




33679000555187 

INVESTIGATION OF FOAMING DURING NUCLEAR DEFENSE
WASTE SOLIDIFICATION BY ELECTRIC MELTING 

H. T. Blair 
J. M. Luk acs 

December 1980 

Prepared for 
the U.S. Department of Energy 
under Contract DE-AC06-76RLO 1830 

Pacific Northwest Laboratory 
Richland, Washington 99352 

OOf:-R!ch!ancl, WA 

PNL-3552 
UC-70 





SUMMARY AND CONCLUSIONS 

The Pacific Northwest Laboratory (PNL), operated for the Department of 
Energy by Battelle Memorial Institute, has been developing equipment and proc
esses for the solidification of high-level nuclear waste for many years. Con-
version of the waste to a borosilicate glass in an electric melter is one of 
the processes with good prospects. However, when a waste composition simulat
ing the nuclear defense waste stored at the Savannah River Plant was processed 
in a demonstration electric melter at PNL, the sustained capacity of the melter 
was only 30% of what it had been with other waste compositions. This reduction 
in melter capacity was due to the fact that the defense-waste composition 
tended to foam as it melted. The foam not only reduced the capacity of the 
melter, but the unpredictable nature of the foaming compromised control of the 
solidification process. Therefore, studies were done to determine the cause 
of the foaming and to develop methods of minimizing foaming. The goal was to 
increase the capacity of the melter and to improve process control. 

To determine the cause of foaming, we investigated the physical and chemi
cal composition of the glass formers that are added to the waste to produce a 
borosilicate melt. It was determined that the glass-forming frit was not the 
source of the foam-causing gases. Incomplete calcination of the waste, which 
results in residual hydrates, carbonates and nitrates, and the relatively high 
carbon and sulfate contents of the waste glass composition were also elimi
nated as possible sources of the foam. It was finally shown that the oxides 
of the multivalent ions of manganese and iron that are in the defense waste in 
high concentrations are the source of the foaming. Nickel oxide is also pres
ent in the waste and is suspected of contributing to the foaming. 

In our investigation of methods to reduce the foam, we focused on the 
chemistry of the materials being processed rather than on the mechanical 
aspects of the processing equipment because we wanted to avoid increasing the 
mechanical complexity of the melter operation. The following procedures were 
tested: 
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• reducing the waste loading in the host glass 

• adding various reducing or fining (bubble removal) agents to the mate
rial to be melted 

• controlling the atmosphere in the melter 

• attempting to reduce the multivalent ions to their lowest oxidation 
states during the waste-calcining process. 

Reducing the waste loading in the host glass from 28 to 14 wt% produced the 
most significant reduction in the foam. Of course this did not increase the 
rate at which waste can be processed. Adding carbonaceous additives or 
barium metaphosphate to the waste/frit mixture (batch) reduced the foaming 
somewhat. However, if too much reducing agent was added to the batch, iron
nickel alloys separated from the melt. Likewise, melting the batch in an 

inert or a reducing atmosphere reduced the foaming but produced a heterogene
ous product. Finally, initial attempts to control foaming by adding reducing 
agents to the liquid waste and then spray-calcining it using an inert atom
izing gas were not successful. The possibilities for liquid-waste treatment 
need to be investigated further. 

In addition to the tests mentioned above, the performance of the various 
electric glass melters at PNL was briefly evaluated. The findings suggest 
that the stability and capacity of a melter is a function of the melt depth 
relative to the melt surface area. This relationship should be evaluated 
further using controlled tests. 

The expected capacities of the electric melters have not yet been achieved 
when processing defense wastes. However, the studies described in this report 
have increased our understanding of foaming and offer assurance that foaming 

can be controlled and the desired melting rates achieved. 
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RECOMMENDATIONS 

Based on the experience and results achieved during these studies, the 
following recommendations are offered: 

• The oxidation states of the multivalent ions of manganese, iron and 
nickel in the waste stored at the Savannah River facilities and in 
the liquid waste after it has been prepared according to the concep
tual process flowsheet for solidification should be determined. 

• The operating parameters of the spray calcination process, including 
the additives in the liquid feed, the nature of the atomizing gas or 
gases used, and the temperature of the calciner, should be studied to 
determine whether they can affect the oxidation states of the various 
components in the calcined waste. 

• Additional and more complete multilevel factorial studies should be 
done to investigate the interactions of the various components in the 
batch and the relationship of these interactions to the melting 
behavior. 

• The thermodynamics of the redox reactions of the multivalent ion 
oxides in the melt composition, as they occur in the electric melter, 
should be studied to see if metastable (oxygen supersaturation) condi
tions exist and what initiates nucleation. 
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INTRODUCTION 

For some years now the Pacific Northwest Laboratory (PNL), which is oper
ated for the Department of Energy by Battelle Memorial Institute, has been 
designing, constructing and operating equipment for the solidification of 
nuclear wastes. One of the most promising pieces of equipment being developed 
is the electric melter, such as the unit shown in Figure 1. Because the power 
supplied to this melter is dissipated directly into the melt by passing a cur
rent through it between two electrodes, this type of melter should have a high 
processing capacity relative to its size. In fact, at PNL melting rates as 
high as 173 kg/h have been demonstrated in an electric melter that has a melt
ing surface area of 1.05 m2 (2.5 ft2/ton/d) (Chapman 1979). However, when 
a waste composition simulating the nuclear defense waste stored at the Savannah 
River Plant (SRP) was mixed with specially formulated glass-forming frit and 
processed in this same melter, the maximum sustained melting rate was 51 kg/h 
(8.4 ft 2/ton/day). This severe reduction in melter capacity was caused by 
the tendency of the SRP composition to foam as it melted (McElroy 1979). An 
even more serious concern than the effect of foaming on the melting rate was 
the unpredictable nature of the foaming, which hampered the control of the 

waste vitrification process. Stable melter operation could be maintained for 
various periods ranging from 1 to 8 h. Then, for no apparent reason, vigorous 
gas evolution would suddenly fill the melter with foam and would occasionally 
displace unmelted batch and foam through the melter throat into the receiving 
container. The purpose of the studies reported here was to develop waste
processing procedures that would minimize foaming and its effect on the melt
ing rate and on the control of the melting process. 

The literature indicates that such factors as 1) melt viscosity and sur
face tension, 2) gas solubility in the melt, and 3) bubble nucleation sites 
are important to the evolution and persistence of molten-glass foaming in 

melters. The composition of the glass has also been reported to be an impor
tant factor. For example, foaming is often associated with the decomposition 
of nitrates, carbonates, or hydrates in the batch materials charged to the mel
ter to make glass. Sodium sulfate and carbon, which result in supersaturation 
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FIGURE 1. Calciner and Electric Melter 
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of S03 in the melt, are the usual cause of foaming or reboiling in refined 
(bubble-free) glass. Melt foaming can also occur in melts containing sulfate 
when the oxidation state of the glass is altered by a changeover in the tank 
between flint and amber glasses. Reboil of glass melts has also been associ
ated with the redox phenomenon where oxygen is the only gas released. 

While the foaming studies described in the literature are valid for the 
soda-lime compositions studied, there was at the outset of this investigation 
considerable uncertainty as to whether they would be applicable to defense
waste glass compositions. This is because soda-lime glasses contain very lit
tle iron, manganese and nickel, while the simulated defense-waste glass compo
sition causing the foaming problems is a borosilicate glass containing more 
than 14 wt% iron oxide, nearly 4 wt% manganese oxide and 2 wt% nickel oxide. 
Its sodium sulfate content is nearly double the limits published for soda-lime 
batch. 

