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TRANSFORMATION OF UREX EFFLUENTS TO SOLID OXIDES BY 
CONCENTRATION, DENITRATION, AND CALCINATION 

by 

George F. Vandegrift 

ABSTRACT 

A literature survey was conducted on the potential means for converting 
two aqueous streams from the UREX process to solid oxides. The UREX process 
is similar to the PUREX solvent-extractions process and is designed to separate 
U, Tc, and I from the transuranics and other fission products contained in spent 
fuel. It was determined that converting these waste streams to oxides is 
technically feasible by a combination of evaporation, denitration, and calcination. 

EXECUTIVE SUMMARY 

Accelerator Driven Transmutation of Waste (ATW) provides an alternative to the direct 
disposition of spent nuclear fuel by converting the transuranic elements and long-lived fission 
products contained in this waste to stable or short-lived fission products. Key to the success of 
ATW is the development of the UREX solvent-extraction process, which would separate U, Tc, 
and I fi-om the transuranics and other fission products contained in spent fiael. 

This report summarizes a literature survey on potential means for converting two aqueous 
effluents from the UREX solvent-extraction process to solid oxides. One stream is the uranium 
product. This stream will be essentially pure uranium nitrate hexahydrate (UNH) in dilute nitric 
acid. It must be concentrated and then calcined to a UO3 solid for disposal as low level waste. 
The second stream is the raffinate from the extraction section. This stream will contain 1-3 M 
HNO3 and essentially all the fission-product and transuranic isotopes. This stream must be 
converted to a solid oxide for feed to the PYRO-A process, which partitions the transuranics 
fi-om the fission products. Literature was reviewed on methods of concentrating, denitrating, and 
calcining these streams. The emphasis was on well-developed, industrial-scale operations. 
Conclusions drawn from this literature survey follow. 

Transforming the uranium product stream of a PUREX process to UO3 by a combination 
of evaporation, denitration, and calcination is commonly practiced in the nuclear commercial and 
defense industries. Converting solutions of UNH in dilute nitric acid to UO3 is being done 
commercially in Europe and Japan. From the 1950s until recently, Department of Energy 
defense sites have been doing this operation routinely. Therefore, needs for R&D would be only 
at the pilot-plant scale. The major purpose of this work would be (1) to regain U.S. experience 
and (2) to achieve process optimization under current environment, safety, and health (ES&H) 
constraints. 



Transforming the raffinate of the UREX process to oxides by a combination of 
evaporation, denitration, and calcination is technically feasible. However, no industrial process 
IS ongoing that takes this stream to an oxide product. The UREX raffinate stream differs from 
the PUREX high-level liquid wastes (HLLW) currently being treated in that it will contain the 
full complement of transuranic isotopes (TRU) from commercial fuel. Significant concentrations 
of plutonium in the raffinate require all tanks and equipment to be criticality safe by geometry. 
Further, in Europe and Japan, the raffinate is only concentrated and denitrated to the point that 
solids do not precipitate. The concentrated solution is then either neutralized with sodium 
hydroxide for storage or fed to a glass melter for disposal. The PUREX raffinate was calcined 
for storage at the Idaho National Engineering and Environmental Laboratory, but criticality was 
not of concern with this HLLW due to the low TRU content. For these reasons, the R&D needs 
for the UREX raffinate are far greater than those for the uranium product. 

The required combination of concentration, denitration, and calcination must be 
optimized for UREX raffinate treatment. Concentrating the raffinate while recovering the nitric 
acid for recycle by a combination of evaporation and chemical denitration is likely to lead to 
reduced capital and operating costs. Fluidized-bed calcination appears to be the best method for 
forming the oxide, but designing a criticality-safe-by-geometry calciner could be a technical 
challenge. Storing and transporting the TRU-bearing oxide are challenging because of (1) 
criticality concerns due to its plutonium content and (2) the radiation field and heat output due to 
its '"Cs and '"Sr content. The chemical effects due to TRU content on calcining must also be 
studied. 

I. INTRODUCTION 

This report discusses potential means for converting two aqueous effluents from the 
UREX process to solid oxides. A literature review was conducted to look at methods of 
concentrating, denitrating, and calcining these streams. The emphasis was on well-developed, 
industrial-scale operations. The UREX process is a key step in the Accelerator-Driven 
Transmutation of Waste (ATW) treatment, an alternative to the direct disposition of spent 
nuclear fuel that involves converting the transuranic elements and long-lived fission products 
contained in the waste to stable or short-lived fission products [LAIDLER-19991. Applying the 
ATW treatment to the nation's spent nuclear fuel would enhance the capability of the planned 
high-level waste repository and, perhaps, eliminate the need for an additional repository. 

