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SUMMARY 

Offgas data, slurry chemistry data and test system characteristics were 
tabulated and analyzed for tests conducted to date on Neutralized Current 
Acid Waste (NCAW) feed preparation. The test data from 18 separate 
tests on various process scales were reduced to a normalized basis, 
moles/initial slurry volume, for comparison of results from small-scale 
tests through full-scale tests. 

Peak total offgas generation rate correlated reasonably well with formic 
acid addition rate with an upper bound on generation rate of approximately 
0.4 (moles/min)/(Hter added acid/h). Small-scale tests tended to fall 30 
to 60% below this bound, ex'cept at the highest acid addition rates, where 
the rates were close to this bound. The large-scale tests tended to be 
close to this bound. 

Total offgas generation increased in proportion to amount of formic acid 
added, initial carbonate concentration, and initial nitrite concentration, 
but with considerable scatter. An upper bound of approximately 0.4 moles 
total offgas/(moles acid + moles carbonate + moles nitrite) was observed, 
though many of the tests produced significantly lower amounts of gas. 

Correlations of data' from the various tests can be used to predict peak 
offgas generation rates for CO2, NOx, and H2 based on initial chemistry and 
formic acid addition rate. Peak CO2 generation rate was largely dependent 
on formic acid addition rate for ail 18 tests. Peak NOx generation rate 
correlated well with initial nitrite, carbonate, and nitrate concentrations, 
and acid addition rate except for 2 of the 18 tests. 

Total CO2 generated could not be correlated very well for all tests with 
test conditions such as total acid added, initial carbonate and added base 
with available data. This was largely' a shortcoming of a limited number 
of tests relative to the number of variables that affect CO2 generation. 
An overall plot of the amount of CO2 relative to NO x and N2O indicated that 
the extent of various reactions for nitrite destruction differed 
significantly for the various tests. Trends were noted such as increases 
of total CO2 with amount of formic acid added and amount of noble metals 
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in the slurry. Further analysis and data are required to separate the 
various effects of chemistry and test conditions on total CO2 production. 
A correlation with considerable scatter was found for total NO x with, 
amount of formic acid added, initial.carbonate and nitrite concentrations, 
and added base. However, excellent agreement was found between total 
NO x for the engineering-scale KfK and laboratory-scale Lab KfK tests run 
under similar conditions. 

Peak N2O generation rate increased with acid addition rate, initial nitrite, 
carbonate and hydroxide concentrations and with the amount of noble 
metals. A reasonable graphical correlation was shown, with an upper 
bound indicated. 

Total' N2O was not successfully correlated with test conditions, and 
additional analysis and data are required to understand the factors 
determining this quantity. The observed maximum was about 0.1 moles 
N20/liter of slurry for most tests with the highest observed being 0.16 
moles/liter. The ratio of N2O to NO x was less than 0.5 for most tests 
except for those with high carbonate and excess base (added NaOH), where 
the ratio was as high as 6. 

Total H2 offgas generation increased above a threshold point with amount 
of formic acid available toward the end of nitrite destruction, i.e. formic 
acid - 2 x carbonate - nitrite - hydroxide. Hydrogen production appeared 
to be bimodal with a transition to higher amounts above a critical amount 
of available formic acid. The effect of noble metals was considered and 
improved the correlation somewhat. The effect of added base was taken 
into account by using a term to correct for the amount of acid consumed in 
reaching the appropriate pH range. Because the overall analysis of CO2 
production indicated that different proportions of various reactions 
occurred in the tests, a simple effect of initial nitrite level would not be 
expected to be applicable over all tests. Peak H2 generation rate was 
consistently proportional to the total H2 observed. 

Total NH3 generated, as measured by slurry and condensate analyses, 
correlated somewhat with total H2 and increased in• proportion with H2. 
However, there was considerable scatter in this correlation, which 
indicated that factors that apparently did not affect H2 generation caused 
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significant differences in the amount of NH3 measured. Total NH3 
correlated well with total formic acid added. Ammonia data were missing 
for three of the large-scale tests and one lab test. 

The data on initial pH and initial chemistry (nitrate, nitrite, and carbonate 
concentrations) were tabulated and were generally complete for the 
various tests, though pH data were not uniformly reported and available. 
The pH data at test temperatures does not appear to be sufficiently 
accurate to reliably predict the effect of initial [OH]. Post-digestion 
chemistry (nitrate, nitrite, and formate) and pH were similarly tabulated, 
and data for 5 of the 18 tests were either not reported or were not 
available. Chemistry and pH data were reported for 5 of the 8 tests that 
included frit additipn. After frit addition, the nitrate ranged from 0.24 to 
0.54 molar, the nitrite from 0.00 to 0.21 molar, and the formate from 0.36 
to 1.42 molar for these 5 tests with frit addition. Ambient pH after frit 
addition ranged from 6.69 to 10.03 for the melter feed. 

Small-scale tests can be reliably used to predict peak offgas generation 
rates and total offgas for CO2, NOx, N2O and H2, particularly when test 
conditions are similar. Differences in total offgas quantities normalized 
per liter of slurry were small for different scale of test. Differences in 
peak generation rates were in the range of 22 to 44% and were not 
consistently higher or lower with scale of test. 

Data on glass redox, Fe 2 + /Fe 3 + , were correlated with the molar ratio 
([HCOOH] + [N02~])/([N03"]), which was consistent with an earlier 
correlation for slurries that did not contain nitrite. Thus, initial nitrite 
diminished the effect of formic acid on redox of glasses made, from NCAW 
slurries, and the redox correlated with the ratio (added formic acid -
initial nitrite)/(initial nitrate) for feed preparation. 
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1.0 INTRODUCTION 

Tests to evaluate feed processing options for the Hanford Waste 
Vitrification Plant (HWVP) were conducted by a .number of investigators, 
and considerable data were, acquired for tests of different scale, including 
recent full-scale tests. In this report, a comparison was made of the 
characteristics of feed preparation observed in tests of scale ranging 
from 57 ml to full-scale of 28,000 liters. These tests included Pacific 
Northwest Laboratory (PNL) laboratory-scale tests, Kernforschungs-
zentrums Karlsruhe (KfK) melter feed preparation, Research Scale Melter 
(RSM) feed preparation,.Integrated DWPF Melter System (IDMS) feed 
preparation, Slurry Integrated Performance Testing (SfPT) feed 
preparation, and formic acid addition to Hanford Neutralized Current Acid 
Waste (NCAW) core samples." The data presented herein were drawn 
mainly from draft reports and include system characteristics such as 
slurry volume and depth, sweep gas flow rate, headspace, and heating and 
stirring characteristics. Operating conditions such as acid feed rate, 
temperature, starting pH, final pH, quantities and type of frit, nitrite, 
nitrate, and carbonate concentrations, noble metal content, and waste • 
oxide loading_were tabulated. Offgas data for CO2, NOx, NaO, NO2, H2 and 
NH3 were tabulated on a common basis. Observation and non-observation 
of other species were also noted. 

One objective of this report was to present data from the above tests on a 
common basis for comparison purposes. Another objective was to 
determine upper bounds and trends for peak offgas generation rates and 
total amounts of gas generated as functions of test conditions. These 
trends and upper bounds will be useful in the interpretation of data for the 
support of HWVP design. Data on feed chemistry will be useful for 
interpreting and controlling feed material behavior in a continuous glass. 
melter. . The offgas data were analyzed for correlations with operating 
conditions and selected feed components. Several plots are presented 
showing correlation over a range of conditions and over tests of different 
scale. This analysis of data will be useful for predicting offgas peak 
rates and volumes of specific gases. Data on final feed material, 
specifically nitrate, nitrite, formate concentrations, slurry waste oxide 
loading and pH after frit addition were also tabulated where available. 
These data are relevant to understanding melter feed rheology and cold 
cap chemistry during melting. The redox state of glasses made from some 
of the slurries were tabulated and correlated with initial slurry 
chemistry and feed preparation. 
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- 2.0 CONCLUSIONS AND RECOMMENDATIONS 

A number of observations were made during the analyses of peak offgas 
rates and total offgas amounts. The conclusions were based on attempts 
to correlate tabulated data over tests of different scale and to relate 
trends to the chemistry data and test conditions. The limited chemical 
data, particularly initial pH and carbonate concentration, contributed to 
uncertainty and prevented conclusive correlations in some cases. These 
shortcomings were noted appropriately. Where possible, previously 
reported correlations were used to show consistency with tests of 
different scale. Recommendations were made regarding additional testing 
and inclusion of other data to improve understanding of key effects. 

Peak offgas generation rates for CO2, NOx, and H2 can be predicted 
based on initial chemistry and formic acid addition rate. 

Peak CO2 generation rate was largely dependent on formic acid 
addition rate for all 18 tests. 

• Peak NOx generation rate correlated well with initial nitrite, 
carbonate, and nitrate, and acid addition rate except for 2 of the 18 
tests analyzed. 

• Total offgas and total CO2 generation were not predictable over a 
range of conditions based on available data, and further analysis and 
tests are required to separate the various effects of chemistry and 
test type on both of these quantities. 

The overall analysis of CO2 production indicated that different 
proportions of various reactions occurred in the various tests, which 
indicated that a simple correlation of total NOx, N2O, and H2 with 
initial nitrite, nitrate, carbonate concentrations and formic acid 
addition would not be expected to be applicable over all tests. 
Further tests are needed to understand initial conditions affecting 
the balance of these reactions and differences between laboratory-
scale and large-scale tests. Possible differences due to slurry 
preparation techniques were not examined. 
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Total NO x generation generally increased with formic acid addition 
and initial nitrite concentration for most of the tests. Exceptions to 
the correlation were attributed to the effect of added base, which 
appeared to suppress NOx formation and promote N2O formation. The 
effects of noble metal content could not be determined with the 
limited data. 

Total H2 generation increased above a threshold point with amount 
of formic acid available (i.e. formic acid-2 x carbonate-nitrite-
hydroxide). Hydrogen production appeared to be bimodal with a 
transition to higher amounts above a threshold amount of available 
formic acid; Consideration of noble metal content did not improve 
the correlation significantly. Initial measured pH could not reliably 
be used to correct for the amount of acid consumed in reaching the 
appropriate pH range. The reproducibility of pH measurements at 
elevated temperatures should be examined to determine whether 
procedures can be developed for improving reliability of 
measurements. In addition, the buffering capacity of the various 
slurries should be measured by titration to provide reference data on 
the amount of acid required to reach 2 or 3 reference pH levels. 
Improvements of pH measurement and titration data could make pH 
measurements more useful for interpreting offgas data, comparing 
slurries, and controlling feed preparation. 

Peak H2 generation rate was consistently proportional to the total 
H2 observed. 

Total NH3 generated, as measured by slurry and condensate analyses, 
correlated somewhat with total H2 generated and increased in 
proportion. However, total NH3 varied by about a factor of 5 to 6 at 
a given level of total H2 generation, which indicated that factors not 
affecting H2 generation had a significant effect on NH3 generated. 

