
WSRC-TR-2000-00218, Revision 1

AM/CM VITRIFICATION PROCESS:
VITRIFICATION MATERIAL BALANCE

CALCULATIONS (U)

F. G. Smith, III

Westinghouse Savannah River Company
Savannah River Site
Aiken, SC 29808

PREPARED FOR THE U.S. DEPARTMENT OF ENERGY UNDER CONTRACT NO. DE-AC09-96SR18500



This document was prepared in conjunction with work accomplished under Contract No.
DE-AC09-96SR18500 with the U.S. Department of Energy.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to any specific commercial product,
process or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

This report has been reproduced directly from the best available copy.

Available for sale to the public, in paper, from: U.S. Department of Commerce, National Technical
Information Service, 5285 Port Royal Road, Springfield, VA 22161, phone: (800)
553-6847, fax: (703) 605-6900, email: orders@ntis.fedworld.gov online ordering:
http://www.ntis.gov/ordering.htm

Available electronically at  http://www.doe.gov/bridge

Available for a processing fee to U.S. Department of Energy and its contractors, in paper, from: U.S.
Department of Energy, Office of Scientific and Technical Information, P.O. Box 62, Oak Ridge, TN
37831-0062, phone: (865 ) 576-8401, fax: (865) 576-5728, email: reports@adonis.osti.gov



WSRC-TR-2000-00218, Revision 1

Keywords: AM/CM, Material Balance,
Vitrification

Retention: Permanent

AM/CM VITRIFICATION PROCESS:
 VITRIFICATION MATERIAL BALANCE

CALCULATIONS (U)

F. G. Smith, III

Publication Date:  December 12, 2000

Westinghouse Savannah River Company
Savannah River Site
Aiken, SC 29808

PREPARED FOR THE U.S. DEPARTMENT OF ENERGY UNDER CONTRACT NO. DE-AC09-96SR18500



APPROVALS

_________________________________________________ _____________
F. G. Smith, III, Author Date
Immobilization Technology Section

_________________________________________________ _____________
D. C. Witt, Technical Reviewer Date
Immobilization Technology Section

_________________________________________________ _____________
L. F. Landon, Manager Date
Immobilization Technology Section



TABLE OF CONTENTS

SUMMARY................................................................................................................................................1

BACKGROUND........................................................................................................................................1

CALCULATION BASES..........................................................................................................................2

OXIDATION REACTIONS.....................................................................................................................4

PROCESS FLOW DIAGRAMS ..............................................................................................................5

FLOWSHEET............................................................................................................................................8

RESULTS .................................................................................................................................................11

REFERENCES.........................................................................................................................................12

APPENDIX A...........................................................................................................................................13

APPENDIX B ...........................................................................................................................................28



WSRC-TR-2000-00218, Revision 1
Page 1 of 42

SUMMARY

This report documents material balance calculations for the Americium/Curium vitrification process and
describes the basis used to make the calculations.  The material balance calculations reported here start
with the solution produced by the Am/Cm pretreatment process as described separately in Reference [1].
Following pretreatment, small batches of the product will be further treated with an additional oxalic
acid precipitation and washing.  The precipitate from each batch will then be charged to the Am/Cm
melter with glass cullet and vitrified to produce the final product.  The material balance calculations in
this report are designed to provide projected compositions of the melter glass and off-gas streams.
Except for decanted supernate collected from precipitation and precipitate washing, the flowsheet
neglects side streams such as acid washes of empty tanks that would go directly to waste.  Complete
listings of the results of the material balance calculations are provided in the Appendices to this report.

This revision is required to reflect minor changes resulting from a revision to the pretreatment material
balance described in Reference [1], which changed some of the values in the vitrification calculations.
No changes have been made to any of the bases for the vitrification material balance.

