Pilot-scale tests have demonstrated that the ratio of sodium wastes entering the NWCF can
be increased by adding sucrose to the waste solution. The sucrose reacts with the nitrate to
produce NO= as described in the chemical reduction processsection of this report. Potential
problems identified in the pilot-scale tests include possible plugging of off-gas filters by unburned
sucrose, increasing the amount of fines produced, and caking of the solids during storage. Further
development tests were recommended. 1_

At higher temperatures (>2000°C) nitrates can be converted directly to nitrogen gas. Pilot-
scale tests using a plasma torch have demonstrated that a mixture of sodium and potassium nitrate
can be convened to solid carbonates and nitrogen gas. The equipment consisted of a plasma
torch, which generates extremely high temperatures by passing nitrogen or argon gas through a
magnetically rotated electric arc producing an incandescent stream of ionized gas, and a graphite-
lined, coke-filled furnace that served as a reaction chamber. Is The coke reacted with the sodium
and potassium oxides produced by the torch to yield carbonates.

An aqueous waste, consisting of magnesium, aluminum, and calcium nitrates and nitric acid,
which simulated a raffinate waste produced at the Feed Materials Production Center at Fernald,
Ohio, was also calcined using a Westinghouse Marc 3 plasma torch. The torch was operated at a
power level of 98 to 173 kW with air as the carrier gas, which yielded a reactor temperature of
about 1200°C. The raffinate simulant was fed to the torch at a flow rate of 0.25 L/rain. The
reaction product was primarily metal oxides containing < 1% nitrates. With air as the carrier gas,
the torch generated about 1800 ppm NO in the off-gas prior to feed addition, which increased to
about 2100 ppm NO after feed addition. Most of the nitrates in the feed were converted to
nitrogen gas.19
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3.6.2 Technology Status

Calcination has been used at INEL for many years to solidify low-sodium wastes. Pilot-scale
tests have demonstrated that higher concentrations of sodium can be processed if sugar is added
to the waste solution. High-temperature processing, such as with a plasma torch, can decompose
nitrates to nitrogen gas and NOz and would destroy any organics in the waste. Pilot-scale tests
using waste surrogates have demonstrated that a plasma torch can convert a solution of metal
nitrates to solid metal oxides.

3.6.3 Advantages

Calcination is a well-established process for treating low-sodium concentration wastes. A
full-scale calciner has been operating at INEL for almost 30 years. Wastes with moderate
concentrations of sodium can be processed by appropriately blending them with other waste
streams. Pilot-scale tests have demonstrated that adding sugar to the waste solution can increase
the allowable concentration of sodium nitrate by chemically reducing the nitrate during calcining.

Pilot-scale tests have demonstrated also that a plasma torch can decompose a mixture of
sodium and potassium nitrate and a solution of metal nitrates. The nitrates are primarily
convened to nitrogen gas.

3.6.4 Disadvantages

The calcination process used at INEL will not work for the alkaline wastes stored at
Hanford, ORNL, and SRP, which are primarily sodium nitrate. The sodium nitrate melts, but does
not decompose, at the calciner's oPerating temperature of 500°C. The off-gas from the calciner
must be treateo to remove NO_, which is the p_nary decomposition proOuct of metal nitrates at
500°C.

High-temperature processes, such as using a plasma torch, would require extensive
development work before a full-scale facility could be designed and built. Sodium nitrate would be
converted to sodium oxide, which is very reactive and hygroscopic. Using a coke-filled furnace
would convert the oxides to carbonates, which are stable, but would make the solids difficult to
recover. The amount of radionuclides that would be volatilized during _.heprocess has not been
determined.

3.6.5Evaluation

Calcination is a well-established process for solidifying low-sodium concentration wastes.
Using the technology to treat the high sodium.nitrate.concentration wastes stored at most DOE
facilities is not feasible at the present. The cost for calcining waste in the NWCF is about $37/L
($130/kg NO3-). (B. H. O'Brien, Idaho National Engineering Laboratory, Idaho Falls, lD,
personal communication to P. A. Taylor, Oak Ridge National Laboratory, Oak Ridge, Tennessee,
March 24, 1993).

Higher temperature processes, such as a plasma torch, can convert sodium nitrate to
nitrogen gas and sodium oxide, which is very reactive and would require stabilization. Enough
energy would need to be supplied to evaporate all of the water from the waste solutions. The fate
of the radionuclides in the waste has not been determined.



7. SUMMARY

A wide variety of high nitrate-concentration aqueous ndxed (radioactive and RCRA
hazardous) wastes are stored at various DOE facilities. Examples of the composition of the major
nitrate-containing wastes were listed. These w_tes will ultimately be solidified for final disposal,
although the final methods and criteria for solidification and disposal are still being developed.
The nitrates in the waste will generally increase the volume or reduce the integrity of the final
waste form; therefore, nitrate destruction before solidification will generally be beneficial. This
report has described the various technologies that could be used to destroy the nitrates in the
stored wastes..Ali the technologies identified, except the calcining of low sodium-concentration

•wastes, will require further development work before a facility can be designed and built for
treating the stored wastes. Several of the technologies have particularly attractive features: the
NAC process produces an insoluble weste form with a significant volume reduction,
electrochemical reduction destroys nitrates without any chemical addition, and the hydrothermal
process can simultaneously treat nitrates and organics in both acidic and alkaline wastes.

Three processes have been used to treat high nitrate-concentration wastes at full-scale
facilities. Calcining is a vL_ell-establishedprocess at INEL for solidifying low sodium-concent_tion
waste streams, but it is not applicable to the alkaline wastes stored at most other DOE facilities.
Biological denitrification is also being used at the Y-12 Plant in Oak Ridge, Tennessee, to treat
wastes containing high concentrations of aluminum nitrate and nitric acid. Wastes with high
sodium concentrations, which include most of the stored wastes, would require neutralization and
signi_cant dilution before biodenitrification was possible. Chemical reduction has been used in
Europe and Japan to treat acidic high-level wastes for many years. The process will not normally
destroy ali the nitrate in the waste and will not work in alkaline solutions. None of these
technologies appear promising for treating the high-nitrate-con_ntration, alkaline, mixed wastes
sto_ed at most DOE facilities.

"Ihree technologies appear to merit further development: the NAC process, electrochemical
reduction, and hydrothermal treatmenL Each process has unique advantages and disadvantages,
but each will require significant experimental work to determine its respective applicability for
full-scale treatment of specific waste streams. C,ost estimates have been made for some of these
technologies, the NAC process in particular, based on limited design data. It should be noted that
the operating costs for the calcination process at INEL, which is the only process currently being
ttsed on highly radioactive wastes at a DOE facility, are considerably higher than the estimates
_hAthave been made for the other processes, even though the calcination process is less
complicated.

It is recommended that development work continue on the NAC, electrochemical
destruction, and _ydmtbermal processes. More information is needed on the capabilities and
potential problems of these processes before a reasonable decision can be made to determine
which would be the best method for treating a particular waste stream. Also, the overall system
requirements for radioactive waste disposal, and in particular the waste acceptance criter;_afor the
final waste form, will need to be finalized before a determination can be made on whe0_er nitrate
destruction is required, as well as providing criteria for comparing the various nitrate destruction
processes. The development work should include pilot-scale tests to further define the operating
limits, through-puts, required process/safety controls and economics of the processes, and small-
scale tests on actual waste solutions to identify any potential problems caused by minor waste
constituents.
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