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W. L. Ebert, S. D. Rosine, and A. J. Bakel
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ABSTRACT

This paper describes the operation of an apparatus designed to identify species

evolved during vitrification of hazardous waste materials and to measure the

temperatures at which they are evolved. To demonstrate the utility of the apparatus for

designing off-gas systems, we present the results of heating various sulfates alone and

in the presence of silica. During vitrification, the decomposition behavior of some waste

components will be affected by the chemical composition of the melt. For example, we

found that when silica is present during heating, SOX gases are evolved at lower

temperatures than when pure sodium sulfate is heated. Such analyses will be important

in the design of off-gas units for waste vitrification systems.



INTRODUCTION

Vitrification is being used to treat various hazardous and radioactive waste

streams for disposal (1-3). Waste streams are mixed with glass-forming chemicals and

melted in a furnace to produce a physically and chemically stable solid waste form in

which many hazardous components become chemically bound in a durable glass matrix

(usually a silica-based glass). Some components of the waste stream are volatile at

typical vitrification temperatures of 1050 to 1150°C, and so must be captured from the

off-gas and further treated as a secondary waste stream. To design off-gas systems,

one must know the gases to be captured and treated and the temperatures at which they

are evolved.

The evolution of gases during sublimation, evaporation, or decomposition of

materials has been studied using various thermal techniques, including differential

thermal analysis, thermogravimetry, differential scanning calorimetry, thermal

transpiration, and effusion cells. The results of such analyses provide valuable

information regarding the thermodynamic properties of materials.

At Argonne National Laboratory (ANL), we have constructed a system for

analyzing evolved gases that will provide information pertinent to the design of off-gas

systems for waste glass vitrifiers. The apparatus allows simultaneous determination of

the evolved species and the temperatures over which they are evolved. Our goal was to

assemble an apparatus that could (1) be used to quickly identify major evolved species

from complex mixtures of solids and sludges, (2) measure the temperatures at which the

gases were evolved, (3) be used to analyze radioactive and hazardous materials, and

(4) be used in a laboratory hood in a manner consistent with material handling

procedures.

We have demonstrated the use of the gas evolution apparatus by characterizing

the thermal decomposition of several simple sulfates. Sulfates are present as a major

component in many waste streams and their behavior during waste vitrification is

important to both the production of solid waste forms and to the design off-gas systems.

Sulfur has a low solubility in borosilicate glasses (typically on the order of 1 wt%) and is

expected to require treatment as an off-gas. The decomposition of alkali metal and

alkaline earth sulfates has been studied by several researchers, and these sulfates

provide useful surrogates for demonstrating the operation of the gas evolution

apparatus.



Depending on the vapor phase composition, temperature, and experimental

conditions, sodium sulfate decomposition can occur as (4)

Na2SO4 (s or I) = Na2SO4 (g) (1)

Na2SO4 (s or I) = Na2O (g) + SO3 (g) (2)

Na2SO4 (s or I) = 2Na (g) + SO3 (g) + 1/2 O2 (g) (3)

SO3(g) = SO2(g)+1/2O2(g) (4)

Sodium sulfate may evaporate without being decomposed, as in reaction (1), if the gas

phase contains an abundance of sulfur dioxide and oxygen gas to suppress the

formation of sulfur trioxide. Sulfur trioxide formed during the decomposition of sodium

sulfate in reactions (2) and (3) is autocatalytically reduced to sulfur dioxide (5,6), as

given in reaction (4). Depending on the test conditions, either metallic sodium or sodium

oxide may be volatilized as the sulfate decomposes, as in reactions (2) and (3). In a

humid atmosphere, volatilized sodium oxide may hydrolyze to form sodium hydroxide as

Na2O (g) + H2O (g) = 2NaOH (g) (5)

Alkaline earth sulfates are expected to decompose similarly to sodium sulfate as

CaSO4 (s) = CaO (s) + SO3 (g) (6)

where the sulfur trioxide decomposes to form sulfur dioxide and oxygen as given in

reaction (4). Calcium is not expected to volatilize at vitrification temperatures. The

decomposition temperatures of alkaline earth sulfates are known to vary with analytical

technique, heating rate, quantity, size and shape of particles, ratio of surface area to

volume for the sample analyzed, size and shape of the sample crucible, and the

atmosphere (6). The decomposition is also affected by the partial pressures of product

gases in the vapor phase. In an evacuated system, the heating rate and the pumping

speed will affect the partial pressures of product gases above the sample and therefore

affect the decomposition rate. Since the pumping speed remains nearly constant in an

experimental system, the heating rate is expected to be the most important test

parameter affecting the decomposition. Because a wide range of decomposition

temperatures has been measured for alkaline earth sulfates under different experimental

conditions (7), any comparison of experimental data obtained in different laboratories

must be done with caution.