The literature on soda-lime compositions did suggest several approaches 
to foam control or prevention. One approach would be to facilitate the release 

of the gas from the melt by altering the batch composition to reduce melt vis
cosity and surface tension. However, this approach would not be practical 
because a viscous layer would always be present between the melt and the 
unmelted batch deposited on the melt surface (the cold cap) to reduce the loss 
of heat and volatiles. Another approach would be to change the melter configu
ration to decrease the distance gas must rise through the melt to the surface 
or to use sonics, centrifugal force, stirrers or bubblers to aid gas removal 
from the melt. However, this approach would only complicate melter design and 
remote operation. A third approach would be to find a fining agent that could 
be added to the batch that would increase the solubility of the gas in the 
melt. Finally, a fourth approach would be to to alter the chemistry of the 
batch so that the gases would be released from the batch before it was melted . 

This could be accomplished by controlling the oxygen partial pressure within 
the melter or by pretreating of the waste and/or frit before they are charged 
to the melter. The emphasis was placed on the latter two approaches in these 
studies because they would not require major equipment or operating 

modifications. 
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Many different avenues were explored in the search for the causes of the 
foaming and for processing steps to control it. So that others involved in 
similar studies will have the full benefit of our experience, this report dis
cusses all areas investigated, those that were unfruitful as well as those that 

lead to useful results. 
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EQUIPMENT AND GENERAL TECHNIQUE 

Because the purpose of this study was to identify processing steps that 
could be applied in the full-scale melters, the laboratory techniques used were 
more of a qualitative than of a quantitative nature. The major emphasis was 
placed on relative results. Batch samples were prepared by mixing the various 

components without comminution. Sixteen- or 25-g samples were placed in tared, 
50-ml porcelain crucibles and were heated to the desired temperature in a 
resistance-heated laboratory furnace. The normal heating rate was 2000C/h, 
and the usual melting temperature was 10500 C. As many as ten crucibles were 
heated at once in the furnace. They were supported on an Inconel® tray that 
protected the furnace from spills and made it easier to remove the crucibles 
from the furnace to air-quench the melts. Because of the differences in the 
thermal expansions of the melts and crucibles, the crucibles were usually 
cracked or in pieces after cooling. Therefore, the samples were often removed 
from the furnace at the melt temperature and were placed in metal cans to air
cool so that the pieces could be contained and weighed. An Inconel retort that 
permitted complete control of the atmosphere during melting was used in the 
furnace for some tests. However, use of the retort did not permit removal of 
the melts from the furnace for quenching from high temperatures. 

The typical foam height in a crucible in which 25 g of defense-waste batch 
were melted is shown in Figure 2. The foam height of a soda-lime glass melt is 

also shown for comparison. The foam height was determined by measuring from 
the top of the crucible down to the ring left by the foam around the inside of 
the crucible. The high point, low point and an in-between point were measured 
to the nearest 0.4 mm (1/64 in.), and the three measurements were averaged and 

subtracted from the inside depth of the crucible. When the crucibles did not 
break during cooling, the foam volume was measured more precisely by filling 
the crucible with water up to the ring left by the foam and weighing the amount 
of water used. A detergent was added to the water to decrease the surface ten
sion. All weights were taken to a milligram. 

®Huntington Alloy Products Division of International Nickel Company, Inc. 
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FI GURE 2. Foam Hei ghts of a Defen se-Wast e Melt (R i gh t ) and a 
Sod a-Li me Gl as s Melt (Lef t ) 

In addit ion to t he melt i ng t es t s performed in cr uc ibles in t he l aboratory 

f urnace, some melti ng tests we re per f ormed in the experimental ceramic melter 

(ECM) (McElroy 1979) . The ECM, shown in Figu re 3, i s a bench- scale electric 

glass-mel t ing tank capable of process ing 10 kg of batch per hour. Batches for 

these tes ts were prepared by plac ing t he we ig hed components in a drum and mix

ing them on a barrel roll er. The ECM was ch ar ged with 3 kg of bl ended batch 

every 20 mi n. Glass produc t ion wa s con tinuou s wi t h su r ges each time batch was 
added. A t ypical temperature profil e of the co nten ts of this melter is pre
sented in Fi gure 4. The melt de pth in t he t an k was about 140 mm. 
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FIGURE 3. Experimental Cer am i c Melter 
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COMPOSITIONS STUDIED 

The glass-forming frit used in this study was Frit 211, which was devel
oped at Savannah River Laboratory (SRL). The frit composition is presented in 
Table 1. The frit was usually sized -20 mesh/+80 mesh unless otherwise indi
cated. The frit and simulated waste were blended in proportions of 72 parts 
by weight frit to 28 parts by weight dry waste unless otherwise indicated. 

The simulated-waste compositions used for this study were also provided 
by SRL. The compositions were formulated to simulate wastes (stored at the 
Savannah River facilities) after they have been prepared for solidification 
according to a conceptual flowsheet. More than one composition was used 
because as the development of waste processing has progressed, the conceptual 
flowsheet and thus the waste composition have also changed. Table 2 presents 
all the compositions used over the course of these studies. 

The original composition used was designated TDS waste. A large batch 

was prepared using the TDS formula by drying an aqueous slurry in a commercial 
spray dryer. The resulting powder contained 30-wt% residual volatiles. This 
powder was mixed with Frit 211 in proportions of 28-wt% powder to 72-wt% frit. 
This blend was designated SRP-13 and was used to conduct a 5-day demonstration 

in PNL's full-scale liquid-fed ceramic melter (LFCM) (Buelt 1979). The batch 
exhibited extreme foaming when melted so it was chosen as the reference batch 
for our foam-control studies. However, later the use of the SRP-13 batch was 
discontinued because of concern that spray drying at 250 0C to 6000C produces a 
waste that is not typical of that specified by the conceptual flowsheet. The 

TABLE 1. 

Component 
Si02 
Na20 

B203 
C~ 

Li 20 

Composition of Frit 211 

9 

Quantity, wt% 
58.3 
20.6 
11.1 
5.6 
4.4 



conceptual flowsheet specifies that a heated-wall spray calciner operated at 
700 0C to 8000C will be used. Therefore, since no simulated TOS liquid waste 
had been processed in a calciner at that time, simulated calcine was prepared 
by blending the components listed in Table 2. Still later a change in the 
conceptual flowsheet resulted in new waste compositions that were designated 
TOS-2 and TOS-3. The components used to simulate both the liquid and calcined 
forms of TOS-2 are also presented in Table 2. The TOS-3 composition is the 
same as the TOS-2 except the tetrasodium-EOTA is not included in the TOS-3. 

The TOS-2 waste composition was considered to be representative of the 
highest carbon content that might be expected in a waste stream. This compo
sition contains 3.5 times more carbon than does the original composition with 
1-wt% cornstarch added. Therefore, in going from TOS to TOS-2 the glass chem
istry changed from an oxidized glass to a reduced glass, and the precipitation 
of metals from the melt became a significant processing concern for an electric 
melter. 