One stream from the UREX process is the uranium product. This stream will be 
essentially pure uranium nitrate hexahydrate (UNH) in dilute nitric acid. It must be concentrated 
and then calcined to a UO3 solid for disposal as low level waste. The second stream is the 
raffinate from the extraction section. This stream will contain 1-3 M HNO3 and essentially all 
the fission products and transuranic isotopes. This stream must be converted to a solid oxide for 
feed to the PYRO-A process, which partitions the fission products and transuranics. 

Concentration, denitration, and calcination of feeds close to those from the UREX 
process have been performed successfully in die nuclear industry throughout the worid for 
decades. Many of the literature citations are >40 years old. It is not a question of can these 



streams be transformed to oxides, but what are the most economical and reliable means of doing 
so? 

Section II summarizes information on the conversion of the uranium product to UO3 
solid. Section III summarizes literature references on concentrating, denitrating, and calcining of 
high-level liquid waste (HLLW). Section IV concludes the report with technical needs. 
References are found in Section V. 

II. CONVERSION OF THE URANIUM PRODUCT TO UO3 

Conversion of dilute nitrate solution to uranium oxide product has been reviewed [SHAW-
1961]. This operation requires high throughput, criticality control (especially for high 
enrichments), low uranium loss, and high purity of the uranium . Control of dust is also very 
important due to potential contamination of the plant. 

Denitration to UO3 is a two-step process. The first step is to concentrate the solution to a 
molten hydrated salt of uranium nitrate with a composition of essentially U02(N03)2*6H20. The 
second step is the thermal decomposition of this molten salt to granular uranium trioxide. The 
batch process [SHAW-1961] uses an evaporator followed by a boil-down tank to concentrate the 
feed to approximate the composition of U02(N03)2*6H20 (UNH). Leaving the evaporator, the 
concentrate is fed to a hold tank, where it is fed in batches to the denitration pot. This pot was 
made of Type 347 stainless steel to minimize contamination by corrosion products. The 
denitration step diagrammed in Shaw et al. (Fig. 8.1) processed 275 gal (1040 L) in 10 hours. 
The product is removed from the pot by vacuum "gulping." The UO3 product must be 
pulverized before further processing. Table 1 gives the approximate composition of various 
process streams. 

Table 1. Major-Constituent Composition of Process Streams for Batch 
Generation of UO3 

[Fe],' [Ni]," 
Stream [U] [HNO3] ppm ppm [TBP] 

Evaporator Feed 90 g/L 0.03 M 

Evaporator Product 3 60 g/L 0.15 M 

Boil-Down Product 49.5% 0.0% 

UO3 Product 82.5% -' 25 

5 

10 

15 

3 

3 

5 

0.08 g/L 

0.02 g/L 

0.0% 

The product was determined to contain 0.5% nitrate. 
'' The Fe and Ni are from corrosion of the stainless steel equipment. 

' For producing a uranium-oxide product for waste, purity concerns are far less important so long as the pertinent 
regulatory requirements on purity are met. 



Pot denitration is a batch process and has several disadvantages: 

• High installation cost 

• Low heating efficiency 

• Manual operation 

• Pot failure due to stress cracking. 

Therefore, continuous processes were developed for this operation. Continuous processes cited 
by Shaw et al. are: 

• Fluidized bed [JONKE-1957, KNECHT-1997] 

• Moving beds [CATALYST-1953, MOORE-1955] 

• Spray calciners [ALLEN-1949, ROSZKOWSKI-1953] 

• Dmm-drying calcination [SHAPIRO-1955] 

• Agitated-trough calcination [SHAW-1961 ] 

• Other processes [SHEPARDSON-1959, LOUDIN-1961 ] 

Of the above, spray and agitated-trough calciners appear to have the greatest potential for 
high throughput and ease of operation. Shaw et al. discussed the agitated-trough calciner in 
detail. The calcined product from this unit was uniform, spherical pellets that would be easily 
transferred and would eliminate a serious fine-particulate problem caused by pulverization. 

Chemical denitration by ammonia and/or hydrogen peroxide was also discussed. In the 
United States, these processes were used almost exclusively for highly enriched uranium 
[GOOGlN-1961, GRAINGER-1956, BARD-1954, THOMPSON-1961]. The ammonia process 
has been used in Great Britain [BARD-1954]. The peroxide process has been used in France 
[GOLDSCHMIDT-1956] and Belgium [BELGIUM-1956] for normal uranium production. 