EXPERIMENTAL

The apparatus is similar to those described by Gallagher (8). A resistively

heated furnace (Luxel RADAK model I) is positioned in a stainless steel vacuum

chamber such that the evolved gases are continuously sampled by a quadrupole mass

spectrometer (UTI model 100C). The entire system is continuously pumped by a

turbomolecular pump backed by a mechanical pump to remove evolved gases during

the experiment. The heating rate of the furnace is controlled by a programmable

temperature control system (Omega model CN 2010). The crucible temperature is

monitored by a type K thermocouple held in contact with the bottom of the crucible. The

output signal of the mass spectrometer and the (amplified) thermocouple voltage are

connected to both a strip chart recorder and a computer interface.

Experiments are performed by placing a small amount of sample in a 2 cc

alumina crucible supplied by the furnace manufacturer (about 5 mg of sample is typically

used). The crucible is about 1 cm in diameter and is positioned about 2 cm below the

mass spectrometer filament. Gases generated as the sample is heated escape from the

crucible unimpeded and pass directly through the ionizing region of the mass

spectrometer. The axis of the quadrupole is positioned at a right angle to the axis of the

crucible. An experiment is conducted by weighing a small amount of sample into the

crucible and then loading the crucible in the furnace. (Samples are usually dried in a

90°C oven prior to use.) The system is evacuated to a base pressure of about 1 x 10"6

torr (1.3 x 10'4 Pa), and the walls of the system are baked at about 150°C during the

pump-down. The mass spectrometer is programmed to the mass range to be scanned

and the desired scanning rate, and the temperature controller is programmed to the

desired temperature range and heating rate. The temperature program includes drying

the sample at about 150°C under vacuum for about 1 hour prior to conducting the

experiment. The sample is then heated at a constant rate while the evolved gases are

monitored. The mass range is continually scanned as the furnace temperature is

ramped linearly. Desorption spectra are generated by plotting the signal at a particular

mass peak against the temperature. Of particular interest is identification of desorbed

species, their onset temperatures (when a species is first evolved), and their peak

desorption temperatures.

Initial tests were conducted without any sample in the crucible to assess the

effect on the background gases of heating the furnace and crucible. Three series of

experiments were conducted with reagent-grade sulfates and silica to characterize



various aspects of the operation of the apparatus, the decomposition behavior of sulfate,

and the vitrification of sodium sulfate with silica. Reagent-grade, powdered chemicals

were used in all experiments. The chemicals were sieved through a 100 mesh (U.S.

Standard) sieve such that all particles were smaller than about 140 p.m. The first series

of experiments was conducted to demonstrate the effects of the heating rate on the

evolution of gases generated during the decomposition of sodium sulfate. Gas evolution

was monitored as a constant amount of sodium sulfate was heated to about 1200°C at

heating rates of 1, 5, and 10°C/min. The second series of experiments compared the

decomposition and gas evolution behavior of magnesium, calcium, and barium sulfates

at heating rates of 1 and 10°C/min. The third series of experiments characterized the

evolution of gases as three mechanical mixtures of sodium sulfate and silica were

vitrified. The resulting glasses were analyzed using a scanning electron microscope with

associated energy dispersive X-ray spectroscopy (SEM/EDS) to determine the

composition of the glasses formed.

RESULTS AND DISCUSSION

Background Gases

Experiments were performed with empty crucibles to determine the behavior of

the system background to assure that background gases did not interfere with the

detection of gases evolved during sample decomposition. The mass range between

about m/e=2 and m/e=150 was repeatedly scanned as the empty crucible was heated

from about 200 to 1200°C. (The fragments detected by the mass analyzer are

expressed in terms of the mass to charge ratio, i.e., m/e. Fragments are identified by

assuming they are singly charged, and doubly charged species are generally ignored in

the interpretation. Fragments having common m/e values are distinguished by means of

known cracking patterns. For example, O2
+ and S+ both have m/e=32. They can be

distinguished through the intensity of the O+ peak at m/e=16, since the O2
+ and O+ peaks

derived from O2 maintain a constant ratio.

Residual water (m/e=18) that was not removed from the system during the initial

bake-out is vaporized as the system is heated. The amount of water continually

decreases as the furnace heats, while the amounts of hydrogen gas, carbon

monoxide/nitrogen, and carbon dioxide (m/e=2, 28, 44, respectively) continually increase

as the furnace heats. No signal is detected at masses corresponding to SO+, SO2\ or

SO3
+ (m/e=48, 64, or 80), which are the major species that will be evolved as the

sulfates decompose. Thus, the background gases evolved as the system equipment



and crucible area heated during an experiment will not interfere with the detection of

gases evolved during decomposition of the sulfates.