BACKGROUND

Based on 1998 analytical measurements, Tank 17.1 contains approximately 11,000 liters of
Americium/Curium solution at about 8 M nitric acid.  The material stored in Tank 17.1 will be diluted,
denitrated using formic acid, and precipitated with oxalic acid to separate actinides and lanthanides from
transition metals, aluminum and alkali constituents.  The precipitate will then be washed to further
remove impurities.  Following these clean-up steps, the solution will be treated with concentrated nitric
acid to redissolve the precipitate and destroy oxalate.  The solution will then be water stripped,
denitrated to reduce the nitric acid concentration, and concentrated to produce a solution having about
100 g/l of solids on an oxide basis in 1.0 M nitric acid.  These processing steps are included in the
pretreatment material balance [1].

Approximately seven liter batches of the pretreated material will then be precipitated and washed with
oxalic acid to further remove transition metals and convert the actinides and lanthanides to oxalate salts.
This solution will be fed to the melter along with a glass cullet and heated to remove water and form the
Am/Cm glass product.  During melter heating, the water in solution is driven off, oxalate ions are burned
to carbon dioxide and carbon monoxide and nitrate ions form NOx gas species.  The material balance
was implemented in an ExcelTM spreadsheet that relies on experimental data, empirical formulas and
simplifying assumptions to make the flowsheet calculations.
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CALCULATION BASES

The calculations in this report are designed to determine the compositions of the melter feed, the glass
product from the Americium/Curium vitrification campaign, and the melter off-gas streams. The
material balance starts with the product of the pretreatment process.  These material balance calculations
used the most recent (1998) analytical measurements of the composition of the solution in Tank 17.1 as
a starting point.  Table 1 summarizes some of the basic assumptions used to make the vitrification
material balance calculations.

Table 1.  Calculation basis for vitrification material balance.

Parameter Assumed Value

Glass cullet 25 Sr ABS-F
Waste loading in glass as oxides 32%

Lanthanide loading in glass as oxides 49%
Melter feed batch 6.91 liters

Melter off-gas pressure -2  inches water
Melter off-gas temperature 200 – 700 ºC

Solids entrainment in off-gas 0.1% of melter feed
Cesium volatility 20%

The material balance calculations also relied on the following bases and assumptions:

• Salts of the metal impurities remaining in Tank 17.1 are completely soluble.  The true chemical form
of the metal impurity salts is uncertain.  Choi [2] has determined a composition based on the
chemical analysis of Tank 17.1 that best conserves mass and satisfies electroneutrality.  This
proposed composition was used for the pretreatment flowsheet.  During the redissolving step, where
concentrated nitric acid is added to the solution, the metal impurities are likely converted to the
nitrate salts.  However, to simplify the calculations, it is assumed that the chemical species proposed
by Choi remain intact throughout the entire pretreatment process.  During vitrification, these
materials are converted into the oxide form.

• Following the assumption used by Rudisill [3], trace amounts of the elements Tb, Dy, Ho, Er, Tm,
Yb and Lu are assumed to be present in the Tank 17.1 solution.  The concentrations that are assumed
for these elements represent the minimum detectable quantities that could be present in the Tank
17.1 solution.

• Solubilities of oxalate salts of the lanthanides, uranium and transuranic metals are based on
experimental data.  The data obtained by Beck [4] and Rudisill [3] were used to calculate the
solubility of the oxalate salts of Lanthanide metals.  Full details of the solubility calculation are
provided in the report on the pretreatment material balance [1].
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• The oxalate precipitate layer has an apparent specific volume of 0.5 l/mole [4].

• When streams are mixed, if the final volume is not specified, it is simply assumed that the mixing
volumes are additive.  The mixture density is then calculated from the ratio of solution mass to
volume.

• Air purges to the tanks are calculated using the methodology developed by Marek [5] to limit the
hydrogen concentration in the vapor space of these vessels to 25% of the Lower Flammability Limit.
It is assumed that the air purge is saturated air at 20 ºC.  The solution volumes shown in the Table 2
were used as a basis for the air purge calculations.  These are the volumes of solution in the tanks
when the greatest air purge is required.