Gases such as CO, N2 and HCN do not appear to be products of feed 
preparation during formic acid addition and digestion, though 
identification of HCN in one test remains an open issue. 
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Small-scale tests can be reliably used to predict peak offgas 
generation rates and total offgas for CO2, NOx, N2O and H2, 
particularly when test conditions are similar. One set of tests 
allowed direct comparison of small-scale and large-scale tests 
under similar conditions to compare total offgas for these gases and 
NH3. Differences in total offgas quantities normalized per liter of 
slurry were small. Differences in peak generation rates were in the • 
range of 22 to 44% and were not consistently higher or lower 
•depending on scale of test. Direct comparisons of other small-scale 
and large-scale tests were not considered reliable because of 
differences in test conditions. Additional laboratory-scale testing 
is recommended to more closely duplicate the full-scale SIPT2 test 
conditions. 

Data on glass redox, Fe 2 + /Fe 3 + , were correlated with the molar ratio 
([HCOOH] - [N02-])/([N03"]), which was consistent with an earlier 
correlation for slurries that did not contain nitrite. Thus, initial 
nitrite diminished glass redox for a given amount of formic acid 
addition, and glass redox correlated with the ratio (added formic 
acid - initial nitrite)/(initiai nitrate) for feed preparation of NCAW 
slurries. 

This report or an equivalent document should be routinely updated to 
provide a single source to be used for integrated test planning and 
data evaluation and plant design. Additional data analyses are 
expected to make the upper bounds and trends in peak offgas 
generation rates and total offgas generation more reliable in terms 
of the effects of .test conditions such as acid addition rate, amount 
of acid added, initial nitrite, nitrate and carbonate concentrations, 
and noble metal content. Effects of pH and temperature should be 
more comprehensively bounded by inclusion of other test data. 
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3.0 APPROACH 

A summary of a significant portion of offgas generation and redox process 
testing data obtained for HWVP feed preparation of NCAW slurries was 
prepared. Chemical data and test system characteristics were also 
tabulated. The goal was to compile these data in a uniform manner and to 
examine the data for consistency between small-scale and large-scale 
tests. Then an analysis of the effects of initial slurry chemistry on 
offgas/redox behavior was performed. After initial compilation of data 
was complete, a meeting was held with a number of the investigators 
familiar with the data to provide a consensus on the approach to 
compilation. This was done to make the compilation useful to others, to 
provide an opportunity for an initial review, and to facilitate obtaining 
data that might be available but not in current reports. 

The effects of feed chemistry, including initial nitrate, nitrite, carbonate 
and noble metal concentrations, and excess added NaOH were then 
examined for each of offgas species, and graphical correlations were 
prepared. Where possible, equations for peak rates and total offgas 
amounts were developed for graphical correlations, and upper bounds were 
indicated in some cases. The degree to which correlations were 
successful was not quantified. It would be premature to quantify the 
reliability of correlations or any of the data because the reproducibility 
of tests is not known, and the accuracies of results were not reported for 
any of the data. Generally, it would be expected that chemical data should 
not be biased more than 10%, but the uncertainty in other data has not 
been quantified. No duplicate tests were reported, though a small-scale 
test was compared to bench-scale test (50 ml vs. 1000 ml) and the 
results agreed within 10% (Morrey et al. 1993). Further analysis of other 
engineering-scale KfK batches not tabulated in this report might provide 
an indication of the reproducibility of large-scale tests. 

Additional review of the data by the original investigators was not 
performed, which probably would have given additional insights into 
interpretation of correlations of the offgas data and additional 
explanations for some of the deviations. More completely integrating this 
report with data on foaming, melter cold-cap chemistry and melter could 
provide greater insight into process performance and mechanisms. 
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4.0 RESULTS AND DISCUSSION 

A number of test operating conditions and slurry chemistry conditions can-
affect offgas generation during HWVP feed preparation. In comparing 
process tests of different scale, the general expectation is that the 
chemistry of reactions will not be affected by volume of slurry. However, 
it cannot be assumed that mixing.and transport processes will necessarily 
be equivalent for small-scale and full-scale tests. In addition, the 
recycle of condensate during boiling may affect slurry chemistry, promote 
specific reactions and thereby affect offgas. Thus, there is potential for 
the extent of reactions producing CO2, NO, NO2, N2O, H2 and NH3 to be 
affected by scale and system operating conditions. In order to discern 
possible effects, basic system characteristics such as slurry volume, 
slurry depth, power of mixing, gas flow rate, and gas turnover rates were 
tabulated along with slurry chemistries and acid feed rate. Offgas data 
were tabulated for C02, NOXl NO, N02, N 20, H2 and NH3 for acid addition 
period and digestion period in HWVP feed preparation. Observations on the 
occurrences of other gases, such as CO, HCN, N2 and 02, were included in 
a separate section. 

4.1 Scaling Parameters for Various Tests 

The evolution of gases from heated and stirred slurries during feed 
preparation could, in principle, depend on various factors such as reaction 
rate of materials as affected by mixing, temperature and intrinsic 
chemical reaction rates, transport of gas to the surface, and dimensions 
which were characteristic of the particular system. The rate at which 
products are removed by sweep gas could also be important in interpreting 
data.- The characteristics of the various test systems used to obtain data 
are summarized in Table 1. It should be noted that the volume of slurry 
being treated ranged from 0.057 liters to 28,011 liters (full scale), which 
corresponded to a scale-up factor of about 500,000:1 for the smallest • 
tests. 

Most of the tabulated parameters are straightforward and require no 
explanation. A typical slurry volume for the test type is given for 1 or 2 
test runs in this table. Slurry area is the area exposed to the gas phase, 
and the slurry area per unit volume, S/V, equivalent to reciprocal of the 
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slurry depth was considered a parameter relevant to the release of gas 
from the slurry. The stirring power, watts/liter, was calculated from 
voltage and current values, though data were available only for one test 
type. The turnover rates of the gas phase, expressed as ratio of purge gas 
flow rate to slurry volume and purge gas flow rate to head space above the 
slurry, were also tabulated, and these varied by more than an order of 
magnitude. The ratio of slurry volume/head space volume was included 
since this quantity is important in calculating the magnitude of pressure' 
surges during peak offgas generation. This parameter also varied by an 
order of magnitude. Similarly, the quantity, nominal purge gas flow 
rate/slurry volume, determines the moles of gas per unit slurry volume 
per unit time that the system can handle without a pressure increase. A ' 
comparison of this parameter, expressed as moles/min/liter slurry is 
shown in Figure 1, and significant differences were indicated. However, it 
appears that these factors were not strongly determinant of the types and 
quantities of gases evolved for the tests conducted to date, though these 
factors were not examined thoroughly. 

fn all systems except the laboratory-scale tests and radioactive tests, 
the pressure during feed preparation was below atmospheric pressure, in 
the range of 0.95 to 0.99 atm (-20 to -3 inches water). The laboratory-
scale tests and radioactive tests were slightly above atmospheric 
pressure, near 1.01 to 1.02 atm ( +5 to +10 inches water). The sweep gas. 
was air in ail tests except the laboratory-scale tests (Ar) and the 
radioactive core tests (Ar-0.3% He). In general, these differences did not 
appear to correlate with the types or volumes of gas released among the 
tests. It should be noted that air provides the opportunity for NO to be 
converted to NO2, as discussed in Appendix A. Most investigators reported 
NO x , which was the sum of NO and NO2. Primary reactions during feed 
preparation, i.e. in the slurry, produce NO, but NO can subsequently react 
with oxygen if present in the sweep gas to produce NO2. Two 
investigations (Hutson 1992 and Grunewald et al. 1993) reported NO and 
NO2 separately with NO2 in the range of 25 to 75% of the total NOx. For 
purposes of correlating data in this report, amount of NO x reported was 
assumed equal to the amount of NO produced in primary reactions with no 
account for possible diminution by condensation or losses to piping. In all 
tests, any NO x captured in the condenser was lost to the gas analyzer. For 
the IDMS HWVP1 test, recycle of condensate during digestion may have 
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returned some of the NOx offgas to the slurry as nitrate as well. 'The 
overall effect could be a systematic negative bias to the reported NOx. No 
estimates of the magnitude of this bias were reported, and further 
analysis of condensate chemistry data would be necessary to estimate 
this quantity. 

The particular reactions that occurred may have been affected by 
differences in heater configuration and rate and degree of mixing, as 
evidenced by differences in species identified in some cases.- Quantitative 
data pertaining to mixing and heating were riot readily available. The 
geometry of the system, combined with the placement of heating coils and 
stirring system may be important with regard to the proportions of 
various gases such as NO, NO2, N2O and to some extent CO2 and to the 
appearance of unusual gas species such as HCN, which may have occurred 
in the RSM tests. In the RSM tests, the heater coil was not completely 
immersed because the volume of slurry was small relative to the tank 
volume, and the possibility of exposure of the slurry to temperatures 
higher than the nominal temperature existed. Qualitatively, the 
laboratory-scale tests probably had the most vigorous stirring since the 
heating source was outside the test vessel for these two types of tests, 
with a center stirring paddle for the 1.5 liter tests and a magnetically 
driven stirring bar for the smaller radioactive tests. The larger scale 
tests used a circular steam coil about half the diameter of the vessel 
with stirring paddles down the center of the coil. Further details of 
construction and analysis would be necessary to relate differences in feed 
preparation to mixing and heating configurations. 

When examining the offgas data for correlation of NO x with initial 
chemistry of the slurry, it was noted that correlation was improved if 
only the laboratory-scale tests were considered. In this case the effect 
of noble metal addition was revealed when the complexity of other scale 
effects was eliminated. Thus, it appeared that improved correlation 
resulted when conditions of stirring and heating and geometry were 
identical. Further analyses of these types of effects are required to draw 
further' conclusions. 
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4.2 Test Operating Conditions and Slurry Chemistry Data 

An overall summary of the feed preparation steps for the tests compared 
is given in Table 2. As indicated, the times for acid addition and digestion 
times and temperatures varied to some extent. For the laboratory-scale 
tests, only tests Lab1.01 and KfK included recycle and frit addition, see 
Appendix B for target compositions. For brevity, all the laboratory-scale 
tests were not shown in the table. Thus only 8 of the 18 tests tabulated 
included data on frit addition. The operating conditions and slurry 
chemistry data for the 18 tests analyzed are presented in Table 3. 
Chemistry data for the radioactive meiter feed after acid addition and "frit 
addition were not yet available. The data include initial slurry volume 
which was used to normalize all of the tabulated offgas and NH 3 data on a 
per liter basis. The tabulated waste oxide loading, g/L, was the loading 
that corresponded to the initial volume. Formic acid feed rate was 
normalized as (volume of added acid) x (wt% acid/100) /volume 
slurry/(duration of addition) to account for differences in strength of acid 
used for the various tests. All the slurries were targeted at the NCAW 
composition, but differences in preparation technique existed, as -
discussed by Smith et al.(1993). The slurry designation followed the 
identification used in that, report. The details of preparation were not • 
considered for correlations made in this report. Temperatures of formic 
acid addition and digestion were given either as a range or a single value, 
depending on whether the temperature varied significantly during each 
phase. The process time was given as the duration of the formic acid 
addition and the total time beyond that (including heat up) for the 
digestion. 