III. CONVERSION OF THE UREX RAFFINATE TO SOLID OXIDES 

The UREX raffinate stream will contain essentially all components of the original fuel 
but the hardware, cladding, iodine, and uranium.^ The fuel will be chopped and leached, and 
>99% of the iodine will be scrubbed from the off-gas during dissolution in nitric acid. The 
uranium will be extracted by the UREX solvent; residual uranium will be <0.1% of that in the 
fuel. About 1% of the solid content of the raffinate from PUREX plants comes from stainless-
steel corrosion products [MERZ-1986]; this would also be expected from a UREX plant. The 
UREX process is being developed so that no additives will add to the mass of the solidified 
stream. The nitric acid concentration in this stream will be between 1 and 3 M. 

The fate of Tc is controlled by the chemistry of the aqueous separation. Recent results verifying the proposed 
UREX flowsheet [LAlDLER-1999] showed that most of the " T C would report to the raffinate. However, 
modifications to that flowsheet could allow extraction and subsequent stripping of technetium into a separate 
product stream. Another possibility is separation of technetium from the raffinate following UREX and before 
solidification. 



Converting the raffinate to an oxide solid c7alls for a combination of concentration, 
denitration, and calcination. The first two operations are standard for reprocessing plants, and 
industrial experience is plentiful [MERZ-1986, BRESCHET-1986, CECILLE-1986A, 
CECILLE-1986B, CECILLE-1986C, KLONK-1986, BRAY-1963]. The entire denitration 
process can be performed thermally; however, evaporation is limited by the formation of an 
azeotrope at 38.3 mol% nitric acid. Because both water and nitric acid are being removed at the 
azeotrope, solid precipitation will occur as the solution is concentrated. Therefore, evaporation 
is only part of the answer. Foaming, scaling, and corrosion are common problems in a liquid 
waste evaporator. Further, concentration followed by calcination is typified by the formation of 
aerosols and an oxidizing environment, which promote undesired volatilization of some elements 
in the off-gas. Difficulties can also be encountered in (1) thermal decomposition due to the 
nitrate salts melting before decomposition, and forming syrupy concentrates and (2) 
decrepitation of solid particles. Both these concerns add to control problems and off-gas 
contamination. However, solidification of concentrated PUREX raffinate was performed 
successfully at the Idaho National Engineering and Environmental Laboratory (INEEL) for 
decades using fluidized-bed calcination [KNECHT-1997]. 

Other means of denitration (e.g., high temperature/pressure thermochemical [COX-1992] 
and supercritical-water oxidation [ROBINSON-1993]) have been studied, but they have maturity 
and large-scale-practicality concerns. Electrochemical denitration has also been advanced over 
the years. Its major advantages are: (1) does not require chemical addition, (2) in principle, 
should be easily controlled, and (3) all nitrate (nitric acid and nitrate salts) could be destroyed by 
this method. However, this technology has many practical problems that have kept it fi-om 
becoming a functioning industrial-scale alternative [MERZ-1986]. Chemical denitration, mostly 
with simultaneous concentration by evaporation, will be discussed below, followed by INEEL 
experience with fluidized-bed calcining. 

A. Chemical Denitration 

Chemical denitration is widely used. Typical denitration agents are formic acid, 
formaldehyde,'' and sugar.' Formaldehyde and formic acid are by far the most studied and 
employed. Sugar denitrates in a controlled, but slow fashion. It allows the use of uncomplicated 
equipment, and sugar costs less than formic acid and formaldehyde. However, sugar denitration 
is likely to become the rate-controlling step of a waste treatment process. Its use during spray 
calcining of high-sodium waste destroyed the nitrate and produced a denser, free-flowing 
product. The French AVM process adds sugar in operating its rotary kiln. Denitration with 
sugar is slower but, on the positive side, requires no special controls. The overall reaction can be 
written: 

' The following references provide details on the reaction of nitric acid and nitrate salts with formic acid: 
[BRADLEY-1972, BRESCHET-1986, CEC1LLE-1986A, CECILLE -1986C, COX-1992, GERMAlN-1974, 
HEALY-1956, HEALY-1958, HOLZE-1979, HOLZE-1980, KELM-1985, KUBOTA-1979, MERZ-1986, 
MORRlS-1957, OREBOUGH-1976, SAUM-1981]. 
"" The following references provide details on the reaction of nitric acid and nitrate sahs with formaldehyde: 
[CECILLE-1980, CECILLE-1986A, CECILLE-1986B, DIX-1985, EVANS-1956, FORSMAN-I963, 
HALASZOVICH-1985, HALASZOVlCH-1986, HEALY-1954, HEALY-1956, HEALY-1958, KOCH-1972, 
MERZ-1986, MORRIS-1957]. 
' The following references provide details on the reaction of nitric acid and nitrate salts with sugar: [BRAY-1963, 
GOMPPBR-1986, JOHNSON-1961, MACDOUGALL-1982] 



C,2H220n + 48 HNO3 -^ 48 NO2 + 12 CO2 + 35 H2O 

Alternatives to formaldehyde, formic acid, and sugar have been studied, but none has shown 
sufficient benefit for their development to be taken above laboratory studies. 