Table 2.  Vessel Volumes for Air Purge Calculations

Vessel Solution Volume (liters)

Liquid Feed Tank 48.0

Batch Control Tank 6.91

Precipitator 6.91

• The air sweep over the melter is assumed to be saturated air at 20 ºC.  Even though saturated air at a
higher temperature will carry more water vapor, the worst case with the greatest dilution air or off-
gas heating requirement was found to be colder air.  Most of the off-gas mass comes directly from
the air sweep and not from the melter.  Therefore, colder air which is more easily condensed is the
limiting operating condition that requires the greatest dilution air or off-gas heating.  The off-gas
heating or dilution airflow is set to give a relative humidity of 70% in the mixed off-gas [6, 7].

• 0.10% of the feed material added to the melter is lost to entrainment in the off-gas.

• 20.0% of the cesium added to the melter is volatilized into the off-gas during the drying stage.

• 20.0% of the carbon monoxide in the melter off-gas from the calcination reactions is burned to
carbon dioxide.

• 50.0% of the NOx in the melter off-gas is decomposed to nitrogen and oxygen.

• Off-gases from melter drying, calcination and vitrification operations are included in the combined
melter off-gas streams.  Gas releases from the melter are converted from absolute amounts into flow
rates by assuming a one-hour duration for each of the melter steps.  The one hour duration assumed
for each of the melter steps is likely low and therefore conservative for calculating off-gas flows.

• The material loading in the glass product is calculated to give 49.0% actinide and lanthanide oxides.

• Based on simulant experiments performed at TNX, the melter feed batch size is 6.91 liters.
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OXIDATION REACTIONS

The following oxidation reactions are applied to convert the salts in the melter feed solution into metal
oxides and gas phase products.  In some cases, the reaction can be applied to more than the one element
used to illustrate the stoichiometry.  In these cases, the metals that the reaction applies to are listed in
parentheses to the right of the example reaction equation.

Oxalate salts:

La2(C2O4)3 → La2O3 + 3 CO + 3 CO2 (Lanthanides, Am, Cm)

Np2O4(C2O4) → Np2O5 + CO + CO2

Pu(C2O4)2 → PuO2 + 2 CO + 2 CO2

UO2(C2O4) → UO3 + CO + CO2

Fe2(C2O4)3 → Fe2O3 + 3 CO2 + 3 CO

H2(C2O4) → H2O + CO2 + CO

Nitrate salts:

2 Al(NO3)3 → Al2O3 + 6 NOx + 3 O2 (Al, Fe, Cr)

Ca(NO3)2 → CaO + 2 NOx + O2 (Ca, Ni, Mn, Zn)

Zr(NO3)4 → ZrO2 + 4 NOx + 2 O2

2 H(NO3) → H2O + 2 NOx + O2 (H, Na, K)

Nitrite salts:

2 Na(NO2) → Na2O + 2 NOx

Sulfate salts:

4 Al2(SO4)3 → 4 Al2O3 + 12 SOx + 3 O2 (Al, Fe)

Phosphate salts:

2 Fe(PO4) → Fe2O3 + 2 POx

Fluoride salts:

2 AlF3 + 3 H2O → Al2O3 + 6 HF

Chloride salts:

2 FeCl3 + 3 H2O → Fe2O3 + 6 HCl
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Sodium salt reactions in the material balance that produce no off-gas are:

Na2(SiO3) → Na2O + SiO2

Na2(B4O7) → Na2O + 2 B2O3

Oxides of nitrogen, sulfur and phosphorous are assumed to be equal molar mixtures of true oxides.  That
is, we take the x oxides to be:

NOx = ½ (NO + NO2)

SOx = ½ (SO2 + SO3)

POx = ½ (PO2 + PO3)

At the projected melter plenum temperatures, we assume that 20% of the carbon monoxide is oxidized
to carbon dioxide according to the reaction:

CO + ½ O2 → CO2

At the melter gas temperatures, we also assume that 50% of the NOx is thermally decomposed to N2 and
O2 according to the reaction

2 NOx → N2 + 1½ O2

Based on the reactions listed above, the gaseous components of the melter off-gas stream are:

O2, N2, H2O, CO, CO2, NOx, SOx, POx, HF and HCl

Oxygen, nitrogen and some water vapor are added to the melter off-gas from airflow into the melter
vapor space.  Water is volatilized into the off-gas from the melter feed.