4.3 Offgas Data for Feed Preparation Tests 

A number of gases are produced during feed preparation and were 
discussed in detail by Smith et al.(1993). Smith summarized the 
reactions according to three phases, or stages, where each stage is 
dominated by particular reactions. The principle reactions producing CO2, 
NOx.(or equivalent^ NO as discussed in 4.1 above), N2O, H2 and Nf-fe were 
given as: 
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Stage 1 

H2CO3—>H 2 0 + C 0 2 t (1) 
log{[H2C03]/[HC03"]} - 6.45 - pH 

Stage II 

3HN0 2 — > H + + N0 3" + 2N0 t + H 2 0. (2) 

log({[HN02]/[N02']} = 3.35 - pH 

2HN0 2 + 2NaC00H — > N 2 0 1 + 2C0 2 T + 2NaOH + H 2 0 (3) 

2HN0 2 + NaCOOH — > 2NO t + CO21 + NaOH + 2H 20 (4) 
Stage HI 

HCOOH ~ > C 0 2 1 + H 2 1 (catalyzed) (5) 

N0 3" + 5HCOOH -—> NH 3 + 4 C 0 2 1 + COOH" + 3H 20 (6) 

M e 3 + + 3 e" ^~> Me (black residue) (7) 

where Me = Pd, Rh, Ru, Cu, Ag, Te, Se and Pb, for example 

The degree to which several of these reactions occur is complex, as 
discussed by Smith et al.(1993). Rve of these reactions can produce C0 2 , 
and reaction 1 during Stage I generally produces CO2 equal to carbonate . 
(plus a small amount due to manganese oxide) on a molar basis. The Stage 
II reactions producing CO2 can occur in varying amounts, depending in a 
complex way on test conditions. Accordingly, the amounts of NO and N2O 
produced are also highly dependent on test conditions. The Stage III 
reactions, which produce H2 and NH3 after the pH has been lowered and 
nitrite is depleted, also vary in a manner-not completely understood and 
are thought to occur when noble metals catalyze the direct decomposition 
of formic acid. Other reactions also exist and are discussed in more 
detail by Smith et al.(1993). 
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The offgas data and'NH3 data for the tests are presented in Tables 4. The 
*• moles generated are normalized by initial slurry volume. Total moles 

offgas, peak gas generation rate and time of the peak are tabulated for the 
acid addition period and the digestion period separately. Data for C0 2 , 
NOx, N20, and H2 were reported for almost all tests and NO and NO2 only for 
KfK and HWVP tests. Ammonia data were separated into that found in the 
condensate, expressed per liter of slurry, and the total amount (including 
condensate and slurry analyses), also expressed as per liter of slurry. 
Data on NH3 generated during recycle waste stream and frit additions 
were also available for a limited number of tests. 

4.4 Analysis of Peak Total Offgas Rate and Total Offgas 

The peak total offgas generation rate generally was dominated by the 
initial CO2 peak offgas but not in all cases. In some cases, i.e. Lab 1.01, 
Lab 1.02, Lab 1.04b, Lab KfK, and Kfk tests, the peak total offgas occurred 
toward the end of the formic acid addition , see Table 4. NOx offgas 
contributed significantly to peak total offgas in these tests and was the 
major constituent for Lab 1.02, Lab 104b, Lab KfK and KfK tests. The peak 
total offgas rate increased with increase in formic acid addition rate, 
Figure 2. The upper bound was higher than that for peak CO2 offgas, as 
indicated by the upper curve and shown below for CO2 in section 4.5. The 
total for Lab 1.01 was suspect, since difficulty with NOx measurement 
was reported, as indicated in Figure 2. • The total for this test was likely 
above 0.010 moles/liter/min., however. 

Total offgas showed an approximate correlation with initial carbonate and 
nitrite concentrations and the amount of formic acid added, Figure 3. The 
upper bound ranged from 0.4 moles /liter at 1 molar sum of these 
quantities to about 0.9 moles/liter for 2.25 molar sum (carbonate + acid + 
nitrite). 

4.5 Correlation of Peak C0 2 with Formic Acid Addition Rate 

Peak CO2 offgas rate generally occurred during the early period of formic 
acid addition, Table 4. All feed slurries, with the exception of the 
radioactive core sample and simulant, were, assumed to have the same 
nominal initial carbonate concentration (in most tests initial carbonate 
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was not measured, though presumed near the nominal value of 0.125 
molar), and carbonate level was presumed not to be a major difference 
among the tests. The data for peak CO2 are shown for comparison in 
Figure 4. The peak CO2 observed during formic acid addition correlated 
reasonably well with the formic acid addition rate, with the addition rate 
normalized as 100 x wt% acid x liters acid/hour/liter slurry, Figure 5, as 
suggested by an earlier treatment of other data by Wiemers et al.(1993). 
Thus, there appeared to be no significant effect of slurry volume, 
geometry, heating or stirring in this case. The least squares correlation 
gave a line: 

Peak CO2 » 0.323 x AR - 0.00122 moles/liter slurry/min 
* • 

where AR - acid addition rate in liters of 100% acid/liter 
slurry/h. 

A conservative upper bound was estimated by the line: 

Peak CO2 « 0.435 x AR - 0.0015 moles/liter slurry/min. 

The data for the Lab 1.01 test appeared high compared to the rest of the 
data and deviated most from the least squares correlation. The overall 
correlation over all scales of testing does not necessarily mean that the 
rate of gas release was controlled solely by the rate at which formic acid 
was available for reaction for the destruction of carbonate. If this were 
the case, the release would be uniform over time rather than building to a 
peak. But it does imply that the transport conditions were not 
significantly different in the various tests and that the reaction and 
release was largely the same on a normalized volume basis. The intrinsic 
stirring promoted by gas release may be a determining factor for the case 
when large volumes of gas are released, such as during the carbonate 
destruction. The appearance of a peak is characteristic of the rapid 
evolution of CO2 as the pH drops to the range where carbonic acid is driven 
to evolve CO2, as discussed by Smith et al.(1993). The peak values were 
close to the predicted rate of half the formic acid addition rate, on a 
molar basis, shown by the dashed line in Figure 5. At the high range of 
addition rate, above 0.02 liters acid/liter slurry/h, there was a tendency 
for the values to be higher than this predicted rate. It is probably 
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simplistic to expect the peak.value to equal half the addition rate as this 
would imply that a steady-state condition existed, whereas it was 
apparent that a considerable fraction of CO2 was released below the 
observed peak rate. 

An analysis of the time of occurrence of the peak CO? was not performed, 
though it would be expected to correlate with amounts of formic acid 
required to bring the pH to the range of 7.3 to 7.5, as suggested by Smith 
et al.(1993). The time would be expected to vary in a manner predictable 
from the acid neutralization capacity of the slurry and formic acid 
addition rate. 

4.6 Analysis of Total C0 2 Produced during Feed Preparation 

The total amounts of CO2 released for the various tests are summarized in 
Figure 6. The prediction of total CO2 produced involves assumptions about 
the specific reactions occurring during preparation, as discussed by Smith 
et al.(1993) and King (1993). Material balance analyses were not 
performed on the data tabulated here but a preliminary comparison of the 
data was made on the basis of a parameter discussed by Smith et 
al.(1993), the amount of CO2 relative to observed amounts of N2O and NOx. 
The excess CO2 produced (defined by subtracting the amount of carbonate 
from the total) was plotted versus 2 x total N2O + 0.5 x total NOx, 
Figure 7. Generally, data falling near the line of 1:1 ratio indicated that 
nitrite destruction occurred by direct reaction with formic acid whereas a 
smaller amount indicated reactions involving the disproportionation of 
nitrous acid. For amounts of CO2 above the line, other reactions involving 
H2 or NH3 production, reduction of Mn02, Fe203, or possibly other transition 
metal oxides probably occurred. Consistent with this hypothesis, the 
total H 2 observed was highest for points above the line, as indicated in 
parenthesis near each point. It was apparent that deviations from the 1:1 
line- were not correlated with the scale of the tests, and probably 
depended on other differences such as noble metal content, initial nitrite 
and nitrate concentrations and acid feed rate. As discussed above in 4.3, 
the deviations depend on the extent of the various Stage II and Stage III 
reactions, which determine the amounts of CO2 relative to NOx and N 20, in 
contrast to the predictable amount produced in Stage I. 
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A graph of total CO2 was prepared to indicate possible correlation with 
the estimated amount of carbonate, amount of formic acid added, and 
excess base added, Figure 8. This graph indicated that several other 
factors probably also affected the amount of CO2 generated. Here the 
amount of CO2 in excess of the carbonate-produced portion was plotted 
against the amount of formic acid added in excess of the amount required 
to destroy the carbonate and neutralize the added base. In general, all the 
effects causing the scatter of data are not understood, but the excess . 
amount of CO2 appeared to increase with excess amount of formic acid 
added. Noble metals tended to increase the amount of CO2, e.g. noble 
metal content was higher for Lab 1.04, Lab 1.04a, RSM 2 tests than the 
other tests, and higher for Lab SIPTnm compared to Lab SIPT. The four 
tests with the KfK slurry, i.e. Lab 1.04b, Lab 1.07, Lab KfK and KfK, 
generally correlated well and showed increase of CO2 with excess amount 
of acid added. The HWVP2 test may have had high CO2 due to the effect of 
the heel left from HWVP1. A better understanding of these effects would 
probably result if titration data were available to indicate the amount of 
formic acid required to bring each slurry to a. reference neutralization 
point, or neutralization capacity of the slurry. This would better define 
the relative amount of formic acid available for nitrite destruction and a 
could be used as a predictive tool for the extent of reactions producing NO 
and N2O and associated amounts of CO2. 

4.7 Correlation of Peak NOx Offgas Rates with Waste Feed 
Chemistry and Acid Feed Rate. 

An analysis of the peak rates of NOx was performed to correlate the 
various rates with formic acid addition and initial nitrite," nitrate, and 
carbonate concentrations of the slurries. Correlation with other chemical 
variations such as noble metal content and geometrical factors and scale 
of experiment were also sought, but no relationship was found. The initial 
nitrite, amount of formic acid added and rate of formic acid addition 
should have strong effects on peak NOx, as suggested by equations 3) and 
4) in section .4.3 above. A reasonable correlation was found using 
parameters derived from the net reaction for formation of nitrous acid 
followed by the disproportionation of nitrous acid to produce NO gas, NO3* 
and H20: 
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3 N02* + 3 H + —> 2 NO T + H 20 + N03" + H + 

• Even though gas evolution rate is not governed by an equilibrium equation, 
the propensity to evolve gas should be driven by excesses of reactants 
producing the gas and reduced by the excesses of the products of reaction. 
The results of the analysis are summarized in Figure 9, as calculated from 
data summarized in Tables 3 and 4. An empirical approach was taken 
after identification of potential species affecting the rate. Thus, a 
reasonable correlation of the data resulted, by ignoring the exponents and 
correlating with [N02*] x [, H+] / [NQ3"], achieved by using the formic acid 
rate of addition for the H + term, initial nitrite concentration and 
1/(initial nitrate) concentration as the scaling factors, which gave an 
upper bound on peak NOx offgas generation rate: 

Peak NOx - 0.074 x [ N0 2" ] x AR / [ N0 31 , moles/l/min. 

where [ N0 2"] • initial nitrite, moles/liter 
AR » formic acid addition rate, liters/Iiter/h 

[ NO3"] » initial nitrate, moles/liter 

The two tests Lab 1.04 and Lab 1.04a had 0.33 mole/liter of NaOH added 
and also were higher in noble metal content than most of the other tests. 
The excess base along with normal nitrite probably accounted for the 
production of greater quantities of N 20 in preference to NOx. A minor 
improvement in correlation of the data resulted if an additional factor of 
1/(2 x initial carbonate + added base) was used to represent the formate 
ion concentration in the above equation. This term could be interpreted as 
representing the amount of formate ion produced by carbonate-to-C02 ' 
release and neutralization. However, the overall improvement was minor 
with the available data, and the correlation of the CoreR1.1 test with the 
rest of the data worsened. 