Table 2 also lists the compositions of two calcines, FSSC-37 and OSS-80-4, 
that were prepared from TOS-2 and TOS-3, respectively, in the heated-wall spray 
calciners at PNL. These calcines were used to perform some of the foaming 
tests. The FSSC-37 calcine, which was prepared in a full-scale calciner, con
tained only 66 wt% of the Fe203 that it should, but the carbon content was 
2-1/2 times greater than it should be and the sulfur content was almost double 
the desired amount. The chloride was in excess because the Fe(OH)3 solution 
used to prepare the simulated TOS-2 waste was contaminated with chlorine.(a) 
The OSS-80-4 calcine was prepared in a pilot-scale calciner. By eliminating 
the Na4EOTA, the carbon content of this calcine was reduced from 4.6 to 1.9 
wt% and the equivalent Na20 content was reduced from 5.0 to 2.1 wt%. Note 
that the oxides listed in Table 2 for FSSC-37 and OSS-80-4 are assumed and the 
weight percents do not total 100. This is because the compositions of these 

(a) During the production of FSSC-37 calcine, the calciner was coupled 
directly to an in-can melter and the calcine was melted with the frit. 
Flames were observed in the melter during the demonstration and metal 
nuggets were deposited at the bottom of the melt. This confirmed our 
concerns about this being a reducing batch composition resulting in metal 
deposition. 
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TABLE 2. Compositions of Simulated SRP Wastes Used in The Melt Foaming Studies 

Calcined Simulated Liguid Waste 
Simulated Liguid Waste Simulated Calcine Assumed 

ComEonents TOS a giL TOS-2a giL ComEonents TOS a wti TOS-2 z wt% ComEonent FSSC-37 z wt% OSS-80-4 a wt% 
Al(OH)3 8.8 10.51 A1 203 11.2 9.7 A1 203 3.05 12.2 
Anthracite 1. 74 Anthracite 2.4 C 3.8 1.09 
CaC03 3.2 3.82 CaC03 5.4 CaO 3.9 3.36 

CaO 3.5 
Cornstarch 0.342 Cornstarch 0.5 
CSN03 0.040 CsCl 0.06 
Fe(OH)3 35.0 41.90 Fe203 51.2 44.1 Fe203 28.3 44.7 
Mn02 7.0 8.36 Mn02 13.7 11.7 Mn02 13.0 10.2 
NaCl 0.983 NaCl 1.4 Cl 0.35 2.23 
Na4EOTA 4.86 Na4EDTA 6.9 Na20 5.7 2.77 

...... NaF 0.100 NaF 0.2 F 0.05 0.02 - NaN03 1.5 1. 76 NaN03 2.8 2.5 N03 0.28 

N~S04 0.7 0.859 Na2S04 1.4 1.2 S 0.18 0.36 
NiO·2H2O 3.8 5.40 NiO 6.0 5.1 NiO 4.9 5.81 

Sr(N03)2 0.040 SrO 0.06 SrO 0.06 
Zeolite 5.2 6.22 Zeal ite 10.2 8.8 Si02 7.32 5.75 

B20t 0.11 
LOr a) 26.1 14.86 

(a) Weight Lost on Ignition at aoooc. 



two calcines were determined by various analytical methods that only identify 
the element present and not the compound or oxidation state of the cations. 

Calcines produced in the heated-wall spray calciners contain residual nitrates, 
carbonates and sulfates. In addition, much of the anthracite, cornstarch, and 
Na4EDTA pass through the calciner unaltered. 

The anthracite coal and the cornstarch used in these studies were ana

lyzed for total carbon content. The coal contained 65.4-wt% carbon and the 
cornstarch was 38.9-wt% carbon. The carbon content of the tetrasodium-EDTA, 
C2H4N2(CH2COO)4 Na4, was calculated to be 31.6 wt% and the carbon content of 
CaC03 was 12 wt%. The composition of the zeolite used is presented in Table 3. 

By compiling the various compositional information presented, the total 
batch composition for a 28-wt% TDS-2/72-wt% frit blend would be that given in 
Table 4. This glass batch composition is unique because of the high carbon, 
iron, manganese, nickel and sulfate contents and the low silica content. 
Therefore, it was difficult to find any information on prior experience with 
the melting behavior of such a composition. Melts prepared from basalts 
appear to be the most similar (Beall and Hermann 1976). 

TABLE 3. Composition of Linde Ionsiv-IE-95® Zeolite 

Oxide guantit~2 wt% 
A1 203 17.1 
C~ 3.9 
Fe203 4.0 
Mn02 0.1 
Na20 4.4 
Si02 68.6 
Other 1.9 

®Linde Division of Union Carbide Corporation. 
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TABLE 4. Assumed Composition of Batch Prepared by Combining 
2B-wt% TDS-2 Waste with 72-wt% Frit 

Com~onent guantitl, wt% 
A1 203 3.61 

82°3 7.BO 

C 1.25 
CaO 5.0B 

Cl 0.21 
Cs20 0.02 

F 0.02 
Fe203 14.35 
Li 20 3.12 
Mn02 3.B2 

Na20 15.77 
NiO 1.66 
Na2S04 0.39 
5i02 42.B9 

5rO 0.01 

13 
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THE CAUSE OF FOAMING 

Several possible sources of the foam-causing gas were investigated. The 
refractories used to line the melter and the frit were both investigated as 
possible nucleation sites for bubble formation. The chemical composition and 
water content of the glass formers were also studied to see what effect they 
had on foaming. The fusing of frit and waste-loaded glass was observed to see 
if the interaction of the two different glasses caused a change in oxygen or 
S02 solubility. The glass-forming agents, whether in the form of a frit or 
simply as a blend of chemical compounds, do not appear to be the source of the 
foam-causing gas. However, the frit studied does have a low melting point 
relative to the temperature at which the gas is evolved and thus impedes the 
escape of the gas from the melting batch. The waste appears to be the source 
of the gas. 

REFRACTORIES 

Early in the study of the foaming phenomenon the possibility that the 
chromium oxide refractory used to line the melters was contributing to the 
foaming was evaluated. Three chips of Monofrax K-3® refractory totaling 8 g 

were covered with 16 g of SRP-13 batch and heated to 10500C in air. The 
results suggest that the presence of the chromium oxide refractory reduced the 
amount of foaming relative to that of the control melt. However, the reduc
tion was not significant. 

THE FRIT 

A series of crucible melts was run to evaluate the impact of the glass
former formulation on foaming. Each batch contained 28-wt% oxide of TDS cal
cine with 72-wt% oxide of glass former. The glass-former constituents were 
added in five different forms: as 1) frit, 2) oxides, 3) hydroxides, 4) car
bonates or 5) nitrates. Table 5 lists the chemical compounds in each form. 
Since the oxide composition of the resulting glass does not change when the 

®The Carborundum Company, Refractories Division. 
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TABLE 5. Constituents Used to Prepare Each Glass Former 

Glass Former Constituents 

Frit (premelted and ground) 
Oxide 5i02 B203 Na25i03e 5H 2O Li 25i03 CaO 

Hydroxide 5i02 B203 NaOH LiOH Ca(OH)2 

Carbonate Si02 B203 Na2C03 Li 2C0 3 CaC03 

Nitrate Si02 B203 NaN03 LiN03 Ca(N03)2 

form changes, only the sequence of chemical reactions during melting was 
altered. Foaming was evaluated by melting at 8000C. The relatively low tem
perature was used to maintain foaming and improve experimental sensitivity. 
Although the five different batches covered a broad range of melting points 
and weight losses, the calcine/frit combination, which has been used in most 
melter demonstrations, produced the lowest foam height. The other batches in 
order of increasing foam height were oxides, carbonates, hydroxides, and 
nitrates. 

In a separate experiment, the frit was analyzed by x-ray diffraction to 
see if unreacted 5i02 crystallites were present to act as nucleation sites 
for bubble formation in the melt. No trace of silica crystals was detected in 
the frit samples. Additional analyses showed that frit stored outdoors in 
sealed barrels contained 0.25-wt% water. This moisture content did not cause 
foaming when the frit was melted. 