PROCESS FLOW DIAGRAMS

Figures 1 through 2 show process flow diagrams for the melter feed preparation and vitrification parts of
the Am/Cm vitrification process as modeled by the material balance calculations.  Stream numbers
shown in the figures correspond to the column numbers assigned in the material balance spreadsheet.
All streams in the material balance calculations are identified on the figures.  Page numbers given in the
titles indicate the pages in the spreadsheet where the streams are listed.  Both the stream and spreadsheet
page numbers continue from the numbering in the pretreatment material balance spreadsheet.



WSRC-TR-2000-00218, Revision 1
Page 6 of 42

49Precipitator Decant
Hold Tank

Precipitator

8 wt%
Oxalic
Acid

44

45

Precipitator

46

47 Decant

Decanted
Slurry

48

0.1 M
Oxalic Acid

50

51

Precipitator

52

53

Decant

55

Decanted
Slurry 54

Water Rinse

57

56

Precipitator

58

Separation

Separation

Air Purge89

Process
Vessel Vent

System

90

Melter Feed Preparation (Spreadsheet Pages 17-22,25)

Batch Control
Tank

43

Liquid
Feed Tank

Air Purge 87 Air Purge 88

42

45

51

59

Melter
Feed

Figure 1.  Flow diagram for Am/Cm vitrification melter feed preparation process.
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FLOWSHEET

The pretreatment material balance for processing steps prior to stream 43 has been reported separately
[1].  Oxalic acid precipitation and washing steps that further treat the melter feed are included as part of
the melter feed preparation process.  These oxalic acid precipitation and washing calculations are based
on the same solubility data used previously for the pre-treatment material balance.  It was found that
using a constant volume ratio of adding 1.74 liter of 8% oxalic acid to each liter of feed solution
produced a product having very close to the desired 0.3 M excess acid (see Stream 45).  Therefore, this
simplified calculation was used in the calculations.  A listing of the streams in the vitrification material
balance flowsheet and brief descriptions of each stream are provided in Tables 3 and 4.

Calculations are made in the material balance to determine the composition of glass product from the
Am/Cm vitrification campaign and to estimate the average composition of the melter off-gas stream.
Stream 60 gives the composition of the glass cullet (25 Sr ABS, [8]) in total grams and as the weight
percent oxides.  It is assumed that a stochiometric mixture of carbon monoxide and carbon dioxide is
produced by the oxidation reactions in the melter.  Subsequently, it is assumed that 20% of the carbon
monoxide is burned to carbon dioxide in the off-gas.  As assumed in the previous material balance
calculations, 50% of the NOx in the off-gas is decomposed to N2 and O2.  Also, as in previous material
balances, the off-gas is converted from total mass into a mass flow rate by assuming representative times
for the melter operating steps.  Three stages of melter operation are considered:

1. Drying phase from 50 °C to 200 °C that removes water from the feed solution.

2. Calcination phase from 200 °C to 700 °C where conversion of the feed material
into oxides takes place.

3. Vitrification phase from 700 °C to 1450 °C where CeIV is reduced to CeIII.

The material balance assumes that the melter processes occur uniformly over the specified time.  The
off-gas flow is then calculated by computing the total gas released from the melter and dividing by the
specified operating time.  For example, if the calcination step is assumed to occur in one hour, the
products of the calcination reactions are assumed to be released uniformly over the one-hour time
period.

The mixture off-gas temperature during the drying stage is calculated using constant specific heats of
0.4787 cal/g-C for water and 0.252 cal/g-C for air.  The drying stage is the only gas mixing process
where a significant amount of water is added to the off-gas.  On a mass basis, most gaseous species
other than water such as air, CO and CO2 have similar heat capacities.  Therefore, during the other
melter phases the mixing off-gases are all simply treated as air.
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Table 3.  Vitrification Process Steps

Step Description Comment
Precipitation/Decant

43 Product of pre-treatment processing in Tank
17.3E

Solution used for melter feed preparation

44 Oxalic acid solution added to precipitator 8 wt% oxalic acid added with 0.3 molar
excess over stochiometric requirement