An added benefit of chemical denitration is that volatilization of ruthenium' [ODOJ-
1980], and presumably other volatile species, will be significantly reduced in the subsequent 
calcining operation. Further, although the addition of formaldehyde or formic acid destroys 
nitrate, they do not depassivate stainless steel-thus lessening corrosion concerns [DUKE-1960]. 

1. Chemistry of Denitration bv HCO.H and HCHO 

Denitration results quoted in the literature are often different and, in some cases, 
contradictory [MERZ-1986, CECILLE-1986A]. The multiple oxidation states of nitrogen and 
the differences in solution composition, the redox condition, and process conditions lead to five 
main reactions of nitric acid with formic acid and formaldehyde [HEALY-1954, HEALY-1956, 
HEALY-1958, HOLZE-1979, HOLZE-1980, HALASZOVICH-1986, KOCH-1972]. For fonnic 
acid, the reactions under a variety of conditions are shown in Table 2. Table 3 shows the 
formaldehyde reactions. The similarities between these reaction sets are tied to the fact that the 
first step in oxidation of formaldehyde is the formation of formic acid. Data presented in 
[HALASZOVICH-1986] show the striking similarity of reaction products for formic acid and 
formaldehyde destruction of nitric acid when the processing conditions are identical. These data 
are presented in Table 4. 

Gompper summarized alternatives that have been considered [GOMPPER-1986]. Along with sugar, alternatives 
discussed were (1) organic complexing agents (citric acid, EDTA, tartaric acid, and oxalic acid), (2) glycerin 
[RICHTER-1974], (3) ethanol, and (4) diethyl oxalate [GOMPPER-1985], Very little is said about the first two 
reductants on the above list. Glycerin is only applicable at high nitric acid concentrations, and complexation agents 
are said to be effective in a radiation field. Denitration by diethyl oxalate is essentially denitration by ethanol; its 
reaction with nitric acid begins with an induction period, when ethanol is formed from the hydrolysis of the ester. 
The predominant reactions of ethanol and nitric acid can be written: 

2 C2H5OH + 6 HNO3 -^ 3 N2O + 4 CO; + 9 H2O 
C2H5OH + 4 HNO3 -> 4 NO + 2 CO2 + 5 H2O 

Ethanol denitration has some advantages over formic acid and formaldehyde. These include: 
Less off-gas is produced per mole of ninic acid destroyed. 
Less ethanol is required per mole of nitric acid. 
Ethanol is a much cheaper reagent. 
At 75-80°C, the reaction does not have an induction period. 
Excess alcohol can be recovered by distillation. 

On the negative side: 
This reaction has been far less studied and has many unanswered chemistry and process concems. 
Flammability of the off-gas stream is a safety concern. 

:reasing the nitrate concentration in the feed to a glass melter from 10 to -0.3 M decreased the Ru volatilizafion 
by four orders of magnitude. This would very likely be true in calcination. 
'Deci 



Table 2. Reactions of Nitric Acid with Formic Acid under Various Conditions 

Process Conditions Principal Reaction 

[HNO3 ;M 

0.5 M < [HNO3] < 8 M { 
Moderate Excess of HCOOH 

Large Excess of HCOOH 

2 HNO3 + HCOOH -> 2 NO2 + CO2 +2 H2O 

2 HNO3 + 2 HCOOH -> NO -I- NO2 + 2 CO2 +3 
H2O 

2 HNO3 + 3 HCOOH -> 2 NO + 3 CO2 + 4 H2O 

2 HNO3 + 4 HCOOH -^ N2O -̂  4 CO2 + 5 H2O 

2 HNO3 + 5 HCOOH -^ N2 + 5 CO2 + 6 H2O 

Table 3. Reactions of Nitric Acid with Formaldehyde under Various Conditions 

Process Conditions Principal Reaction 

[HNO3] > 8 M 

0.5 M < [HNO3] < 8 M { 

Moderate Excess of HCHO 

Large Excess of HCHO 

4 HNO3 + HCHO -^ 4 NO2 + CO2 +3 H2O 

4 HNO3 + 2 HCHO -> 2 NO -H 2 NO2 + 2 CO2 + 
4H2O 

4 HNO3 + 3 HCHO ^ 4 NO -̂  3 CO2 + 5 H2O 

4 HNO3 + 4 HCHO -^ 2 N2O -̂  4 CO2 + 6 H2O 

4 HNO3 + 5 HCHO ^ 2 N2 + 5 CO2 + 7 H2O 

Table 4. Effects of Operating Conditions on the Composition of the Nitrogen-
Oxide-Containing Off-gas for the Reaction between a Solution of Nitric 
Acid and Sodium Nitrate with either Formic Acid or Formaldehyde" 

Operation 

Organic fed into 
boiling nitrate 

Nitrate fed into 
boiling organic 

Addition of Either HCOOH or 

NO' 

HCOOH HCHO 

68 71 

22 28 

NO2' 

HCOOH HCHO 

4 5 

3 2 

HCHO, %" 

N2O' 

HCOOH 

28 

75 

HCHO 

24 

70 

Cecille and Kelm did not provide any information on the compositions of the feeds, volumes, equipment, 
etc. [CECILLE-1986A1. 