Michell and Brungs (1976) reported that severe foaming occurs when the 
oxidation state of a glass composition changes (such as from flint to amber) 
substantially while being melted. To determine whether or not this occurs 
when frit and a melt loaded with defense waste are melted together, the fol
lowing test was run. First, 42-wt% simulated TDS calcine and 58-wt% frit were 
melted together and cooled to prepare a defense-waste-loaded melt. Then this 
waste-loaded glass was crushed and 10 g were blended with 6 g of frit and 
melted at 10500 C. While the first batch foamed excessively, there was no 
foaming when the waste-loaded glass was melted together with frit. This 
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result suggests that foam is produced during the melting together of calcined 
SRP waste and frit rather than during any interaction of frit with a waste
loaded melt. 

THE INITIAL MELTING PHASE 

To determine the temperatures at which the batch begins to melt and at 

which the foaming occurs, batch samples (28-wt% simulated TDS-2/72-wt% frit) 
were heated for one hour at temperatures ranging from 5000C to 11000C and were 
then quenched in air. The sample held at 6000C was still a free-flowing powder 
when cooled, while the one heated to 700°C was a fused clinker. A viscous, 
vitreous foam was produced by heating the batch to 800°C. Heating to 9000C pro
duced a black glass that did not contain any bubbles. 

Additional samples were then prepared by heating at 675°C, 700°C, 7500 C 

and 800°C. These were mounted, polished and examined by optical and scanning 
electron microscopy to identify the components that were melting first and 
trapping the gases that were released. The microprobe traces are presented in 
the appendix. They show that the frit reacts with. the iron oxide in the simu
lated calcined waste and melts first at about 6750C to fuse the batch together. 

In the sample shown in Figure 5, which was held at 7500C, the melted frit 
has fused most of the batch together although much of the simulated calcine 
particles have not yet gone into solution. Small bubbles are just beginning 
to form in the melt. Many of them are associated with large, undissolved par
ticles that the microprobe identified as a manganese compound. This can be 
seen clearly under 250X magnification in Figure 5. 

At 8000C the frit had completely melted to form a continuous, viscous 
matrix and gas evolution had produced many large bubbles that were trapped in 
this matrix, as shown in Figure 6. Many particles that had not yet dissolved 
in the melt are still visible. Two prominent undissolved phases were identi
fied with the microprobe to be a manganese compound and an aluminum-calcium 
compound. The probe analyses show that much of the sulfur, chlorine and iron 
had dissolved in the melted material. 
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FIGURE 5. 

50X 

Photomicrographs of 28-wt% Simulated TDS-2 Calcine/ 
72-wt% Frit Batch Heated to 750°C 
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FIGURE 6. Photomicrographs of 28-wt% Simulated TDS-2 Calci ne/ 
72-wt% Frit Batch Heated to 800°C 
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THE WASTE 

Investigations of the simulated waste to find the source of the foam
causing gas were originally focused on the residual carbonates, hydroxides and 

nitrates remaining in the batch due to incomplete calcination. The carbona
ceous materials and sodium sulfate in the waste were also given a lot of 
attention because our literature review strongly implicated these substances 
whenever glass melts foamed. However, by following the lead provided by Prof. 

L. D. Pye (Pye 1979), we were able to demonstrate that oxides of iron and 
manganese were the source of the gas. 

Incomplete Calcining 

When melted the ca1cine/frit batches lose 3 to 5 wt% due to the decomposi
tion of carbonate, hydroxide and nitrate compounds in the waste that have sur
vived the calcination process. The presence of a glass phase in the melt could 

trap these decomposition gases and cause fO~ling. To investigate this possi
bility, calcine was completely decomposed by holding it at 10000C for 15 hours. 
It was then mixed with frit and melted. While there was virtually no weight 
loss during this melting test, the foam height was the same as it is with 
standard ca1cine/frit batches that lose 3 to 5 wt%. Therefore, the decompo
sition of carbonate, hydroxide and nitrate compounds in the waste does not 
account for the foaming noted with calcine/frit batches. 

Carbon and Sodium Sulfate 

Because nearly every paper reviewed on the subject of glass melt foaming 
mentioned sodium sulfate as one of the contributing factors (Cable, Rasul and 
Savage 1968, Manring and Davis 1977, Scholes 1975, Conroy, Manring and Bauer 
1966), tests were done to investigate the interactions of carbon and sodium 
sulfate with respect to melt foam heights in the 28-wt% TDS-2/72-wt% frit batch 

composition. The levels of the carbon and the sodium sulfate evaluated and the 
resulting foam heights are presented in Table 6. 

The carbon levels were adjusted by reducing the anthracite, cornstarch, 
and Na4EDTA contents of the batch without altering the relative amounts of 
these three carbon-containing components, except in the batch containing 

20 



TABLE 6. Carbon and Sodium Sulfate Concentrations Evaluated and the 
Resulting Foam Heights 

Carbon Content, Na2S04 Content, Number of Mean Foam Standard 
wt% wt% Me lts Made Heightz mm Deviation z mm 
0 0 4 36.1 1.8 
1.28 0 3 32.8 2.1 
2.50 0 1 36.1 
5.00 0 1 44.7 

0 0 1 39.4 
1.28 0.25 1 32.5 

2.50 0.25 1 42.4 
5.00 0.25 1 38.9 

0 0.4 3 32.2 3.1 
0.67 0.4 1 30.2 
1.28 0.4 5 33.0 2.2 
0 0.5 1 38.6 
2.50 0.5 1 35.3 
5.00 0.5 1 35.0 

0.67-wt% carbon. This batch was prepared by leaving all the Na4EDTA out and 
putting anthracite and cornstarch in at the usual concentrations for the 
standard TDS-2 composition. The standard composition with Na4EDTA contains 

1.28-wt% carbon and 0.4-wt% Na2S04. Although many more melts should be run 
to develop statistically significant results, the limited response surface pre
sented in Figure 7 does show the sodium sulfate content of 0.4 wt% is about 
correct for achieving the minimum foam height with this batch composition. 
However, the standard carbon content appears to be excessive. Reducing the 
carbon content one-half by eliminating the Na4EDTA from the waste stream 

could produce the minimum foam level possible through optimizing the carbon
sodium sulfate interaction. However, this minimum is only a 14% reduction in 

the foam height. Although these results show the carbon-sodium sulfate inter
action is not the major cause of the foam, studies are recommended to investi

gate the interactions of carbon and of sodium sulfate with the oxides of the 
multivalent ions in the waste. 
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FIGURE 7. Foam Heights as a Function of Carbon and Na2S04 Contents 

Oxidation States of Multivalent Ions 

During their work on the foaming of nuclear waste melts performed in 1979 
for PNL, Prof. L. D. Pye and his associates at Alfred University found that the 

multivalent ions of manganese, iron and nickel are associated with the genera
tion of oxygen bubbles in the melts (Pye 1979). Therefore, one of the first 

substitutions made when preparing simulated calcines was replacing the Mn02 and 
Fe203 with MnO and FeO, respectively, on an equivalent-moles-of-metal basis. 
The initial tests were made with the TDS composition and used 16 g of batch in 
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a crucible. The results are presented in Table 7. These initial results 
showed that the oxidation states of iron and manganese significantly affected 
foaming. 

Later tests were made using the TOS-2 composition and 25-g samples. The 
number of variables was increased to investigate the effects of various compo
nents in the waste on foaming behavior and to investigate the interaction of 
carbon and sodium sulfate with the oxides of the multivalent ions. The initial 
batches made with the simulated TOS-2 composition were divided and two melting 
runs were made. Then new batches were prepared and melted in a third, and in 
some instances a fourth, run. The results are presented in Table 8. Although 
foam height varied considerably from run to run, the ranking within a run was 
consistent enough to draw several conclusions. The most interesting result was 
that the foam height was most significantly reduced by reducing the oxidation 
state of the manganese. To investigate this result further, the fourth series 
was run in which one sample contained no manganese at all. The results suggest 
that manganese oxides are the major cause of the initial foaming as the batch 
melts. However, because there is so much of it and because the melting tem
peratures are much higher than the 10500C used for these tests, iron oxide 
is suspected to playa significant part in the foaming of the melt in a con
tinuous melter operation. 