45 Precipitator composition after oxalic acid addition
and conversion from nitrate to oxalate salts

Total mixed contents of precipitator after
oxalate salt precipitation

46 Precipitate layer formed in precipitator by oxalic
acid addition

Volume calculated from 0.5 liter/mole [4]

47 Supernate layer formed in precipitator after
settling

Composition based on salt solubility

48 Decanted precipitate and remaining supernate in
precipitator

Assumes 1.5 liters supernate remains in
precipitator for each batch

49 Supernate decanted from precipitator
Precipitate Washing

50 Wash solution added to precipitator 0.1 M oxalic acid
51 Combined decanted slurry and oxalic acid wash

in precipitator before separation
Total mixed contents of precipitator

52 Precipitate layer formed in precipitator after
oxalic acid wash addition

Volume calculated from 0.5 liter/mole [4]

53 Supernate layer formed in precipitator after oxalic
acid wash addition

Composition based on salt solubility

54 Decanted precipitate and remaining supernate
after oxalic acid washing

Assumes that 1.5 liters supernate remains
in precipitator after each batch

55 Supernate decanted from precipitator after oxalic
acid washing

56 Combined supernate decanted from precipitator
after precipitation and washing

Stream 49 + Stream 55

Melter Feed and Glass Product
57 Deionized water used to rinse precipitator after

transfer of contents into melter
270 ml of deionized water

58 Combination of decanted slurry and rinse solution
representing total material fed to glass melter

59 Melter feed composition as equivalent oxides
60 Glass cullet composition Grams and wt% oxides of 25 Sr ABS-F
61 Glass product composition Grams and wt% oxides of Am/Cm glass
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Table 3.  Vitrification Process Steps (Continued)

Step Description Comment
Melter Off-Gas: Drying Phase

62 Entrainment in melter off-gas and water from
melter feed

Assumes 0.1% of melter feed is entrained
in off-gas flow during drying phase

63 Sweep air passing over melter during drying
stage

Sweep air flow set to 65 scfm based on
TNX testing

64 Combination of streams 62 and 63.
65 Dilution air added to off-gas stream to prevent

condensation. (optional)
Dilution air flow calculated to give 70%
relative humidity in stream 66 [6, 7]

66 Combination of streams 64 and 65. Mixture temperature calculated by heat
balance using cp (H2O) = 0.4787 cal/g-C
and cp(air) = 0.252 cal/g-C

67 Motive air added to off-gas stream at exhaust jet. Motive air flow set equal to sum of sweep
air flow and dilution air flow

68 Combination of streams 66 and 67
Melter Off-Gas: Calcination Phase

69 Calcination reaction products Oxidation reactions
70 Sweep air passing over melter during calcination

stage
Sweep air flow set to 65 scfm based on
TNX testing

71 Combination of streams 69 and 70
72 Dilution air added to off-gas stream to prevent

condensation (optional)
Dilution air flow calculated to give 70%
relative humidity in stream 73 [6, 7]

73 Combination of streams 71 and 72
74 Motive air added to off-gas stream at exhaust jet Motive air flow set equal to sum of sweep

air flow and dilution air flow
75 Combination of streams 73 and 74

Melter Off-Gas: Vitrification Phase
76 Oxygen released during vitrification Reduction of CeIV to CeIII

77 Sweep air passing over melter in vitrification
stage

Sweep air flow set to 65 scfm based on
TNX testing

78 Combination of streams 76 and 77
79 Dilution air added to off-gas stream to prevent

condensation (optional)
Dilution air flow calculated to give 70%
relative humidity in stream 80 [6, 7]

80 Combination of streams 78 and 79
81 Motive air added to off-gas stream at exhaust jet Motive air flow set equal to sum of sweep

air flow and dilution air flow
82 Combination of streams 80 and 81
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Table 4.  Pretreatment and Vitrification Process Air Purges

Step Description Comment
Tank Air Purges

83 Air purge to Tank 17.1 Air purge calculations are based on maximum
84 Air purge to Tank 16.1E hydrogen gas generation in each tank.
85 Air purge to Tank 16.3
86 Air purge to Tank 17.3E
87 Air purge to melter feed tank
88 Air purge to melter batch tank
89 Air purge to precipitator
90 Combination of streams 83 through 89 Total air purge requirements for pretreatment

and vitrification processing steps.