4.8 Analysis of Total NOx Produced during Feed Preparation 

An attempt to correlate total amount of NOx with initial nitrite, acid 
addition and initial nitrate was not successful, and the effects of added 
base, noble metal content and initial carbonate were not separable with 
the limited data available. With the exception of three tests, the general 
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trend was an increase of N0 X with amount of formic acid and initial 
nitrite. Thus, a graph of total NOx versus acid addition x initial nitrite 
can be used as a platform for discussing the major effects discerned, 
Figure 10. The most notable exceptions to the general trend were Lab 1.04 
and Lab 1.04a tests, which had 0.33 molar NaOH added and also had the 
highest noble metal content. Lab 1.01, which also had high noble metal 
content, also indicated low NO x, but these data were suspect and were not 
included in the figure. Consideration of the possible effect of initial 
nitrate did not improve the overall correlation. Smith et al. (1993) 
observed that the production of N2O from nitrite was favored by alkaline 
conditions. The low amounts of total NO x for tests. Lab 1.04 and Labi .04a 
(and possibly Lab 1.01) could possibly be attributed to the larger amount -
of noble metals in these three slurries. However, there is no direct 
evidence that noble metals promote .N2O in preference to NO, although King 
(1993) reported that Pd promoted the conversion of NO to N2O in a closed 
system. All the tests considered here are open system tests. Thus the 
notable exceptions to the overall trend in Figure 10 can be attributed to 
excess base and promotion of N 2 0 in preference to NO generation. It is 
possible that the conversion of nitrite to N2O was catalyzed by noble 
metals in the alkaline slurries and that this additionally detracted from 
NO x generation. The authors concluded that additional data are required to 
clarify the effect of noble metals on NOx generation and other factors that 
affected total NO x generation. 

The temperature during acid addition had a strong effect on NO x 

production, e.g. other tests reported by Smith et al.(1993) not tabulated 
here indicated that lowering the acid addition temperature to 85 °C 
caused an appreciable increase in NOx relative to N2O. Thus the effect of 
increased base (or possibly noble metal content) on NO x production 
depended on temperature as well, and the suppression of NOx seen for 
tests 1.01, 1.04 and 104a in Figure 10 was more than offset when the 
temperature during the acid addition was dropped 10 C°. 

It should be noted that there was good agreement between the total NOx 

offgas for the full-scale SIPT2 and laboratory-scale Lab SIPT tests and 
for the engineering-scale KfK and laboratory-scale Lab KfK tests. Thus 
even though the correlation attempted over all tests, as shown in Figure 
10, was not good for the parameters selected, agreement existed between 
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large-scale and small-scale tests when the parameters were- more nearly 
identical. The differences of total NOx were in the range of 15 to 20% for 
these two comparisons. 

4.9 Correlation of Peak N 2 0 Rate with Waste Feed Chemistry and 
Acid Feed Rate 

The peak N2O generation rate generally appeared to increase with acid . 
addition-rate, initial nitrite, carbonate, and excess hydroxide. A graphical 
correlation was attempted, comprised of factors taking each of these into 
account, Figure 11. Considerable scatter was apparent. Though high pH is 
thought to promote N2O production (Smith et al.1993), initial pH was not 
used in this correlation because of the apparent poor accuracy and 
reproducibility of pH measurements at temperature, as evidenced by 
inconsistent values for Lab. 1.04, Lab 1.04a and Lab 1.04b, each of which 
had excess NaOH added (0.33 molar). Instead, the amount of added NaOH 
was used for these three tests for the correlation, and no [OH] correction 
was made for the other tests. The RSM1 test slurry had a notably high pH, 
10.8, which was the same as the highest measured for these three Lab 
tests. The outlying point for RSM1 might have fit the correlation better if 
a reliable correction were made for [OH]. An upper bound on peak N2O was 
drawn ignoring the RSM1 point. 

4.10 Comparison of Total N 2 0 with Total NOx and Correlation 
with Formic Acid Addition and Waste Feed Chemistry 

A simple correlation of the total N2O offgas with amount of formic acid, 
initial carbonate, nitrite and noble metal concentrations was not found. 
Generally, the amount of N2O was smaller than the amount of NOXl with 
N2O/NOX less than 0.5 for most of the tests, but was in the range of 4 to 6 
for tests with high carbonate (SimS2.4) and excess base (Lab1.04 and 
Lab1.04a), Figure 12. Test RSM1, as discussed above may have had high 
[OH] as well, which would make it fit the general trend better if a 
correction were made. In general, as reported by Smith et al.(1993), the 
prediction of total amount of N2O is complex, and there is limited 
understanding of the factors affecting production, though increase in base 
and increased temperature both tended to promote N2O over NO. The 
observed maximum was about 0.1 moles/liter, except for the tests with 
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excess base which produced about 0.16 moles/liter. 

4.11 Correlation of Peak and Total H 2 with Formic Acid and 
Waste Feed Chemistry 

The total amounts of H2 for the various tests are shown in Figure 13, and 
for comparison, the amounts of NH3 are also shown. A simple correlation 
indicated dependence of total H2 on amount of formic acid added, Figure 
14. Formic acid addition in Lab 1.04a test was deliberately stopped just 
prior to high H2 evolution so it is on the threshold of producing above 0.01 
moles/liter, as occurred in Lab 1.04. The amount of H2 produced in the 
various tests was further compared with an estimate of the amount of 
formic acid remaining at the end of nitrite destruction, Figure 15, with an 
additional term taking into account initial excess [OH], Figure 16, and with 
an addition factor for the nominal amount of rhodium in the slurry, Figure 
17. The available amount of formic acid was estimated by subtracting 2 x 
carbonate and the nitrite concentration, on a molar basis, from the total 
formic acid/liter slurry. Nitrite destruction can consume formic acid in 
the ratio of 0.5 to 1 moles acid/mole nitrite, depending on the extent of 
Stage II reactions 2), 3) and 4) given in section 4.3. Thus the correction 
used corresponded to the maximum amount of acid that could be consumed 
by nitrite destruction. The [OH] term was used to adjust Lab 1.04, Lab 
1.04a and Lab 1.04b acid by 0.33 molar because each of these tests had 
excess base added in that amount. The degree of correlation appeared 
better using (0.1 + rhodium concentration) rather than the concentration 
as a factor, Figure 17. This empirical correlation of the tabulated data 
would work just as well based on total noble metal content of these 
slurries, since the amounts of Pd and Ru were generally in proportion to 
the Rh concentration. However, the results of King(1993) indicated that 
Rh was the appropriate noble metal affecting H2 production. The degree of 
correlation was good for 15 of the 18 tests considered, with HWVP1 and 
RSM1 exceptional and no analytical data reported on RSM2. The RSM1 test 
produced much less H2 than any of the other tests and had the smallest 
amount of formic acid added. These correlations support the earlier 
finding by Wiemers et al.(1993) that a transition to large amounts of H2 
occurred as formic acid/nitrite ratio was increased above a threshold and 
are consistent with the observation by Smith et al.(1993) that H2was 
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generated in Stage 111. Additional tests should be performed to more 
clearly define the effect of other test conditions, such as noble metal, 
nitrite, and carbonate concentrations and initial pH, on the transition 
between high and low H2. The peak H2 offgas rate correlated with total H2, 
Figure 18. Thus, both peak and total H 2 are predictable to the extent 
shown in the above correlations. 

4.12 Correlation of NH 3 with H 2 Offgas and Formic Acid Addition 

The total amount of NH3 generated during acid addition and digestion 
increased with increasing total amount of H2, Figures 13 and 19. There 
was, however, close to an order of magnitude spread in amount of NH3 for 
a given observed H2 level, with the total variation of NH3 over the all the 
tests being about 3 orders of magnitude. Thus, other factors that did not 
affect H2 production caused significant changes in the amount of NH3 
produced. On the basis of initial slurry conditions and operating 
conditions, the amounts of NH3 measured appeared to best correlate with 
the amount of formic acid added, Figure 20. Notable exceptions were the 
HWVP tests, which produced relatively large amounts of NH3 for the 
amount of formic acid added. The preexistence of residual frit in the tank 
and the return of condensate during digestion may have contributed to the 
high NH3 for HWVP1, as discussed by Hutson (1992). A test similar to Lab 
1.08, Lab 1.08b reported by Smith et al.(1993) (not tabulated in this 
report), which deliberately had a heel left in the test vessel, also had 
somewhat higher NH3 produced, 2 x 10"3 moles/liter, close to the value for 
HWVP2. Excluding the 'HWVP data, the best fit line gave: 

log[NH3] » 3.26 X [formic acid] -6.24 (all quantities moles/l) 

A conservative bound would increase this by about a factor of 3. In 
examining the correlation shown in Figure 16, it is apparent that other 
effects must be taken into account to explain factors of 5 to 6 in the NH3 
for a given acid addition. Attempts at reducing the scatter with 
correlations with noble metal content, initial carbonate, initial pH, 
nitrite, and nitrate did not convincingly improve on the correlation with 
acid addition. Replicate runs to estimate experimental error are 
necessary to further develop correlations with meaningful interpretation 
of uncertainties. 
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4.13 Observations on Other Gases 

Some isolated observations of other gases were made during the course of 
testing in some cases. The instances cited are cases where the 
investigator was attempting to measure the particular gas, and usually . 
observed that the gas did not appear. 

For the. laboratory-scale tests by Smith et al.(1993), no carbon monoxide, 
nitrogen or oxygen was noted in lab SIPTnm and no carbon monoxide or 
generated nitrogen was noted in lab 1.02. 

For the research scale melter tests by Cooper et al.(1993), carbon 
monoxide was noted at a level of 0.5 to 1.2% in the offgas, but with the 
reservation that hydrogen cyanide may have caused the apparent- signal in 
the CO analyzer, since carbon monoxide was not indicated by the gas 
chromatograph. 

For the IDMS-HWVP tests by Hutson (1992), no carbon monoxide was 
observed. 

Details regarding observations on other gases were not available for the 
full-scale SIPT tests and laboratory-scale radioactive tests. 

4.14 Scaling Relations and Prediction of Peak and Total Offgas 
for Full-Scale Processing from Small-Scale Tests 

Prior studies have suggested that total offgas and peak offgas rates, for 
tests of different scale, when normalized on the basis of sludge weight, 
are the same when acid addition, acid addition rate, initial chemistry and 
temperature are the same. Two studies ( Ha et al. 1992, Hau et al. 1993) 
show similarities in the specific gases evolved, the timing of gas 
evolution, and increases in peak H 2 with increases in formic acid addition 
rate for both 0.5 liter and 4000 liter tests. No specific guidance was 
given on scaling the results. Thus, the general assumption was that the 
scaling relation was not complex. Confirmation of this is not easily 
achieved, considering the expense of full-scale testing and the number of 
variables involved, such as acid addition rate, total acid added, initial 
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carbonate level, initial pH, noble metal content, initial nitrite and nitrate* 
concentrations, as well as details of slurry preparation, and stirring 
conditions. 