This series of tests also showed that Na2S04 in the batch improves the 
homogeneity of the melt and that carbon helps reduce foam height. However, the 
use of the monoxides of iron and manganese in the simulated calcine has the 
greatest effect on foam height reduction. 

TABLE 7. The Effects of Substitutions Made in the Preparation of Simulated 
TOS Waste Calcine on Foam Height and Product Quality 

Foam Height, 
Substitution mm 

None 26.9 
None 24.6 
FeO ~d MnO 29.0 
FeO 18.3 
MnO 18.5 

Weight Percent 
Lost 
3.8 
4.8 
3.4 

0.25 
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slag 
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viscous melt 
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TABLE 8. Results of Investigation to Determine Effects of Various 
Components in TDS-2 Waste on Foam Height 
and Product Quality 

Foam Height, mm Weight Percent Product 
Variables Run 1 Run 2 Run 3 Run 4 Lost Qualit~ 

None 33.3 spi 11 ed 32.0 35.0 4.17, 4.32 homogeneous 
FeO and MnO 29.5 31.8 31.2 2.40 homogeneous 
FeO 28.2 41.4 32.0 4.30 homogeneous 

MnO 27.7 31.0 28.7 30.5 4.00, 4.03 homogeneous 
No Mn 29.5 3.85 homogeneous 
FeO, MnO, and 31.2 37.6 35.3 1.50 homogeneous 

no C or S04 
FeO, MnO and 37.3 32.5 32.5 1. 73 homogeneous 

no C 
FeO, MnO and 34.5 38.1 36.8 3.75 thick scum 

no. S04 
No C or S04 38.6 34.5 35.8 2.58 homogeneous 
No C 34.5 38.1 32.0 2.67 homogeneous 

No S04 30.2 33.8 34.0 4.56 thick scum 
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EVALUATION OF METHODS TO REDUCE FOAMING 

Even before the actual source of the foam-causing gas was known, we began 
testing methods reported to have reduced or controlled glass melt foaming. 
We concentrated on the chemistry of the batch rather than on the mechanical 
aspects and operation of the melters because the former was felt to be the way 
to prevent foaming rather than to just accommodate or control it when it 
appeared. However, we did investigate the effects of better batch mixing, 
waste loadings, and melter-tank configurations on foaming. After we under
stood the source of the gas, we focused on steps that would affect the oxida
tion state of the iron and manganese in the batch such as adding reducing 
agents, controlling the melter atmosphere, and processing the waste calcine 
prior to melting. A more detailed discussion of each method studied follows. 

BATCH MIXING 

Melt tests were performed that compared the foaming of batches prepared 
by simply stirring a blend of calcined TDS waste and -20/80 mesh frit with 

those prepared by grinding the mixture with a pestle and mortar to -100 mesh. 
While the homogeneity of the product was much improved, the well mixed batch 
prepared by grinding foamed only a little less than did the stirred batch. 

WASTE LOADINGS 

A series of melt tests was done to investigate the effect of waste loading 
on foam height. The waste loadings investigated and the resulting foam heights 
and product quality are presented in Table 9. Batches loaded with 14-wt% simu
lated waste or less did not foam as they melted and the glasses were homogene
ous. However, batches containing 28-wt% or more simulated waste foamed and 
produced glasses with a nonvitreous slag around the edges of the melt and/or a 
nonvitreous scum on the surface of the glass. Reducing the waste loading to 

14 wt% or less to control foam is not a satisfactory solution to improving the 
processing rate because it requires producing twice as much glass to vitrify 

the same amount of waste. 
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TABLE 9. Effects of Simulated-Waste Loadings on Foam Heights 
and Product Quality 

Sample Waste Foam Weight Product 
Batch Comeosition Size 2 g Load! wt% Height, mm Lost! wt% Qua lit~ 
TDS + Frit 16 7 13.5 3.72 homogeneous 
TDS + Frit 16 14 19.6 2.88 homogeneous 
TDS + Frit 16 28 19.6 3.69 scum 
TDS + Frit + 16.16 28 19.0 4.52 slag and scum 

1% cornstarch 
TDS + Frit 16 35 19.0 3.94 scum 
TDS + Frit 16 42 20.6 4.17 slag and scum 
TDS + Frit 25 8 21.8 2.61 homogeneous 
TDS + Frit 25 10 20.8 2.46 homogeneous 
TDS + Frit 25 12 20.6 2.79 trace slag 
TDS + Frit 25 14 21.8 2.77 sl ag 
TDS + Frit 25 28 25.9 3.62 scum and sl ag 
TDS + Frit + 25.25 28 26.2 5.16 slag 

1% corn st arch 
TDS-2 + Frit 25 7 22.4 0.58 
TDS-2 + Frit 25 14 19.8 2.04 homogeneous 
TDS-2 + Frit 25 28 24.9 3.19 homogeneous 

ADDITIVES 

As previously noted, changes in the oxidation state of the glass can 
result in some dissolved gases coming out of solution, and enough bubbles in 
the molten glass would produce foam. A reducing agent lowers the oxygen con
tent by readily reacting with available oxygen in the batch before melting 
begins. Small amounts of graphite and oil are routinely used to reduce some 
commercially produced glasses. High fission-product waste glasses have been 
reduced by the addition of silican metal (Ross 1978). Several melting trials 
were run to examine the impact of carbohydrate, carbon compound and metallic 
reducing agents on the foaming of SRP-13 batch. Each reducing agent was thor
oughly mixed with the batch before melting at 10500C for twenty minutes. 
Three concentration levels, 1, 5 and 8 wt%, were initially tested. 
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Table 10 lists the reducing agents that were tested and the resulting 
batch weight losses and foam heights. At the 1-wt% level, all the agents 
reduced foam height by over 30%. When added at 5 wt%, the carbonaceous mate
rials such as coal, charcoal and graphite usually produced a crystalline mate
rial on the melt surface. These additives reduced 1- to 10-mm metallic spheres 
from the melts when added at 8 wt%. All metal-reducing agents when added at 
more than 5 wt% produced a porous heterogeneous mass that contained little 
glass phase. The carbohydrate additives, sugar and cornstarch, did not alter 
glass properties up to the 8-wt% level. Foaming was reduced over 50% by 5- to 
8-wt% additions of carbohydrates. However, this beneficial effect is elimi
nated if the batch and reducing agent are heated to 4000C before melting. The 
weight loss of sugar and cornstarch as a function of temperature, as shown in 

TABLE 10. The Effects on Foam Height of Adding Reducing Agents 
to SRP-13 Batch 

Amount Added, Foam Height, Weight Loss, 
Reducing Agent wt% in. wt% 
None 0 34.3 6.6 
Sugar 1 25.9 7.1 

5 25.4 12.6 
8 25.4 15.5 

Cornstarch 1 26.9 7.3 
5 20.6 12.6 
8 20.6 15.6 

I 1 ~ i nOi} #6 1 26.2 7.4 
coal . 5 22.4 12.2 

8 22.4 14.3 
Si (metal) 1 24.6 5.9 

5 31.0 5.5 
8 32.0 4.2 

Al (metal) 1 26.2 5.9 
5 26.9 4.7 
8 33.3 4.3 

Fe (metal) 1 26.9 6.0 
5 24.1 5.1 
8 24.1 4.7 

Graphite 1 26.2 7.7 
5 21.3 12.1 
8 21.1 13 .1 

Activated 1 25.4 7.8 
charcoal 5 23.9 6.5 

8 22.6 13.0 
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Figure 8, indicates that both materials are largely decomposed at 4000 C. It 
was difficult to reduce metals from the melt with carbohydrate agents. When 
more than 10-wt% carbohydrates were added, they could be seen burning in the 
crucibles. It was necessary to add over 18-wt% cornstarch to significantly 

alter melt properties. However, another interesting result of this series of 
melt tests presented in Table 9 was the fact that the addition of l-wt% corn
starch to the batches made with simulated TDS and TDS-2 calcines had no foam
reducing affect as it had on the SRP-13 batch. 