RESULTS

Full results from the vitrification material balance calculations are presented in the two Appendices
attached to this report.  These pages were printed directly from the material balance spreadsheet.
Appendix A shows a material balance carrying all of the Am/Cm material through each step in the
vitrification process.  These tables report the total amounts of glass product and off-gases released.
Appendix B shows a material balance for the melter feed preparation and vitrification parts of the
flowsheet using a 6.91 liter batch of feed material from tank 17.3.  The 6.91 liter batch is the batch size
that has been used for full scale testing at TNX and the batch size that will be processed in the F-Canyon
operations to produce canisters of glass.  In all of the spreadsheets, dark shading is used to indicate cells
where fixed parameter values have been entered.  Light shading is used in the spreadsheets to indicate
cells where values have been adjusted to produce the target values in the lightly shaded cells that the
attached arrows point to.

Stream 43 is the final product of the pre-treatment processing collected in the 17.3 evaporator that will
serve as material for the melter feed preparation process.  The material balance shows 1197 liters of feed
solution in Tank 17.3 (stream 43) which at 6.91 liters/batch translates into 173.23 melter feed batches.
In Appendix A, all of this material is shown in each remaining stage of the process.  In Appendix B,
stream 43 is reduced to a 6.91 liter batch of the solution in 17.3 which is then passed through the melter
feed preparation and vitrification stages of the processes.  Beyond stream 43 in Appendix B, the
calculations are all based on the mass and composition of this 6.91 liter batch.

Stream 61 gives the composition of the projected glass product in total grams of each metal oxide
assuming a 49% loading from the actinide and lanthanide oxides in the feed stream.  The glass cullet
used is type 25SrABS-F with the composition specified by Meaker [8].  At the bottom of column 61, we
see that about 320 kg of glass are predicted to be produced from the projected melter feed supply.  The
mass summation at the bottom of column 61 in Appendix B, shows that a 6.91 liter batch of the
projected melter feed will produce 1.85 kg of glass.  Column 61a gives the glass product composition as
weight percent oxides.
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Assuming that 0.10% of the total oxides in the melter feed are entrained in the off-gas flow, the top
section of stream 62 shows the grams of each oxide that is lost from the melter through entrainment.
The lower section of stream 62 shows the total grams of water produced from the melter drying step.
Streams 69 and 76 show the total grams of gas produced in the melter calcination and vitrification steps,
respectively.  Streams 65, 72 and 79 on Spreadsheet pages 25, 27 and 29 show the dilution air that must
be added to the combined melter off-gas and sweep air stream to give a mixture relative humidity of
70%.  To calculate the required dilution airflow, a supply temperature of 20 ºC was assumed.  Trial
calculations showed that colder dilution air would more readily condense water vapor and was therefore
the most conservative design case.  Streams 66, 73 and 80 show combined melter off-gas flows obtained
by adding the gaseous products from the melter operations with the dilution air.  As an alternative to
adding dilution air to the melter off-gas, Streams 66, 73 and 80 on Spreadsheet pages 26, 28 and 30
show the temperature to which the combined melter off-gas and sweep air stream must be heated to
reduce the relative humidity to 70%.  During the drying stage, when most of the water is released from
the melter, the calculation shows that a temperature of about 37 °C is required to meet the 70% relative
humidity criterion.  During the other phases of the melter operation, an off-gas temperature of only
about 26 °C is needed.  An estimate of the humidity (700 ppm) in the F Canyon process air supply was
obtained from SOP 221-F-62042.  The motive airflow in the off-gas system was set equal to the sum of
the melter off-gas, sweep air and dilution airflow.  All of the combined gas streams show the material
flow in g/hr assuming that the melter gases evolve over a one hour time period.
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APPENDIX A

Am/Cm Material Balance With Total Material in Streams –
Melter Feed Preparation Steps and Melter Operations




























