• The most straightforward confirmation with the data tabulated in this 
report is by comparison of small-scale and full-scale tests with nearly 
the same test conditions. Comparisons of two sets of tests were 
considered in this, regard, the full-scale SIPT2 with laboratory-scale Lab 
•SIPT and engineering-scale KfK with laboratory-scale Lab KfK. However, 
several differences between SIPT2 and Lab SIPT tests made comparison of 
these two tests unreliable. The normalized acid addition rate for the 
SIPT2 test was about one half of that for the Lab SIPT, Table 3, which was 
necessary to avoid overpressurization of the tank. The acid addition rate 
was deliberately decreased to reduce the peak offgas rates. Also, the 
nitrate concentration of the SIPT2 test slurry was about 60% of the Lab 
SIPT test slurry. It would be advisable to perform a laboratory-scale test 
with the same nitrate level and acid addition rate as the full-scale SIPT2 
test to make a valid "comparison of scale effects. Moreover, the acid 
addition timing was considerably different in the full-scale SIPT2 test 
compared to the laboratory-scale test, and this condition should be more 
closely duplicated in the laboratory-scale test to make the comparison 
more reliable. In contrast, it appeared that a reliable comparison could be 
made between the KfK test and the Lab KfK test. Even though the KfK test 
was about 1/8 of full scale (volume basis)', a comparison for scale effects 
between this test and the much smaller Lab KfK test should be valid. 

The offgas profiles of the Lab KfK and KfK tests are compared in 
Figure 21. Several similarities are apparent in the comparison, but 
differences also stand out. The general sequence of gas evolution was the 
same, CO2 followed by NOx, N2O and then H2. The lab-scale test peak 
heights were about 22% higher for CO2, 44% lower for NOx, and 25% lower 
for N2O. The H2 peaks were similar in magnitude, but equipment problems 
during the Lab KfK test may have affected the peak measurement around 3 
h. The large H2 peak at 6 h was probably an artifact of an unplanned 
temperature rise (Smith et al.1993) in the lab-scale test. 

The total NO x was about 20% lower for the Lab KfK compared to the 
engineering-scale KfK test, whereas amounts of N2O were nearly identical 
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for the two tests, and amounts of H2 were nearly identical as well. 

Amounts of NH3 were not reported for the Lab KfK and KfK tests. 

A comparison of the percent of total gas for CO2, NOx, N2O and H2 showed 
very close agreement for the Lab KfK and KfK tests, shown in bold type in 
Table 5. 

Based on the above comparison of the Lab KfK and KfK tests, excellent 
agreement was found between laboratory-scale and large-scale tests, 
though this agreement has not been confirmed for full-scale tests. In 
making an assessment of scaling effects on the basis of the data 
tabulated here, a more complex evaluation is possible using the figures 
presented earlier in this report wherein variations in initial nitrite, 
nitrate, carbonate, and pH as well as acid feed rate, total acid added and 
waste oxide loading were used as normalizing parameters to develop 
master plots for all the data. The degree of agreement varied, but the 
following conclusions could be inferred until further data are developed: 

Total offgas was generally dominated by CO2, and the fraction of CO2 
was in the range of 47% to 87% for large-scale tests (HWVP, KfK and 
SIPT2). The trend toward lower fraction of CO2 was found in the 
corresponding small-scale test, i.e. Lab KfK. 

Total NO x could be reasonably correlated with acid addition and 
initial nitrite and depended on other differences not clearly defined 
with available data. The fraction of NOx varied considerably over all 
the tests considered,. but was generally lower than the fraction of 
CO2: However, for the Lab KfK and KfK tests, the fraction of NOx was 
comparable to the fraction of CO2. Moreover, the total amounts of 
NO x and CO2 were in good agreement, which indicated that a small-
scale test could be used to predict large-scale behavior for NOx and 
CO2 Similarly, N2O was only roughly correlated with test conditions 
over all the tests, yet the production of N2O was nearly the same in 
these two KfK tests. 

Total H2 varied by more than 3 orders of magnitude over the various 
tests, and could be correlated with formic acid addition, initial 
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base, initial carbonate and noble metal content to within only about 
an order of magnitude. This indicated that other factors may have 
strong effects. For the KfK and Lab.KfK tests, excellent agreement 
existed between the amounts of H2 produced, 3.6 to 3.7 X 10"4 

moles/liter, and the fraction of H2 relative to total gas, 0.06 to 
0.07%. 

Generally, the sequence of evolution of specific gases was the. same 
in small-scale and large-scale tests and followed the scheme 
outlined by Smith et al.(1993) in laboratory-scale tests. 

4.15 Variations in Feed Chemistry and pH after Frit Addition 

The data on initial pH and initial chemistry (nitrate, nitrite, and 
carbonate) were tabulated and were generally complete for the various 
tests, though pH data were not uniformly reported and available. Post-
digestion chemistry (nitrate, nitrite, and formate) and pH were similarly 
tabulated, and data for 5 of the 18 tests were either not reported or were 
not available. Chemistry and pH data were reported for 5 of the 8 tests 
that included frit addition. After frit addition, the nitrate ranged from 
0.24 to 0.54 molar, the nitrite from 0.00 to 0.21 molar, and the formate 
from 0.36 to 1.42 molar for these 5 tests. Ambient pH for melter feed 
ranged from 6.69 to 10.03. Some of these differences are obviously 
related to amounts of formic acid added and initial chemistry differences. 
Details of frit additions were not included in this report, and 
incorporation of this information remains as a task to facilitate analysis 
of the variations in final feed chemistry. 

4.16 Glass Redox Dependence on Formic Acid Addition and Initial 
Slurry Nitrate and Nitrite Concentrations 

A previous report by Wiemers (1990) indicated that the glass redox, as 
measured by Fe 2 + /Fe 3 + in the resultant glass, depended on the ratio of 
added formic acid to initial nitrate concentration and was largely 
independent of carbonate level. This correlation indicated acceptable 
redox, i.e. 0.005 < Fe 2 +/Fe 3 + < 0.3, when the (HCOOH)/(N03") ratio = 3. At 
the time of that study, nitrite was not included in the slurry makeup, 
though it was recognized as a relevant factor. Additional redox data were 
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available for some of the tests examined in the present report, and these 
are shown in Table 6. It might be expected that initial nitrite would 
consume formic acid and thereby decrease the redox of the glass produced 
from the slurry. Thus as a first approximation, the initial'amount of 
nitrite could be subtracted from the formic acid addition, on a molar 
basis, as a measure of its effect A plot of the all the data was prepared 
to take into account initial nitrite,. Figure 22, shown with the earlier data 
reported by Wiemers (1990) and that of Farnsworth(1987) and Elliott et 
al.(1991). As indicated, some of the simulants of Famsworth had high 
total Fe and required less formic acid for acceptable redox, as discussed 
by Wiemers (1990). The nitrite-containing slurries produced glasses that 
were more highly oxidized, as indicated by generally lower values of 
F e 2 + / F e 3 + for a given (HCOOH)/(N03") ratio, if the nitrite concentration is 
subtracted from the formic acid addition (earlier data unchanged since the 
slurries contained no nitrite), then all the data more or less correlated 
consistently, as shown in Figure 22. Thus the combined effect of initial 
nitrite and added formic acid on glass redox appears predictable based on 
the earlier correlation by simply. subtracting the nitrite from the acid 
addition on a molar basis. The normalizing parameter for this correlation 
was (HCOOH - N02~)/(N03~). 
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5.0 REFERENCES 

5.1 Sources and Methods for Tabulation of Data 

The data that formed the basis of this report were taken from best 
sources available, in most cases draft reports, as follows: 

PNL laboratory-scale test results were drawn from a draft report ( Smith 
et al.1993). Results from tests 1.01, 1.02, 1.Q4, 1.04a, 1.04b, KfK, 1.07, 
1.08, 1.16 (SIPT) and- 1.16(SIPT w noble metals) were tabulated. 

The research scale melter test results were taken from a draft report 
(Cooper et al. 1993). Results from both RSM 1 and RSM 2 were analyzed. 

The IDMS results for HWVP1 and HWVP2 were taken from a draft report 
(Hutson 1992). In addition, updated plots of some data and information on 
flow rates were obtained by telecon and fax1. 

The KfK Batch 5 data were taken from a draft report (Grunewald et al. 
1993). Integration of plotted offgas data was done to arrive at total gas 
evolved for these tests, and only the Batch 5 results were analyzed and 
tabulated. This batch was selected as typical, was conducted toward the 
end of the campaign, and the gas analysis results appeared representative 
and complete. Data were also available on glass redox for this batch2. 

Radioactive core and simulant data were provided in a manuscript from a 
presentation (Morrey 1992), as well as updated information on further 
details of the tests . Only the in-cell test results were tabulated and 
analyzed, namely test S2.4 (simulant) and test R1.1 ( radioactive core 
sample). Offgas values included offgas during recycle waste stream 
simulant addition. 

1 Hutson, N., private communication, Westinghouse Savannah River Company, July 
1993. 

2 Elliott, M.L, private communication, Pacific Northwest Laboratory, Richland, 
Washington, September 1993. 

3 Morrey, E.V., private communication regarding recent determinations of noble metal 
content and carbonate of simulants and core sample and details of experimental geometry and 
volumes, June 1993. 
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The results from, the SIPT-2 test were "provided in conversations with'PNL 
staff analyzing test results4. These results are preliminary and were not 
available in written reports. 

The dimensions of feed preparation tanks were taken directly from 
reports where possible or from drawings provided by the investigators. In 
all cases the data on nominal sweep gas flow were available from reports, 
except for the SIPT tests. The slurry volumes were reported in all cases 
for each test and were not identical for each run. All offgas data were 
normalized on the basis of initial slurry volume, taken where possible as • 
the volume at the initiation of formic acid addition. The gram waste oxide 
loadings per liter (gWO/L) tabulated were the initial values before formic 
acid addition and final values after recycle waste stream and frit 
additions. The available radioactive test data and available SIPT data did 
not include information on recycle waste stream and frit additions. 
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Emissions During Sludoe Treatment in the DWPF. in Proceeding of Waste 
Management '93, Tucson, AZ, Vol.2 p 963. 

Morrey, E.V., M.L Elliott, and J.M. Tingey, 1993, Laboratorv-Scale 
Vitrification and Leaching of Hanford Hiah-Level Waste for Validating 
Simulant and Glass Properties. fOffgas Analysis during Formating of the 
Third NCAW Core Sample M02-AZ-C1H. PNL-SA-21885, presented at 
Waste Management, March 4, 1993, Tucson, AZ. 