Because of the promising results achieved by adding cornstarch to the 
SRP-13 batch and because adding a small percentage of some agent to the batch 
along with the frit would be such an easy processing step to minimize the foam, 
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various other additives were tested. Reducing agents (usually a carbon com
pound) were found to be most effective with the TOS composition, while the oxi
dizing agents (such as As203) used by the glass industry for fining were most 
effective with the TOS-2 composition because of the carbonaceous materials 
already in it. The various additives tested and the resulting foam heights 
are reported in Table 11. The results are discussed briefly below. 

The SiC was added as -200 mesh powder to the SRP-13 batch. The addition 
of the SiC at the levels tested resulted in more foam than the control melt and 
in an inferior product because more slag was produced. The urea was ground to 

TABLE 11. The Effects of Additives on Foam Height and Product Quality 

Add it i ves 

None 

Cornstarch 

SiC 

SiC 

SiC 

Urea 

Urea 

Urea 

Activated charcoal 

Activated charcoal 

Activated charcoal 

As 203 
None 

As 203 
As 203 
H20 

H20 

H20 

H20 

H20 

None 

Ba(P03)2 

Ba(P03)2 

Ba(P03)2 

Ba(P03)2 

We i ght Percent 

0.5 

1 

1.5 

0.5 

1.5 

0.5 

1 

1.5 

2 

.034 

0.76 

2.1 

4 

8 

2 

4 

8 

Batch Composition 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

SRP-13 

FSSC-37 + frit 

FSSC-37 + fr it 

FSSC-37 + frit 

FSSC-37 + frit 

FSSC-37 + frit 

FSSC-37 + frit 

FSSC-37 + frit 

FSSC-37 + frit 

Simulated TOS-2 + 
frit 

Simulated TOS-2 + 
frit 

Simulated TOS-2 + 
frit 

Simulated TOS-2 + 
frit 

Simulated TOS-2 + 
frit 

29 

Sample 
~~ 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

16 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

25 

Foam 
Height, IIITI 

23.1 

16.8 

26.9 

25.4 

24.6 

25.4 

25.4 

23.1 

22.4 

20.6 

20.6 

27.4 

23.4 

24.6 

21.1 

24.6 

24.1 

24.9 

24.6 

27.7 

35.0 

29.7 

28.7 

30.5 

31. 2 

Weight Percent 
Lost 

4.9 

5.4 

5.1 

5.8 
4.2 

6.5 

12.1 

3.3 

6.8 

7.1 

9.3 

5.5 

7.71 

8.6 

7.4 

7.5 

8.3 

9.2 

11.2 

14.5 

4.5 

4.2 

4.2 

4.2 

4.1 

Product 
Qua 1 ity 

slag 

scum 

slag 

slag and scum 

slag and scum 

slag 

slag 

slag 

slag and scum 

slag and scum 

trace slag 
and scum 

slag and scum 

trace slag 

trace scum 

trace scum 

trace slag 

trace slag 

trace slag 

trace scum 

trace scum 

homogeneous 

homogeneous 

homogeneous 

homogeneous 

homogeneous 



-100 mesh and was mixed with the SRP-13 batch. The foam levels were the same 
or higher than the control and the quality of the product was worse because of 
excessive slag. 

Activated charcoal (Calgon OL® 20 x 50) was again evaluated in amounts 
ranging from 0.5 to 1.5 wt% because experience at SRL showed this material to 
be more effective than cornstarch for reducing foam in a small bench-scale 
electric melter. The results (Table 11) show that cornstarch is more effective 
than charcoal in preventing foam in crucible melts of SRP-13 batch. 

The addition of 1-wt% As 203 to SRP-13 increased the foam height, while 
adding 2-wt% As 203 to a batch made with FSSC-37 calcine and frit slightly 
reduced the foam height. These results make sense because As203 is an oxi
dizing agent and the SRP-13 calcine makes an oxidizing melt, while FSSC-37 cal
cine, which was the TDS-2 composition, contains considerable reducing agent. 

Water is commonly added to glass batch in the glass industry to control 

dusting and to prevent the batch components from separating after they are 
mixed. Such batch wetting is believed to also affect the redox balance in the 
melter (Manring and Davis 1977). Therefore, up to 8-wt% water was added to 
batch made with FSSC-37 calcine and frit to evaluate the effects on foam 
height. However, the water additions did not significantly affect the foam 
height. 

Barium metaphosphate, which has a low melting point (850oC) and a high 
solubility for iron oxide, is used to control boiling during firing of ceramic 
coatings on steel (Raw Materials Handbook, January 1980). Because iron oxide 
was one of the prime suspects in the foaming phenomenon, batches of simulated 
TDS-2 and frit were made with additions ranging from 1- to 8-wt% vitrified 
Ba(P03)2. All the batches containing barium metaphosphate foamed less than 
the control batch. Those containing 1 and 2 wt% had the lowest foam heights, 
26% lower than the control. 

®Activated Carbon Div., Calgon Corp. 
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TESTS IN THE EXPERIMENTAL CERAMIC MELTER 

Because the results with cornstarch in the preliminary laboratory studies 
were good, a number of tests using it in SRP-13 batch were conducted in the 
melters at PNL. A test in a LFCM showed that foaming was not reduced when 
0.5-wt% cornstarch was added to SRP-13 batch. In addition, when 5-wt% corn
starch was added to the SRP-13 batch and tested in the ECM, so much iron and 
nickel alloy was deposited that the electric current flow short-circuited 
through the metal rather than through the melt. Therefore, tests were con
ducted in the ECM to determine the minimum amount of cornstarch that could be 
added and still reduce foam and the maximum amount that could be added before 
metals precipitated on the floor of the melter. Three batches of SRP-13 were 
prepared with 0.75-, 1.0- and 2.0-wt% cornstarch. Fifty to 60 kg of each batch 

were melted at a 9-kg/h rate. Temperatures in the melter during the tests 
ranged from 4800C in the cold cap to 12600C in the center of the melt (see 
Figure 1). After each batch was processed, the floor of the melter was probed 
to see if metal had been deposited. 

No foaming occurred during the melting of any of the three batches and no 
metal was found on the floor of the melter. Current and voltage measurements 
throughout the melting tests indicated that no low-conductivity foam and no 
high-conductivity metals accumulated in the melter. Furthermore, analyses of 
batch and glass samples taken during the tests showed that no significant 
change in the metals' contents occurred during the melting process. 