It was not specified if these were volume, mole, or mass percentages. 
'Gas composition is the average of the compositions measured throughout the denitration experiments. 

Because it is a batch process, the concentrations of HCOOH/HCHO and nitrate vary with time. 
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The main emphasis on nitrate destruction research has actually been on nitric acid 
destniction. In general, chemical denitration proceeds until the only nitrate remaining is trom 
alkali and alkaline-earth salts. These salts can only be denitrated with great difficulty; complete 
removal of nitrate from solutions with high sodium content is impossible. Destniction ot nitrate 
salts by formic acid can follow two paths-fomiation of hydroxides (exemplified by the reaction 
of ferric nitrate) and formation of formate salts (exemplified by the destniction of aluminum 
nitrate) [OREBOUGH-1976]. These reactions are: 

2 Fe(N03)3 + 9 HCOOH -^ 6 NO + 9 CO2 + 6 H2O + 2 Fe(0H)3 

2 A1(N03)3 + 18 HCOOH ^ 3 N2O +12 CO2 + 15 H2O + 2 Al(HCOO)3 

Addition of phosphoric acid will allow almost complete destruction of nitrate [DIX-1985]. 
However, the consequences of phosphate in the product must be analyzed. 

The actual mechanism for the denitration is far more complex than suggested by the 
above equations. Denitration reactions are generally characterized by an induction period, which 
is detrimental to process control and is a significant safety concern. A slow startup of the 
reaction could lead to a buildup of reactants, which, when the reaction takes off, could 
overpressurize the reaction vessel. Four parameters appear to affect the duration of the induction 
period for nitric acid destruction by formaldehyde or fonnic acid: 

• Temperature 
• Concentrations of the reductant and nitric acid 
• Concentration of nitrous acid 

• Surface state of the reactor walls 

The need to build up a steady-state concentration of HNO2 appears to be the overriding reason 
for the induction period. It is believed that the induction period is the time necessary for the 
concentration of nitrous acid to build up to a threshold concentration between 0.01 and 0.1 M 
[LONGSTAFF-1954, KUBOTA-1979, GERMAIN-1974]. Adding sodium nitrite to the mixture 
can be used to eliminate the induction period [KUBOTA-1979]. 

Several researchers have studied the rate of destruction of nitric acid by formaldehyde 
[MORRIS-1957] and formic acid [MORRIS, HEALY-1956, HOLZE-1980, SAUM-1981] under 
a variety of conditions. The rate laws vary but, in general, show higher-than-first-order 
dependencies for both the organic-reductant and nitric-acid concentrations. The presence of 
nitrate salts increases the denitration rate; this is easily explained by a higher nitrate 
concentration in the reaction vessel. Increasing the overpressure also appears to increase the 
reaction rate; this can be explained by NO2 being an important intermediate in the reaction. 
Denitration is performed at a slight overpressure (+ 100-mm H2O) at the CEA-Fontenay-aux-
Roses [CECILLE-1986B]. Substituting argon for air in the reactor has no significant effect on 
the rate. Bubbling air through the mixture lowers the rate, apparently due to its removing the 
gaseous reactants from solution [CECILLE-1986]. An increase in the rate due to the presence of 

At temperatures > 100°C, the induction period is minimal. 



noble metals (Rh and Pd) is marginal; however, they may affect the consumption of the 
reductants by secondary reactions and may affect the rate oscillations sometimes seen in nitrate 
destruction [HOLZE-1980, KRAUSE-1972, SAUM-1981]. 

A possible mechanism for the overconsumption of the organic reductant is shown for the 
catalyzed destruction of formic acid by palladium in the following equations: 

Pd̂ "" + HCOOH ^ 2 H^ -I- CO2 + Pd(biack) 

HCOOH ^ H2 + CO2 

These reactions have serious consequences. Production of hydrogen gas is a significant 
safety concern. Studies of off-gas compositions have found H2 gas to be 10 vol% under some 
conditions. Another important effect of the presence of noble metals, especially when palladium 
and iron are present in the solution, is oscillation in the reaction rate and, therefore, the off-gas 
generation [HOLZE-1980]. This effect is most often seen when nitric acid is slowly fed into 
boiling formic acid. The effect can be explained by the nitrous acid concentration increasing and 
decreasing due to the buildup and dissolution of palladium black, with the Fe(in)/(II) couple 
acting catalytically. Noble metals catalysis may also convert NO gas to ammonia under some 
conditions. 