4 Powell, M.R., J.R. Gaskill and M.H. Langowski, June, 1993, private communication 
regarding preliminary data from SIPT-2 test, formating and digestion conducted March 10-11, 
1993, Pacific Northwest Laboratory, Richland, Washington. 
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Technical Report to Westinghouse Hanford Company, PHTD-C91.03.02C, 
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Figure 1. Average Purge Gas Flow per Unit Volume of Slurry for Feed Preparation Tests 
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Figure 2. Peak Total Offgas Rate vs. Formic Acid Addition Rate. 
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Figure 3. Total Offgas vs. Formic Acid Addition + Initial Carbonate + Initial Nitrite 
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Figure 4. Peak C02 Offgas for Feed Preparation Tests 
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Figure 5. Peak 002 Offgas Rate versus Formic Acid Addition Rate 

0.005 0.01 0.015 
Formic Acid Addition Rate, liters/liter/h 

0.02 0.025 



Figure 6. Total C02 Offga's for Feed Preparation Tests 
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Figure 7. Total C02 Offgas minus Initial Carbonate versus 2 x [N20] + 0.5 x [NO]. ' 
Number in bracket - total H2 offgas, moles/liter slurry. 
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Figure 8. Total C02 Offgas minus Initial Carbonate versus Acid Addition minus 2xlnltial Carbonate minus Added Base. 
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Figure 9. Peak NOx versus Acid Addition Rate X Ratio of Initial Nitrite / Initial Nitrate. 
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Figure 10. Total NOx Offgas versus Formic Acid Addition x Initial Nitrite 
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Figure 11. Peak N20 Offgas Rate versus Formic Acid Addition Rate x Initial Nitrite x (2 x Initial Carbonate + Added Hydroxide) 
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Figure 12. Ratio of N20/NOx Correlated with Formic Acid Addition and Initial Carbonate, Added OH, and Initial Nitrite 
Concentrations 
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Figure 14. Total Hydrogen Offgas versus Formic Acid Addition 
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Figure 15. Total Hydrogen Offgas versus Available Acid (no added base correction) 
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Figure 16. Total Hydrogen Offgas Correlated with Available Formic Acid with Correction for Added Base. 
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Figure 17. Total Hydrogen Offgas Correlated with Available Formic Acid with Added Base and Noble Metal Corrections 
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Figure 18. Correlation of Peak Hydrogen Offgas Rate with Total Hy.drogen Offgas 
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Figure 19. Total Ammonia Produced during Feed Preparation versus Total Hydrogen Offgas 
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Figure 20. Total Ammonia Measured versus Amount of Formic Acid Added During Feed Preparation 
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Figure 2 1 . Offgas Profiles 'Showing Offgas Rates vs. Time for Laboratory-Scale Lab Kfk Test 
• ' and Engineering-Scale KfK Test 
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Figure 22. Fe2+/ Fe3+ Ratio Correlated with Ratio of (Formic Acid - Initial Nitrite) to Initial Nitrate 
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Table 1. System Characteristics for Various Feed Preparation Tests 

slurry 
Run surface area, tank slurry slurry Vol. Scale slurry stirring pwr 

Test Type Identification m2 volume. 1, depth, m volume. | Eactai S/V; m-1 feed wt. ka w/l (b) 

Lab-Scale Feed Prep 1.01 0.0133 2.36 0.112 1.48 18.927 8.97 1.68 (c) 
I 

Research-Scale Melter Feed Pret RSM1 2.63 2700 0.450 945 29.64 2.78 1045 (O 
I RSM2 2.63 2700 0.484 960 29.18 2.74 1062 (c) 

KfK Eng.Scale Feed Prep Batch 5 2.54 4500 1.509 3,840 7.29 0.66 4070 (c) 

IDMS Feed Prep. HWVP1 3.49 7570 1.453 5.072 5.52 0.69 5528 (O 
HWVP2 3.49 7570 1.664 5,806 4.82 0.60 6329 (c) 

Lab-Scale Radioactive Feed Prep simulant 0.00283 0.167 0.028 0.08 350,140 35.34 est. 0.086 (0 ) 

I ^ core 0.00283 0.167 0.020 0.0575 487,152 49.17 est. 0.062 (c) 

SIPT Full-Scale Feed Prep (a) SIPT2 10.61 44730 (d) 2.639 28,011 1.00 0.38 31,345 0.35 
I 

(a) .the SIPT data are preliminary & In some cases estimated 
(b) electrical power Input 
(c) not reported | • 
(d) estimated from drawing of tank • 
(e) flow rate with no process offgas 
(f) gives the number of exhanges of headspace gas per hour relative to the depth of slurry I • 



Table 1. System Characteristics for Various Feed Preparation Tests ( cont. ) 

purge gas flow rate/slurry vol. ilow rate/headspace turnover per unll nominal high low 
Run (low rate, (e) turnover turnover volume ratio depth of slurry headspace pressure pressure pressure 

Identification purae aajj rn3/hr fSTP) rate. 1/h rate, 1/h slgrry/hdspace , 1/h *m-1 ff\ atm fin. water) atm fin. wateri atm, fin., water) 

1.01 Ar 0.036 24.00 40.91 1.70 366.90 1.01 (+5) 1.02(+10) 1.01 (+5) 
* 

* 
RSM1 air 23.8 25.19 13.56 0.54 37.70 <1 (c) (c) . 
RSM2 air 23.8 24.79 13.68 0.55 37.43 • 

Batch 5 air 20 5.21 30.30 5.82 20.08 0.99(-5.9)/0.97(-12) 0.99(-5.9) 0.96M7.3) 

HWVP1 air 69 13.56 27.53 2.03 18.94 0.99(-3) 0.99(-3) 0.95(-20) 

HWVP2 air 71 12.17 40.06 3.29 24.08 0.98(-2) 0.9802) 0.95(-20) 

simulant Ar/0.3%He 0.0072 90.00 82.76 0.92 2924 1.02(+9) 1.04(+15) 1.01 (+5) 
core Ar/0.3%He 0.0072 125.22 65.75 0.53 3233 .. 1.01 (+4) 1.01 (+4) 1.01 (+4) 

SIPT air 161.31 5.76 9.65 1.68 3.66 0.98 (-10) 0.99(-5) 0.98(-10) 

• 

• 



Table 2. Summary of Formatlng/Olgastlon/Racycla and Frit Addition Conditions 

Lab-Seal* Feed Prep 
Tast 1.01 
LabKIK 

LabSIPT 

Research-Scale Melter Feed Prep. 

KfK Eng-Scale Fead Prep 
Batch 5 

I0MS Feed Prep. 
HWVP1 
HWVP2 

Lab-Scale Radioactive Feed Prep. 
Core R1.1 
Simulant S2.4 

SIPT Full-Scale Feed Prep 
SIPT2 

ACID ADDITION 
Initial final 
gwo/l time/temp gwo/l 

125 
125 

3.3 h at 95*C 
2h at 96 'C 

128 
(c) 

130 2h at 96 *C 135 

140 3 h at 95*C (c) 

136 2.7 h at 95°C (c) 

124 
199 

3.3 h at 93*C 
5 h at 95'C (a) 

(c) 
(c) 

125 
125 

3.9 h at 950C' 
4.4 h at 95"C (c) 

139 6.6 h at 95-C (b) (c) 

DIGESTION RECYCLE FRIT ADDITION 
Initial final 
gwo/l lima/tamp gwo/l 

151 
(c) 

6.3 h at 103*C 
4.6 h at 98-102*C 

156 
142 

135 6.7 h atlOI'C 148 

(c) 4 h al 98-100*C (c) 

(e) 4 h at 99'C 
1 

175 

(c) 
(c) 

8 h at 99'C 
7.9 h at 99*C 

107 
223 

(c) 
(c) 

4.2 h at 101«C 
4.2 h at 101'C 

' * 
4.5 h at 100°C 155 

a. an additional 1.9 h elapsed for repairs 2.2 h after add addition Initiation 
b. acid addition not continuous, total time a 6.6 h 

addition in 7 parts with 8 to 30 min. lag time between each addition 
c. not reported 
d. not applicable 

Initial final 
gwo/l tlma/tamp gwo/l 

156 
142 

148 

6 h at 102-C 
14 hat 96-102*C 
for recycle + frit 

4.3 h at 93*C 

174 
<d) 

181 

(c) added after cooling 
at ambient temp. 

(c) 

(c) 29 h at 40 to 60 *C 
for recycle + frit 

(c) 

(c) 
(c) 

1-2 day period In 
FMST for recycle + frit 

127 
234 

(c) 

t 

2.2 h at 101*C 
2.2 h at 101*C 

no details 

(c) 

Initial final 
gwo/l time/temp gwo/l 

(c) 
<d) 

6 h at 103*C 
sea recycle column 

no frit 

559 
500 

added to 55 gal batches 
immediately before 

melter feed 
at ambient temp. 

500 

468 aea recycle column 

• 
482 

(c) 
(c) 

aae recycle column 350 
486 

not added 

no details 

(d) 



Table 3. Operating Conditions and Slurry Chemistry (or Feed Preparation Tests 

Nominal Normalized 
Amount of Initial Slurry Moles Acid per Formic Add • Acid Feed • 

Test Tvoe Run Identification Formic AcidJ^wJSfcjclg; Volume. 1 lito r

 S l l , r f v I M Feed rate, amt acid/time rate. 1/h fl) Slurrv Tvoem 

Lab-Scale 1.01 134g/86.7% 1.483 1.703 112ml/170mln 0.023 NCAW+25%NM 

Lab-Scale 1.02 111g/93.2% 1.522 1.477 92.5ml/167mln 0.020 SIPT+NM 

Lab-Scale 1.04 136g/86.7% 1.487 1.723 113.6ml/183mln 0.022 NCAW+25%NM 

Lab-Scale 1.04a 101g/86.7% 1.502 1.267 101g/146min 0.020 NCAW+25%NM 

Lab-Scale 1.04b 130.2g/86.7% 1.444 1.699 130.2g/180 mln. 0.022 KIK/NM 

Lab-Scale KfK 66g/B6.7% 1.485 0.837 55ml/123min 0.016 KfK/NM 

Lab-Scale 1.07 111g/93.2% 1.455 1.545 92.5ml/420 min 0.008 KIK/NM 

Lab-Scale 1.08 65g/93.2% 1.451 0.880 65g/97min 0.022 RSM/NM 

Lab-Scale SIPT 72.2g/93.2% 1.609 0.909 72.2g/116min . 0i018 SIPT 

Lab-Scale SIPTnm 74.2g/93.2% 1.624 0.926 74.2g/117mln 0.018 SIPT+NM 

Research-Scale Melter RSM1 650 moles/94% 945 0.688 650moles/127 mln. 0.012 RSWNM 

Research-Scale Melter RSM2 800 moles/94% 960 0.833 800moles/127 min. 0.015 RSM/NM 

KIK Eng-Scala Batch 5 167 MtV85% 3840 0.964 62 l/h 0.014 KfK/NM 

IDMS Feed Prep. HWVP1 38gal/90.7% 5072 0.671 0.2 gal/mln 0.008 NCAW/NM 

IDMS Feed Prep. HWVP2 56gal/86.1% 5806 0.820 0.4 gal/mln Initially 0.013 NCAW/NM 

IDMS Feed Prep. HWVP2 0.25 gal/mln (d) 0.008 

Lab-Scale Radioactive Simulant S2.4 8.5g/90% 0.0800 2.079 0.0271 ml/mln/90% 0.018 NCAW Core/NM 

Lab-Scale Radioactive CoreSamp.RI.1 S.11g/90% 0.0575 1.739 . 0.0186ml/mln/90% 0.017 NCAW Core Slm./NM 

SIPT Full-Scale SIPT2 320.5 gal/90% 28011 1.017 1to1.2 gal/mln (e) (f) 0.009 SIPT 