The fact that none of the test batches foamed in the ECM while similar 
batches had foamed in the full-scale melters lead to the consideration of 
factors other than batch composition that could be affecting foaming. For 
example, the cornstarch was more uniformly mixed with the batches melted in 
the ECM than it was with those used in the full-scale melters. In addition, 
a complete and uniformly thick cold cap is quickly established and easily 
maintained in the ECM. Therefore, the upper regions of the ECM are cool and 
the cornstarch is not instantly ignited as the batch enters the ECM like it is 
in the larger melters. Plenum temperatures in the ECM range from 1180C to 
415 0C during batch-charging onto an established cold cap. 
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Both the size and relative proportions of the ECM are different from those 
of the larger melters. Davis, Bauer and Manring (1975) state that one require
ment for maximum melting economy (minimized foam and melt segregation) is a 
deep glass bath. The dimensions of the five joule-heated melters (the bench
scale ceramic melter--BSCM; the remote ceramic melter--RCM; the calcine-fed 
ceramic melter--CFCM; the ECM; and the LFCM) that are being operated at PNL 
(Buelt et ale 1979) are listed in Table 12 along with the surface-area-to-depth 
ratio for each tank and the maximum melting rates that have been sustained in 
each melter. According to Davis's criterion the ECM should provide the best 
melting results while the CFCM should have the most difficulties, but this 
hypothesis cannot be confirmed because of the many other variables involved 
when each melting rate was determined. However, when the melters' capacities 
are expressed as they are in the glass industry, i.e., area of the melter in 
ft2 per ton of glass produced per day, (as done in the final column of 
Table 12), it does look like greater melting efficiency is obtained in the PNL 
melters that are deeper relative to the tank surface area. The glass industry 
is able to achieve capacities approaching 2 ft2/ton/d in modern glass melting 
tanks, and the capacity of the ECM, in which foaming did not occur, is about as 
good. The differences in the design and operation of the ECM and the full
scale demonstration melters operated at PNL may help explain why the results 

TABLE 12. Melter Tank Dimensions and Melting Rates 

Melting 

Melter(a) 
Surface2 Melt Depth, Surface-Area Melting Rate, Capacity, 
Area, m m to-DeI!th Ratio kg/h ft2/ton/d 

ECM 0.054 0.15 0.36 9 2.45 
BSCM 0.124 0.22 0.56 18(b,c) 2.8(c) 

RCM 0.243 0.20 1.21 30 3.3 
LFCM 1.053 0.48 2.19 51(d) 8.4 
CFCM 0.757 0.32 2.36 64(d) 4.8 

(a) Buelt 1979 
(b) Barnes 1980 
(c) This rate was demonstrated using a batch composition that does not 

foam. 
(d) McElroy 1979 
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obtained in the ECM with cornstarch additions were not reproducible in the 
larger melters. They may also indicate that changes are needed in the design 
and operation of the larger melters to reduce foaming and improve the process
ing rates and control. 

ATMOSPHERE CONTROL 

The atmosphere in a glass melter has long been recognized as a significant 
parameter in the foaming of the melting batch (Cable, Rasul and Savage 1968). 
Therefore, various tests were performed in the laboratory to determine how 
changes in the atmosphere above the SRL composition melts would affect foaming. 
In the first test a cover was simply placed on crucibles containing various 
batches to see if those batches that contained cornstarch foamed less when the 

oxygen supply was limited. This mechanism has been suggested to explain the 
reduction of foaming by charcoal additives in the laboratory melter at SRL. 
The results are presented in Table 13. There were no noticeable differences in 
the foam heights between the covered and uncovered crucibles. 

The effects of the atmosphere were further studied by conducting crucible 
melt tests in an Inconel retort placed inside the laboratory furnace. Six 

TABLE 13. Results of Contained Atmosphere Tests 

Weight 
Batch Samp le Foam Percent Product 

V ari ab 1 e ComQosition Size, 9 Height2 mm Lost Qual it~ 
None SRP-13 16 25.4 6.3 slag and scum 
1-wt% cornstarch SRP-13 16 16.8 7.2 slag and scum 
1-wt% cornstarch SRP-13 16 18.3 7.5 slag and scum 

covered 
None Simulated TDS + 16 21.3 4.4 trace scum 

frit 

1-wt% cornstarch Simulated TDS + 16 18.3 5.2 trace scum 
frit 

1-wt% cornstarch Simulated TDS + 16 17.5 8.2 slag 
covered frit 
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different batches were melted at 10500C in four different gases (air, argon, 
nitrogen, carbon monoxide) to determine the effects of inert and reducing 
atmospheres on foam height. The results of these tests are presented in 
Table 14. Figure 9 illustrates some of the effects on product quality that 
the different atmospheres caused. The results are discussed briefly below. 

The glasses formed by heating the batches in air were amber, while those 
heated in the other three gases were green-gray. The foam heights of those 
melted in air were generally higher than those melted in the inert or reducing 
gases. The glasses produced in air were homogeneous, but there was a metallic 
scum on the surfaces of the first two listed in the table. A small solidified 
pool of Na2S04 was present on the surface of the melt made from simulated 
TOS calcine. 

Melting in argon produced homogeneous glasses with mirror-like metallic 
scums on the surface. There were metal nuggets in the glasses made from 
SRP-13 with cornstarch added and from the simulated TOS-2 calcine. 

The batches melted in nitrogen produced vitreous products, but metallic 

scums were present on some melt surfaces and a metal nugget was found in the 
glass made with the simulated TOS-2. 

Heating in carbon monoxide significantly reduced the foam levels, but none 
of the six batches produced a homogeneous glass. The products were a combina
tion of vitrified material, slag and metal nuggets or metallic scums on the 
melt surfaces. 

These results suggest the possibility of reducing foaming by controlling 
the atmosphere in the melter. They also show that the effectiveness of the 
various gases tested is related to the waste composition, i.e., nitrogen is 
most effective with SRP-13 and argon is most effective with simulated TOS cal

cine containing cornstarch. When using an inert gas there is the possibility 
of metals precipitating from the melt, and the reducing gas, 100% CO, does 
cause metal to separate from the melts. 

Attempts were made to confirm the laboratory results in the electric mel
ters at PNL by purging with either nitrogen or argon. However, the melters 
are not sealed as a retort is and are operated with a negative internal 
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TABLE 14. Foam Heights of Selected SRP Batches Melted in Various Atmospheres 

Batch 
Composition 

SRP-13 

SRP-13 + 1-wt% 
cornstarch 

Simulated TDS + 
frit 

Simulated TDS + 
1-wt% cornstarch 

Simulated TDS-2 + 
frit 

DSS-80-4 + 
frit 

Air 
Foam Product 

Height, mm __ Qual i~ 

31.0 metallic scum 

31.2 metallic scum 

33.8 homogeneous 

33.3 homogeneous 

32.2 trace of scum 

27.7 trace of scum 

_________ ~C1~~ ______ _ 
Foam Product 

H_~t, mm Quality 

31.7 homogeneous 
glass 

1.06 metal nuggets 
in glass 

34.5 

25.9 

32.2 

26.7 

homogeneous 
glass 

homogeneous 
glass 

metal nuggets 
on glass 

metallic scum 
'In glass 

Nitrogen 
Foam Product 

Height, mm Quality 

26.7 heterogeneous 
glass 

L2.6 metallic scum 
heterogeneous 

35.8 

30.5 

28.9 

47.7 

homogeneous 
glass 

homogeneous 
glass 

homogeneous 
glass and 
metal nugget 

metallic scum 
homogeneous 
glass 

Carbon Monoxide 
Foam Product 

Height, mm Quality 

23.4 metallic slag 
on glass 

17.5 metallic slag 
on glass 

24.6 

18.5 

18.3 

19.0 

metal and slag 
on glass 

meta 11 i c and 
ceramic slag 
on glass 

friable slag 
no glass 

foam slag on 
glass 



w 
(j) 

FIGURE 9. Effects of Different Atmospheres on Product Quality 
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pressure for off-gas collection. Therefore, inleakage results in an air atmo
sphere over the melt even when the plenum is purged with some other gas. Con
trolling the atmosphere to reduce foaming will require redesigning of the 
melter containment to minimize air inleakage. 