2. Industrial Denitration of Radioactive Waste 

Klonk and Stehle looked into economic incentives for denitration of two streams: (I) the 
PUREX first-cycle raffinate (HAW)' and (2) a combined concentrate from secondary process-
related streams (MAWC) [KLONK-1986]. The main objection to chemical denitration in a fUel-
processing plant is the safety and material-handling concems associated with formaldehyde and 
formic acid. (These concems will be discussed in a following section.) In addition, to be used in 
a plant, the denitration process must be easily controlled and not result in foaming or solids 
formation. Even with these concems, there are strong justifications for considering denitration 
of these waste streams: 

• The corrosion of downstream equipment is decreased. 

• Radioactivity in the off-gas streams is reduced. 

• The nitrogen oxides in the off-gas can be reconverted to nitric acid and 
the nitric acid recycled to the dissolver. 

• If neutralization of the streams is required for storage or disposal, the 
amount of sodium nitrate generated is reduced. Also, the disposed or 
stored waste will have a smaller volume. 

For these reasons, chemical denitration was selected for the 2-ton/day Wackersdorf Reprocessing 
Plant. The plant designers chose formaldehyde for denitration of the HAW and formic acid for 
MAWC denitration. At the time of this decision, the formaldehyde denitration was already in 

' Also designated as high-level liquid waste (HLLW). 
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operation at AVM at Marcoule, and the formic-acid denitration had not yet been demonstrated 
using radioactive feeds. 

Before denitration, the HAW was to be steam-stripped and concentrated ten times in a 
pot evaporator, with a continuous feed and batch take off The nitric acid was steam distilled to 
give 1.5 M HNO3. The denitrator was a pot-type evaporator heated by pressurized water at 
150°C. One batch of 3.8 m' took 40 hours for denitration and 56 hours for the entire process. 
The reaction products were recombined to form nitric acid for recycle. In this 2-ton/day 
reprocessing plant, this recycle was estimated to be 60 tons of nitric acid per year, 13% of the 
nitric acid balance. 

The nitric acid concentration in low- or medium-activity waste streams for typical plants 
was expected to be -0.16 M- The waste solutions were to be concentrated by a factor of 20. 
Denitration would occur in a pot-type evaporator heated by pressurized water at 135°C. The 
vessel is initially filled with the required amount of formic acid, which is brought to boiling. A 
volume of 950 L of concentrate is fed to the pot during a five-hour period. An additional five 
hours is required to complete the reaction, destroy excess formic acid with hydrogen peroxide, 
and concentrate the remaining salt solution. Because the amount of nitric acid is small for this 
stream, nitrogen reaction products would be acceptable for release rather than recycle. 

Cecille and Lecomte looked at denitrating actual high-level liquid waste (HLLW) in a 
pilot-scale facility [CECILLE-1986C]. Before denitration with formic acid, 50 L of PUREX 
raffinate (3.3 M HNO3) was concentrated by a factor of five. Denitration by a 1-to-l mole ratio 
of formic acid to nitric acid brought the nitric acid down from 12.8 to 4.7 M. Concentrated 
formic acid was added to the 80°C HLLW at a rate of 500 mL/h. The reactants were then kept at 
80°C for 4 hours under slight overpressure. The final concentration of nitric acid was 4.7 M. 
Following a second concentration step, 4 L of HLLW was denitrated to 3 M HNO3. No 
precipitates were formed if the nitric acid concentration was kept above 3 M. A third denitration 
brought the concentration of nitric acid down to 1.08 M. After cooling, ~200 mL of black 
precipitate was filtered and found to contain 30% of the plutonium. The volume of the filtrate 
was not given. 