. / 
(a) not reported 
(b) not applicable 
(c) estimated, not measured 
(d) rate decreased due to overpressurization & add addition interrupted 1.9 h to fix leak, temp down to 70 deg. 
(e) varied during early formating during peak C02 1 

• (f) average normalized rate, based on 6.5 hr total acid addition - 0.0059/h 
* (g) measurements on KIK Batch 5 & IDMS slurries show noble metal content doesn't change after acid addition 

(h) digestion time starting at end of acid addition • 
(i) designation after report by Smith et al. 1993. 
(j) equal to total volume acid added x wt% acid /initial volume slurry 
(k) initial slurry volume at start of acid addition at initial oxide loading Indicated 



Table 3. Operating Conditions and Slurry Chemistry for Feed Preparation Tests ( cont. ) 

Feed composition (before formating) 
N03 N02 C03 Rh Ru Pd oxide loading Init ial Measure 

Run Identification mfilac molar molar wh flh?<?a Wt% Ru203 wt% PdO o/l oH TemD.. *C RTf?H 

1.01 0.152 0.454 0.125 0.132 0.481 0.141 12S 8.9 95 (a) 

1.02 0.126 0.452 0.125 (C) 0.106 0.387 0.123 133 9.8 95 11.74 

1.04 0.146 0.435 0.125 (C) 0.132 0.481 0.141 134 10 95 (a) 

1.04a 0.14S 0.431 0.125 (C) 0.132 0.481 0.141 133 9.2 95 (a) 

1.04b 0.149 0.131 0.125 (0) 0.106 0.387 0.123 124 10.8 95 (a) 

KfK 0.129 0.457 0.125 (c) 0.106 0.387 0.123 125 9.4 95 (a) -

1.07 0.119 0.420 0.125 (C) 0.106 0.387 0.123 125 9.4 95 (a) 

1.08 0.132 0.396 0.125 (c) 0.106 0.387 0.123 127 9.7 95 (a) 

SIPT 0.193 0.475. 0.125 (C) 0.000 0.000 0.000 130 10 95 11.7 

SIPTnm 0.192 0.478 0.125 (c) 0.106 0.387 0.123 130 . 9.1 96 11.7 

RSM1 0.130 0.435 (c) 0.125 (C) 0.106 0.769 0.118 140 (a) (b) (a) 

RSM2 (a) (a) 0.125 (c) 0.106 0.385 0.118 140 10.8 96 (a) 

Batch 5 0.094 0.499 (a) 0.118 0.355 0.135 136 (a) (b) 11.4 

HWVP1 0.160 0.100 0.125 0.060 0.410 0.060 94 (a) (b) 11.7 

HWVP2 ' 0.280 0.400. 0.17 0.060 0.420 0.070 199 (a) (b) 10.5 

HWVP2 

Simulant S2.4 0.115 0.261 0.253 0.111 0.404 0.129 125 9.5 95 (a) 

CoreSamp.RI.1 0.116 0.261 0.075 0.012 0.105 0.006 9 95 (a) 

SIPT2 0.117 . 0.504 0.139 0.000 0.000 0.000 139 9.11 95.6 (a) 

9.85 65.5 

• 

• 

* 
. . 



Table 3. Operate Conditions and S.urry C h a t t y for Feed Preparation Tests ( eonL ) 



Table 3. Operating Conditions and Slurry Chemistry for Feed Preparation Tests ( cont. ) 

Feed Composition (after recycle and frit addition): • 
N03 N02 000H oxide loading Measure 

Run Identification mslai molar molar O/t oH TemD *C 

1.01 0.34 0.004 1.42 568 7.4 1 0 4 ' n.m. 

1.02 • (b) (b) (b) (b) (b) (b) (b) 

1.04 (b) (b) (b) (b) (b) (b) (b) 

1.04a (b) (b) (b) (b) (b) (b) (b) 

1.04b (b) (b) (b) ( b ) ' (b) (b) (b) 

KfK (a) (a) (a) 631.5 7.81 97 (a) 

1.07 (b) (b) (b) (b) (b) (b) (b) 

1.08 (b) • (b) (b). (b) (b) (b) (b) 

SIPT 0.41 0.18 1.14 181 (no frit) 5.83 100 6.69 

SIPTnm 0.39 0.13 1.07 182(no (rlt) 6.31 99 . 7.92 

RSM1 0.24 0.20 (a) 400 (a) (a) (a) 

RSM2 0.30 0.21 (a) 400 (a) (a) (a) 

Batch 5 (a) . (a). (a) 482 (a) (b) 8.9 

HWVP1 0.54 0.00 0.36 456 <a) (b) 9.69 

HWVP2 0.34 0.00 0.46 486 (a) (b) 10.03 

HWVP2-

Simulant S2.4 (b) <b> (b) (b) (b) (b) (b) 

CoreSamp.RI.1 (b) (b) (b) (b) (b) (b) (b) 

SIPT2 (b) (b) (b) (b) (b) (b) (b) 

• 

, 



Table 4. Ollgai Data lor Various Feed Preparation Tests 

, Offoas during formic add addition: Durino diofiSllon . Total off-gas; 
• 

Test Typo Total gas. (d) Peak gas flow, (e) Time. <f] Duration acid Total gas. Peak gas flow. Time. (1) Duration Total, Total gas, 
Run Idenllllcallon molas/lller moles/mln/| h addilion. h moles/IHer moles/mln/l h dioesilon. h Ufilsa molqs/|lter 

Lab-Scale Feed Prep. 1.01 0.498 0.0132 2.13 3.3 0.281 0.0084 2.20 6.3 1.154 0.778 
1.02 0.527 0.0081 2.78 2.8 0.166 0.0081 2.78 4.5 1.056 0.694 
1.04 0.754 0.0065 0.90 3.0 0.456 0.0011 .4.33 ' 5.5 1.343 0.903 
1.04a 0.557 0.0059 0.90 2.4 0.099 0.0009 3.55 7.1 0.986 0.656 
104b 0.371 0.0065 • 2.78 3.1 0.235 . 0.0026 3.30 4.3 0.874 0.605 • 
KIK 0.272 0.0043 2.00 2.0 0.229 0.0044 2.08 4.6 0.794 0.534 
1.07 0.682 0.0038 2.18 7.0 0.177 0.0018 7.63 4.0 1.251 0.860 
1.08 0.298 0.0064 0.53 1.6 0.234 0.0050 2.03 4.5 0.772 0.532 
SIPT 0.229 0.0040 0.57 2.0 0.158 0.0017 2.75 6.7 0.623 0.387 
SIPTnm (a) • 0.0036 0.50 2.0 «a> 0.0028 2.55 6.1 0.708 0.436 

Research-Scale Meher Feed Prep. RSM1 0.203 0.0038 1.00 2.1 0.133 0.0042 3.05 4.6 318 0.337 
RSM2 0.232 0.0036 1.00 2.1 0.159 0.0024 2.12 4.0 375 0.391 

KIK Eng-Scale Feed Prep. Batch 5 0.336 0.0061 2.88 2.9 0.276 0.0061 3.40 4.0 2354 0.613 

IDMS Feed Prep. HWVP1 "* 0.211 0.0018 ' 1.10 3.3 0.116 0.0009 5.70 9.0 . 1658 0.327 

HWVP2 0.446 0.0031 1.50 5(g) 0.193 0.0016 5.90 7.9 3707 0.640 

Lab-Scale Radioactive Feed Prep. SimulantS2.4 0.556 0.0049 2.50 4.4 0.1769 0.0013 4.67 4.2 0.062 0.780 
Core SampleRI.1 0.287 0.0041 0.83 3.9 0.0765 0.0003 6.00 4.2 0.022 0.392 

SIPT Full-Scale Feed Prep. SIPT2 0.440 0.0017 1.75 6.6 0.085 0.0008 6.67 4.5 15219 0.543 

(a) not reported 
• (b) not applicable 

(c) estimated, not measured 
(d) olfgas normalized wilh respect to slurry volume al start of'add addition . 
(e) peak gas (low rate normalized with respect to slurry volume 
(0 lime at occurrence ol peak, hours past start ol acid addition. 
(g) an additional 1.9 h lapsed for repairs alter 2.2 h into acid addition 
(h) amount found In condensate, per liter ol slurry 
(I) amouni found In condensate & slurry, per liter ol slurry 
(i) peak before Interruption ol acid addilion J . . 
(k) peak alter restart ol acid addition, time after restart 
(I) at detection limit I- I , 
(m) estimated from average of two similar core sample results, amount under add & digest total'also Includes recycle 



Table 4. Ollgas Oaia lor Various Feed Preparation Tests (COtlt.) 

C02: NOX- N02: NO-
• 

Total gas, Peak How, Time. If) Total gas, Peak How, Time. (1) Total gas. Peak How Time, (0 Total qas, Peak flow. Time. II) 
pun Identification malas/llist molGs/mln/l h moles/ll^er moles/mln/l h moles/lller mfflsa/mln/l h oislasZUisi moles/mln/l h 

1.01 0.610 0.0084 2.20 0.0701 0.00519 2.10 la) (a) la) la) la). la) 
1.02 0.361 0.0039 0.42 0.2674 0.00414 2.68 (a) la) la) (a) (a) la) 
1.04 0.666 0.0061 0.90 0.0380 0.00046 2.50 (a) la) la) la) la) (a) 
1.04a 0.463 0.0058 0.90 0.0268 0.00038 2.45 la) la) la) (a) la) (a) 
104b 0.437 0.0049 0.90 0.0845 0.00093 1.95 (a) (a) (a) la) (a) la) 
KIK 0.263 0.0036 0.66 0.2357 0.00269 2.08 la) la) la) la) la) la) 
1.07 0.502 0.0020 2.18 0.2536 0.00179 5.67 la) la) (a) la) la) la) 
1.08 0.302 0.0062 0.53 0.1799 0.00314 1.58 la) la) la) la) la) (a) 
SIPT 0.174 0.0039 0.57 0.2070 0.00276 2.75 <a) la) (a) (a) la) • la) 
SIPTnm 0.217 0.0035 0.50 0.1841 0.00208 1.95 la) la) la) la) la) la) 

RSM1 0.255 0.0038 1.00 0.0243 0.00033 3.05 (a) la) la) la) la) (a) 
RSM2 0.279 0.0037 0.65 0.0323 0.00041 2.50 la) la) la) la) (a) la) 

Batch S 0.285 0.0028 0.50 0.2910 0.00480 3.13 0.217000 0.004200 3.10 0.074000 0.000700 3.37 

HWVP1 0.305 0.0016 1.10 0.0144 0.00024 2.50 0.005170 0.000130 2.50 0.009240 0.000118 2.10 

HVWP2 0.473 0.0026 1.50 0.0685 0.00060 0.9 (1) 0.046900 0.000382 3.60 0.021600 0.000152 1.40 
0.00054 1.5fk) 

SlmulanlS2.4 0.626 0.0049 2.50 0.0220 ' 0.00041 3.75 la) la) la) (a) la) (a) 
Core SampleRLI 0.254 0.0041 0.83 0.0880 0.00134 1.67 (a) (a) la) la) la) la) 

SIPT2 0.321 0.0016 1.75 0.2052 0.00132 5.17 la) (a) la) (a) la) la) 

' 
• 

• 



Table 4. Ollgas Data lor Various Feed Preparation Tests (cont.) 