During the melting tests in the retort, the exhaust gases were vented 
through a water trap to prevent back migration of air. A yellow-green con
densate was collected in the trap during each test. Analyses showed signifi
cant quantities of chlorin~ in this condensate. The chlorine in the effluents 
from melters processing SRP wastes requires special considerations when design
ing the effluent-treatment equipment. 

LIQUID WASTE TREATMENT 

Because changing the oxidation states of the multivalent ions by adding 
reducing agents and/or changing the atmosphere did not significantly reduce 
foaming, ways of treating the liquid waste to reduce the oxidation states of 
the manganese, iron and nickel oxides in the calcine were investigated. In 
their work on cermet waste forms at Oak Ridge National Laboratory, Aarons and 
Quinby (1979) suggested that oxidation states in the calcine might be reduced 
in a heated-wall spray calciner by adding sufficient quantities of urea to the 
liquid waste and then spraying it into the calciner with an inert atomizing 
gas. Series of laboratory and pilot-scale spray calciner tests were run at PNL 
to see what effects on foaming such liquid-feed processing would have. Simu
lated TDS-2 liquid waste was prepared according to the formula presented in 
Table 2. The slurries were diluted to a concentration of 60 9 of oxides/L and 
urea was added to some of the slurries at a concentration of 50 gil. In the 
laboratory, the slurries were boiled dry in sealed flasks under a purge of air 
or nitrogen and were then mixed with 72-wt% frit and melted in crucibles in an 
air atmosphere. Calcine was also prepared by processing the slurries in the 

pilot-scale spray calciner at PNL using nitrogen as the atomizing gas. These 
calcines were also blended with frit and melted to evaluate foam heights. The 

results did not show any significant decrease in foam heights as a result of 
these process changes. However, when the Mn02 content of the simulated 
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waste fed to the calciner was reduced to less than 4 wt% by settling in the 
solution make-up tank, the resulting calcines did not foam when melted with 
frit. 

To determine the impact of calcination conditions on the manganese oxida
tion state, Mn02 samples were held for one hour at 4000C and 6000C in both air 
and N2 atmospheres. Upon cooling the samples were examined by x-ray diffrac
tion to determine semi quantitatively how much of the tetragonal Mn02 was con

verted to cubic Mn203. The results presented in Table 15 show that the 
Mn02 must reach temperatures in excess of 4000C to be reduced to Mn203 (Mn3+). 
A nonoxidizing atmosphere such as N2 only slightly increases the conversion to 
Mn203• Under normal calciner operating conditions, the reduction of Mn02 to 
MnO is not anticipated even with a N2 atomizing gas. Some conversion of Mn02 
to Mn203 is possible. Batches prepared using Mn203 as the manganese source did 
not reduce foaming as had been noted when MnO was used. 

There are numerous processing steps that can be applied to treating the 
liquid waste and to operating of the calciner that could yet produce calcine 
containing the multivalent ions in the desired oxidation state. At this point 
it is important to determine the oxidation states of the actual waste constitu
ents. This will help determine to what extent the foaming encountered using 
simulated wastes is a function of the simulation procedure or is representative 
of actual wastes. 

TABLE 15. Response of Mn02 to Temperature and Atmosphere Changes 
When Exposed for One Hour 

Soak Te~perature, 
C Atmos~here Resulting ComQounds 
23 Air 100% Mn02 

400 Air 100% Mn02 

600 Air 33% Mn02 and 
67% Mn203 

400 N2 100% Mn02 
600 N2 100% Mn203 
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CONCLUSIONS 

Crucible melts made in a laboratory furnace and even melting tests per
formed in the small ECM do not accurately represent the conditions or produce 
the same results that may be experienced in full-scale melters. However, much 
was learned about the melting process and those factors affecting foaming from 
such studies. The tests and results presented in this report showed the oxides 

of the multivalent elements in the waste are the source of the gas causing the 
foam, and reduction of these oxides to the lowest oxidation state was demon
strated in the laboratory to significantly reduce the foaming. The more speci
fic conclusions about foaming of the SRP defense-waste simulations and frit 
studied are discussed below. 

Replacing the frit with various glass-forming compounds does not have a 
significant effect on the foaming of the melting batch. Whether the glass
forming compounds are oxides, carbonates, hydroxides or nitrates makes little 
difference in the foaming of the melting batch. Therefore, the frit is not 
the source of the gases causing foam in the defense-waste batches studied, but 
it is the first material in the batch to melt and impede the escape of these 
gases. 

Calcining the TOS waste at temperatures high enough to convert all hydrox

ides, carbonates, and nitrates to oxides does not significantly affect the foam 
height. 

The sodium sulfate content of the batch is important to the homogeneity 
of the product, but it is not a significant contributor to the foaming in the 
temperature range studied when the content does not exceed 0.4 wt%. The 
optimum carbon and sodium sulfate contents for foam reduction in the 28-wt% 
TOS-2/72 wt% frit batch are 0.65-wt% carbon and 0.4-wt% sodium sulfate. 

Changing the oxidation states of the multivalent ions of manganese and 
iron in the simulated waste had the most significant effect on foam height. 
Substituting MnO and FeO for Mn02 and Fe203, respectively, in simulated 
TOS-2 calcine reduced the foam height by 24%, but substituting Mn203 for 
Mn02 did not reduce the foam. The nickel was assumed to always be in the 
lowest oxidation state and was not included as a variable in the study. 
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Therefore, foaming of the SRP batch compositions studied is a function of the 
oxidation states of the multivalent elements, manganese and iron, in the waste. 
The manganese oxide is the cause of foaming in the initial stages of batch 
melting. 

Adding various reducing agents, particularly carbon compounds, to the 
batch reduces the foam in some batch formulations. The addition of cornstarch 
is particularly effective in the SRP-13 composition, but has little effect in 
batches made with the TDS-2 composition. Use of carbonaceous additives in 
excess of 5 wt% or use of strong reducing metal additives or strong reducing 
atmospheres in the retort results in separation of a metallic phase from the 
melt. Efforts to reduce foaming in the melter by adding reducing agents to 
the batch and/or controlling the atmosphere over the melt were not successful. 

Adding 1- to 2-wt% barium metaphosphate to the batch causes a 26% reduc
tion of the foam height in laboratory tests. 

Initial attempts to produce the desired oxidation states in the calcined 
waste by using nitrogen as the atomizing gas and urea as a reducing additive 
in the liquid waste when processing in the heated-wall spray calciner were 
unsuccessful. 

Reducing the waste loading in the batch to 14 wt% or less reduced the foam 
height by 38%; however, such a reduction doubles the amount of vitrified prod
uct that must be processed by the melter. 

The depth of the melter tank relative to the surface area of the melt and 
the distribution of the unmelted batch on the melt surface also appear to be 
critical factors in the control of the foaming behavior of the batch composi
tions studied. The ratio of surface area to depth that appears to provide the 
best results is less than 1 when the dimensions are expressed in meters. 

The anticipated capacities of the electric melters have not yet been 
achieved when processing defense wastes, but we now know what the source of the 
foam-causing gas is and have demonstrated in the laboratory ways of reducing 
the foam. This understanding and demonstrated foam reduction provides assur
ance that the foam can be controlled and the desired melting rates will be 
realized in production-scale melters. 
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APPENDIX 

This appendix contains x-ray spectra traces from the examination with the 
x-ray florescence microprobe of batch samples heated to the temperatures 
indicated for one hour. 
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