Thirty years' experience in the use of formaldehyde to denitrate HLLW has shown it to 
be reliable and safe [BRESCHET-1986]. Evaporation and denitration are run in a kettle-type 
evaporator with external heating. A condenser with partial reflux recombines NOx to form 
nitric acid. Recombination is completed in a separate unit that adds oxygen to prepare nitric 
acid for recycle to the plant. The unit is started up by bringing the HLLW to a boil. A small 
amount of sodium nitrite is added, and then starting the HCHO feed begins the denitrating 
process. The process is semicontinuous; the HLLW is added at a continuous rate while 
formaldehyde is added at a rate dependent on the gas generation. The liquid level in the 
evaporator is kept constant and can be controlled by the flow rate of formaldehyde, heating 
power to the evaporator, and/or the feed flow rate. Acidity of the concentrate is checked at least 
twice per day by sampling. At shutdown, the evaporator is put in total reflux to destroy any 
remaining HCHO and by-products. Heat to the evaporator is then stopped. When the 
temperature reaches 60°C, the HLLW concentrate is transferred to storage by a steam jet. The 
HLLW product is concentrated by about a factor of 20 during this operation. 
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The French Company SGN has designed several of these concentration/denitration units 
for use at Marcoule and La Hague in France and for Tokai-Muri in Japan. The concentrated 
product is 1-3 M HNO3 to avoid precipitation of solids. The decontamination factor of the 
overheads is usually 10^-10^ Concentration factors are not limited by the process, but by the 
salt content (solubility limits) or specific heat requirements of the plant. Safety concems 
associated with the potential for an induction period are minimized by starting with a hot feed 
(>95°C), the acidity of the feed (free acid is maintained at ~2 M), and addition of sodium nitrite 
(100-200 mg/L). 

3. Safety Concems 

According to Merz, formic acid should always be added to a boiling waste solution under 
a slow purge of inert gas [MERZ-1986]. Doing so avoids safety problems due to (1) loss of 
control of the reaction, (2) formation of explosive formic-acid/air mixtures, and (3) formation of 
formate-salt precipitates. 

Schulenberg performed a safety analysis on the use of formic acid to denitrate high-level 
PUREX process waste of a planned German reprocessing plant [SCHULENBERG-1986]. In the 
planned process, PUREX raffinate would be fed batchwise to boiling formic acid. The fonnic 
acid would be three times that required to reduce the nitric acid. The vessel analyzed was sized 
to treat 100 L of raffinate per batch with a design pressure of 3 atm. It was heated on the outside 
by 3-atm steam (133°C). With no water vapor present, a gas mixture of air with 17 to 61 vol% 
formic acid can be explosive. A minimum ignition temperature of 520°C is required [KELM-
1987]. A critical gas composition (air/formic-acid/water-vapor) will always occur in the 
denitration vessel when the formic acid is pretreated if the vessel initially contained air. Further, 
it is likely to be present during the first 10-20 minutes of liquid-waste addition. However, when 
the formic acid concentration in the liquid falls below 20 M, the gas composition becomes 
subcritical. With no evident ignition source the risk of explosion is considered low. The risk can 
be lowered flirther by (1) using nitrogen as a sweep gas and (2) designing the vessel and off-gas 
system to withstand pressures of 10 atm, which is considerably higher than the calculated (5.5 
atm) and observed (3.7 atm.) maximum explosion pressure. At boiling temperatures, the 
reaction rate (and, therefore, the gas-production rate) increases linearly with the waste-addition 
rate. In the German system, increasing the feed rate by 10 would not generate a critical mass 
flux. However, if the feed is added before boiling temperature is reached, nitric acid could build 
up because of the induction period. Since the induction period is inversely dependent on the 
temperature of the solution, Schulenberg recommends that both the solution temperature and the 
gas generation rate be monitored as controls for the feed rate [SCHULENBERG-1986]. 
Moreover, the feed rate should be low until gas production is seen. 

Plant experience with formaldehyde denitration has showed it to be safe and reliable 
[BRESCHET-1986, KLONK-1986]. 

Whenever heafing of PUREX aqueous streams is anticipated, "Red-Oil" is a topic of 
discussion. Violent degradation of "Red-Oil" was measured by Nichols in 1960 at temperatures 
above 130°C [NICHOLS-1960]. The exact composition of "Red-Oil" is not known, but it is 
composed of complexes of tributyl phosphate (TBP) and its degradation products with nitric 
acid. Also, heavy metals are considered to play an important role in Red Oil's degradation. It is 
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believed that adding the waste to boiling formic acid would be advantageous to preventing 
violent reaction. If TBP/nitric-acid complexes were in the solution, they would be added 
sparingly over time and, therefore, would not build up. 

In summary, formic-acid and formaldehyde denitration of PUREX wastes is controllable. 
The oscillatory reaction is understood and means to avoid it are set. The temperature of the 
waste and the means of addition of the HCO2H or HCHO are critical to the control and, 
therefore, safety of the operation. Nuclear cnticality has not been of concern for concentration 
of PUREX first-cycle raffinates. However, the UREX raffinate will contain significant 
quantities of plutonium. Therefore, as is standard for enriched-uranium- and plutonium-product 
streams, all equipment for the UREX raffinate must be criticality safe by geometry. 