N 2 ° : , . - - , _ ' . , H?- _, N H 4 * ' 
acid & digest acid & digest recycle & Iril 

Total flas. Peak (low. Time. (1) Total qas, Peak How, Time, (1) condensate, (h) total, (i) condensate. 
Run Identification motes/liter mslsslmlnl] h moles/IUer moles/mln/l h malaadiiai moles/titer motfls/iiter 

1.01 0.025 1.01E-03 2.20 7.15E-02 5.39E-04 2.70 6.94E-04 3.58 E-02 1.27E-02 
1.02 0.020 5.78E-04 2.73 4.54E-02 3.94E-04 3.28 9.52E-06 6.34E-03 lb) 
1.04 0.167 1.73E-03 2.00 3.28E-02 3.23E-04 3.00 1.55E-02 2.89E-02 lb) 
1.04a 0.164 1.69E-03 2.05 1.76E-03 2.00E-05 1.13 2.B2E-03 3.71 E-03 lb) 
104b 0.016 4.22E-04 1.95 6.79E-02 9.28E-04 2.97 7.13E-04 1.22E-02 lb) 
KIK 0.036 3.03E-04 2.87 3.57E-04 la) lb) la) (a) la) 
1.07 0.057 4.19E-04 5.92 4.74E-02 4.95E-04 7.18 2.67E-04 1.42E-02 lb) 
1.08 0.050 1.34E-03 3.13 2.89E-04 8.96E-06 • (a) 4.46E-05 1.86E-04 lb) 
SIPT ' 0.006 1.12E-04 1.95 1.31 E-04 6.84 E-07 la) 5.85E-05 5.85E-05 1.28E-05 
SIPTnm 0.034 3.57E-04 3.17 4.99E-04 5.54E-06 la) 5.43E-05 1.16E-04 1.34E-05 

RSM1 0.057 2.28E-03 3.17 2.8GE-05 1.06E-05 3.00 (a) la) la) 
RSM2 0.070 1.17E-03 2.67 3.52E-04 6.25E-06 2.50 la) la)- la) 

Batch 5 0.037 4.00E-04 3.80 3.69E-04 3.80E-07 4.30 la) la) la) 

HWVP1 0.008 6.11E-05 2.50 2.25E-02 1.56E-04 4.80 1.65E-03 2.09E-02 1.52E-02 

HWVB2 0.097 5.77E-04 1.40 1.44E-03 5.31 E-06 7.00 4.02E-03 (c) 1.82E-03 6.06E-03 (c) 
' 

SlmulantS2.4 0.0B8 1.15E-03 3.50 4.32E-02 2.59E-03 5.00 2.18E-02 2.18E-02 lm) 
Core SampleRI.1 0.034 4.41 E-04 2.00 1.51E-02 5.80E-05 6.00 2.34E-04 8.94E-03 lm) 

SIPT2 0.016 9.64E-05 4.33 3.93E-04 1.29E-06 9.17 II) 3.47E-05 lb) 

• 



Table 5. Total Offgas Data for All Tests Showing Comparison of Laboratory-Scale KfK and Engineering-Scale KfK Tests 

CQ2: NO* N20: H2: Overall Fraction of Total Gas, 
. Total gas. Total gas, Total gas. Total gas, Total gas, 

Run Identification molea/llter molea/litet moles/liter , moles/l|ter rnoles/llter 2£Q2 m* %N20 2ti2 
Lab 1.01 0.778 0.610 0.070 0.025 7.15E-02 78.34 9.01 3.20 9.19 
Lab1.02 0.694 0.361 0.267 0.020 4.54E-02 61.99 38.55 2.92 6.54 
Lab1.04 0.900 0.665 0.038 0.165 3.23E-02 73.89 4.22 18.30 3.59 
Lab1.04a 0.656 0.463 0.027 0.164 1.76E-03 70.59 4.09 25.05 0.27 
Lab1.04b 0.605 0.437 0.084 0.016 6.79E-02 • 72.17 13.95 2.66 11.21 
Lab KfK 0.534 0.263 0.236 0.036 3.57E-04 49.14 44.10 6.69 0.07 
Lab1.07 0.860 0.502 0.254 0.057 4.74E-02 58.35 29.50 6.63 5.52 
Lab1.08 0.532 0.302 0.180 0.050 2.89E-04 56.70 33.79 ' 9.45 0.05 
Lab SIPT 0.387 0.174 . 0.207 0.006 1.31 E-04 44.98 53.49 1.49 0.03 
Lab SIPTnm 0.436 0.217 0.184 0.034 4.99E-04 49.73 42.24 7.91 0.11 
RSM1 0.337 0.255 0.024 0.057 2.86E-05 75.78 7.23 16.98 0.01 
RSM2 0.391 0.279 0.032 0.079 3.52E-04 71.40 • 8.26. 20.25 0.09 
KfK 0.613 0.285 0.291 0.037 3.69E-04 46.49 47.47 6.00 0.06 
HWVP1 0.349 0.305 0.014 0.008 2.25E-02 87.39 4.13 2.20 6.44 
HWVP2 0.639 0.473 0.069 0.097 1.44E-03 74.08 10.73 15.24 0.23 
SlmulantS2.4 0.779 0.626 0.022 0.088 4.32E-02 80.34 2.82 11.29 5.54 
Core SampleR1.1 0.392 0.254 0.088 0.034 1.51E-02 64.96 22.48 8.71 3.86 
SIPT2 0.543 0.321 0.205 0.016 3.93E-04 59.16 37.82 2.95 0.07 



Table 6. Redox of Glasses and Related Slurry Feed Preparation Chemistry Data. 

est Identification HOOOH N03 N02 HCOOH/N03 (HCOOH-N02)/N03 Fe++/Fe+++ 
moles/liter 

.0.964 
moles/liter 

0.094 
moles/liter 

0.499 
ratio 
10.26 

ratio 
4.95 

ratio 
KfK 

moles/liter 
.0.964 

moles/liter 
0.094 

moles/liter 
0.499 

ratio 
10.26 

ratio 
4.95 0.027 

KfK 0.964 0.094 0.499 10.26 4.95 0.021 
Lab KfK 0.837 0.129 0.457 6.49 2.95 (a) 
SIPT2 0.995 0.113 0.498 8.81 4.40 . (a) 
RSM1 0.688 0.13 0.435 5.29 1.95 0.005 
RSM2 0.833 0.13 0.435 6.41 3.06 0.005 

HWVP1 0.671 0.15 0.1 4.47 3.81 0.019 
HWVP2 0.820 0.28 0.4 2.93 1.50 . 0.034 

101 AZ Corel (b) 0.745 0.125 0.165 5.96 4.64 0.026 
101 AZ Core2(b) 0.455 0.055 0.145 8.27 5.64 0.085 

(a)not reported 
(b) M.L. Elliott, E.V. Morrey and J.M. fingey, September 1991. Status Lettter Report on Radioactive Formating, Vitrification and Product Testing 

to Westlnghous Hanford Company, Doc. PHTD-C91-05.05F, Pacific Northwest Laboratory, Richland, Washington 



APPENDIX A 

A1.1 Rate of Conversion of NO to N0 2 

The rate of NO conversion to NO2 can be estimated from published data by 
Yost and Russell (1944), given by 

rate of formation of NO2 = kf (NO)2 x (O2) moles/sec 

where (NO) • concentration NO, moles/cm3 

(O2) = concentration O2, moles/cm3 

kf = rate constant = 4.47 x 109 cm2/mole2/sec 
at 95 °C. 

The rate increases on dropping to room temperature (7.9 x 10 9 ). A graph 
following the format of Burger5 was prepared based on the Yost and 
Russell (1944) data showing the concentration of NO remaining at the end 
of specified times for various starting concentrations, Figure A.1, in air. 
For an initial concentration of 1%, or 10,000 ppm, about 60% of the 
starting NO remains after 1 minute in air. At higher starting 
concentrations, an even lower fraction remains, e.g. only about 15% of the 
NO remains after 1 minute for an initial concentration of 10%. Thus, it is 
reasonable to expect large fractions of the NO produced during feed 
preparation to be converted to NO2 during transport in a gas stream with 
appreciable oxygen. 

5 Burger, L L , 1993, unpublished calculation, private communication. 
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APPENDIX B 

B1.1 Hanford Waste Vitrification Plant Neutralized Current 
Acid Waste Target Compositions 
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Table B.1. HWVP Feed NCAW Simulant Target Compositions 

Weight % 

Waste 
Oxide 

NCAW '86 
(Farnsworth 1987) 

FY 1990 
(Wiemers 1990) 

FY 1991 
(Wiemers 1993) 

Ag 2P 
A1 20 3 10.34 9.35 

0.12 
9.25 

B2O3 
BaO 0.41 

0.10 
0.42 

0.006 
0.179 

CaO 0.31 0.31 0.806 
CdO. 3.12 3.08 
CeOj 
Cr 20 3 

CsjO 
CuO 

0.62 
0.52 
0.62 
0.62 

0.62 
0.52 
0.62 
0.62 

0.656 
0.267 
0.612 
0.250 

F 1.24 1.25 0.099 
Fe203 

Ge0 2 

29.10 29.09 28.80 
1.57E-04 

I • 4.50E-06 
KjO 
La 20 3, 2.08 3.01 

0.200 . 
• 0.667 

Li 20 - 7.23E-05 
MgO 0.37 0.38 0.372 
Mn0 2 0.62 0.62 2.19 
Mo0 3 1.24 1.25 0.570 
NajO 18.16 18.70 21.90 
Nb203 

Nd 2 0 3 2.29 3.74" 
0.010 
3.56 

NiO 2.39 2.39 2.35 
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Table B.1. (cont.) 

Weight % 

Waste 
Oxide 

NCAW '86 
(Farnsworth 1987) 

FY 1990 
(Wiemers 1990) 

FY 1991 
(Wiemers 1993) 

P2O5 0.91 0.887 
Pb0 2 

• 0.715 
PdO 0.21 0.21 0.123 
Pr 2 0 3 0.156 
PreOu 0.41 ' 0.43 
RbjO 
Rb203 

Rh 2 0 3 0.21 

- 0.21 

0.21 
0.059 
0.106 

Ru02 
Ru 2 0 3 

0.62 0.66 
0.387 

sp 3 1.87 0.68 0.669 
Sb 2 0 3 0.006 
SeOi 
Si0 2 9.34 4.16 

0.016 
4.11 

Sm 2 0 3 0.21 0.21 0.077 
SnO 0.011 
SrO 0.41 0.42 0.121 
Ta205 

Te0 2 

0.003 
0.101 

TiOj 
Y 2 0 3 0.21 0.21 

0.666 
0.082 

ZnO 0.341 
Zrpz 15.55 • 15.59 15.40 

Total 99.97 100.01 100.00 
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Table B.1. (cont.) 

g/100 g waste oxide 

Waste NCAW '86 FY 1990 FY 1991 
Oxide (Farnsworth 1987) (Wiemers 1990) (Wiemers 1993) 

col 17 6.00 
N03- 7.13 9 5.76 
NOi _ 16.00 
pof 0.08 
a 0.30 
TOC w 2.08 0.13 

(a) Added as sodium oxalate, Na2C204. 
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