B. Fluidized-Bed Calcination of the UREX Raffinate 

Use of a fluidized-bed calciner alleviates many of the concerns discussed above for 
calcining the UREX raffinate. The following summarizes the benefits of, and the Department of 
Energy experience in, using fluidized-bed calcining of nitric acid HLLW [KNECHT-1997]. 

The concept of calcining radioactive waste by atomizing the liquid in a heated bed of 
inert particles originated at Argonne National Laboratory (ANL) in the middle 1950s [JONKE-
1957, LOEDING-1961]. Pilot-plant demonstrations at ANL using simulated Idaho and Hanford 
wastes showed feasibility. The Idaho Chemical Processing Plant'" (ICPP) has successfully 
calcined high-level liquid waste from their PUREX operations for over three decades. Fluidized-
bed calcination was chosen over pot, spray, and rotary-kiln calcination for treating Idaho HLW 
because it (1) is continuous, (2) is readily adaptable to remote operation, (3) has no moving parts 
to wear out, (4) had adequate throughput capacity to meet needs, and (5) was adequately 
developed for demonstration. Other benefits to fluidized-bed calcining found during Idaho 
demonstration were: (1) independence from complicated moving parts, (2) excellent control of 
bed temperature with uniform high heat-transfer rates, (3) adaptability to remote operation, and 
(4) excellent control of particle size and properties [COOPER-1965]. 

The WCF (Waste Calcining Facility) operated between December 1963 and October 
1964 at ICPP. In that period, it calcined 1800 m' of radioactive liquid waste, converting it to 
210 m of solid calcine. The net output exceeded the design output by 15%, and the process 
operated at 99% efficiency. Subsequently, the WCF was modified to run at higher throughput by 
installing an in-bed combustor that used oxygen-atomized kerosene. The use of in-bed 
combustion increased the operation temperature from 400 to 500°C, increased the heat-transfer 
rates, decreased the volatilization of ruthenium by 100-200, and lowered the metal-wall 
temperatures. The WCF was operated until March 1981, calcining 15,000 m' of liquid 
radioactive waste. 

The NWCF (New Waste Calcining Facility), which was built to replace the WCF, began 
hot operation at ICPP in September 1982. Two major reasons for building a new waste calcining 
facility were (1) the time required for maintenance of the WCF without remote facilities and (2) 
the need to increase throughput. Between September 1982 and March 1984, the NWCF 

Presently named INTEC, Idaho Nuclear Technology and Engineering Center. 
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processed 6000 m̂  of waste; after that time, it ran out of available waste to process. After being 
fitted with a distributive control system, NWCF began treating a variety of waste feeds. As of 
May 1997, the NWCF had treated 12,100 m̂  of liquid waste to produce 1670 m' of calcine. 

Again, because of the significant concentrafion of plutonium isotopes in the UREX 
raffinate, the calciner and its ancillary tanks and equipment must be criticality safe by geometry. 

IV. CONCLUSIONS AND TECHNICAL NEEDS 

Transforming the uranium-product stream of the UREX process to UO3 by a combination 
of evaporation, denitration, and calcination is technically feasible. Converting the UNH in dilute 
nitric acid to UO3 is being done commercially in Europe and Japan and was performed in the 
United States for decades. Needs for R&D would be only at the pilot-plant scale. The major 
functions of this activity would be to (I) regain U.S. experience and (2) define the opfimal 
process under current ES&H constraints. 

Transforming the raffinate of the UREX process to oxides by a combination of 
evaporation, denitration, and calcination is also technically feasible. However, no industrial 
process is ongoing that takes this process to an oxide product. The UREX stream differs from 
the PUREX raffinates currently being concentrated and denitrated in that it will contain the full 
complement of transuranic isotopes from commercial fuel. Significant concentrations of 
plutonium in the raffinate require all tanks and equipment to be criticality safe by geometry. 
Further, in Europe and Japan, the raffinate is only concentrated and denitrated to the point that 
solids do not precipitate. The concentrated solution is then either neutralized with sodium 
hydroxide for storage or fed to a glass melter for disposal. The PUREX raffinate was calcined 
for storage at INEEL, but criticality was not of concern with their HLLW. For these reasons, the 
R&D needs for the UREX raffinate are far greater than those for the uranium product. 

The required combination of concentration, denitration, and calcination must be 
optimized for this stream. Concentrating the raffinate while recovering the nitric acid for recycle 
by a combination of evaporation and chemical denitration is likely to lead to reduced capital and 
operating costs. Fluidized-bed calcination appears to be the best method for forming the oxide, 
but designing a criticality-safe-by-geometry calciner could be a technical challenge. Storing and 
transporting the oxide are challenging because of (1) criticality concems due to its plutonium 
content and (2) the radiation field and heat output due to its '"Cs and '"Sr content. The chemical 
effects due to TRU content on calcining must also be studied. 
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