Decomposition of Na2SO4

Decomposition of pure sodium sulfate resulted in the evolution of Na+, O+, O2
+, S+,

SO+, and SO2
+. No peak corresponding to SO3

+ (m/e=80) could be detected. This

indicates that reaction (4) proceeds to the right. The normalized evolution profiles of

SO2
+ as sodium sulfate was decomposed in tests conducted at heating rates of 1, 5, and

10°C/minute are shown in Figure 1. The amounts of S+ and SO+ generated in the test

conducted at 10°C/minute are also shown. S+ and SO+ species are produced by the

cracking of SO2 by the mass analyzer (9).

The peak temperature for SO2
+ evolution is seen to increase significantly with the

heating rate, as shown in Figure 2. This behavior occurs because the decomposition

rate is lower than the heating rate. The data are well fitted by a straight line having an

intercept at a heating rate of O°C/min at about 905°C. This intercept value is only slightly

above the melting temperature of anhydrous sodium sulfate, which is 884°C (10). These

results suggest that sodium sulfate decomposes soon after it melts. The total time

required for the sodium sulfate to completely decompose can be calculated by

multiplying the heating rate by the difference between the peak temperature at that

heating rate and 905°C. For example, the peak temperature at a heating rate of

10°C/min is about 1040°C, so that the sample has decomposed in about 13.5 minutes.

About 10-15 minutes are required to completely decompose the 5 mg sample at each

heating rate. The rapid decomposition of sodium sulfate slightly above its melting

temperature is consistent with calculations done using SOLGAS (11), which show that

the equilibrium pressure of sulfur dioxide increases by nearly five orders of magnitude

after sodium sulfate melts.

In addition to affecting the peak temperature, the heating rate (in conjunction with

the scan rate of the mass analyzer) also determines how often a particular mass peak is

sampled. For example, the sample temperature increases about 2, 10, or 20°C between

data points at heating rates of 1, 5, or 10°C/min at a scan rate of about 150 amu/min.

Thus, the uncertainty in the measured peak temperature is greatest at the highest

heating rate. Also, it is likely that higher heating rates will result in a greater difference

between the actual sample temperature and the temperature measured at the outside of

the crucible by the thermocouple.

Finally, the onset temperature for SO/, i.e., the temperature at which the signal

first differs from zero at the mass of interest, occurs at about 850°C at all heating rates.



The onset temperature is independent of the decomposition rate or the amount of

sample being tested.

The shape of the evolution curve provides some insight into the process that

occurs as the sample is heated. The amount of SO2 evolved increases slowly with time

(and temperature) initially, then suddenly increases to a maximum, and then decreases.

This "peak" in the spectrum occurs because the sample volume is finite. That is, the

peak occurs because the sample completely decomposes and becomes depleted of the

evolved gas. The high-temperature tail of the peak occurs when the evolution rate drops

below the pumping speed of the system. Thus, comparison of peak temperatures has

meaning only when the same number of moles of sample is tested.

Another consideration is that the sodium sulfate and the alumina crucible may

have reacted to form sodium aluminate. The chemical reaction between sodium sulfate

and alumina can be written as

AI2O3 (s) + Na2SO4 (I) = N a ^ O , (s) + SO3 (g) (7)

This reaction releases the same decomposition gases as the simple decomposition of

sodium sulfate, so the crucible may catalyze the decomposition of the molten salt.

Gases generated through interaction with the crucible cannot be distinguished from

other gases on the basis of the data.

Decomposition of CaSO4, MgSO4, and BaSO4

Heating these alkaline earth sulfates generated SO2 and O2 gases (and SO+ and

S+ cracking fragments in the mass analyzer). No SO3 was detected during the

decomposition of these alkaline earth sulfates. This is contrary to the findings of

Hildenbrand et al., where SO3 was detected when large orifices were used in their

effusion device and total conversion of SO3 to SO2 and O2 during the decomposition only

occurred when small orifices were used (5). Our apparatus does not use an orifice and

the release of gas is only constrained by the crucible. Figure 3 shows the integrated

amounts of SO2 detected by the mass analyzer during the decomposition of CaSO4>

MgSO4, BaSO4 for experiments conducted at a heating rate of 1°C/min. (The inflection

points of the curves in Figure 3 correspond to the peaks in the spectra in Figure 2.) The

results of experiments with Na2SO4 are included for comparison. As the heating rate

increased, the curve for each alkaline earth sulfate shifted to a higher temperature, but

the shape of the curve changed little. This means that both the onset temperature and

the peak temperature change with the heating rate. In contrast, the shape of the Na2SO4
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curve became flatter at the higher heating rates. The onset and peak temperatures are

summarized in Table 1. Values measured at a heating rate of 1 °C/min are lower than

those measured at a heating rate of 10°C/min. Table 1 also gives the melting

temperatures of the different sulfates. Only the melting temperature of NaSO4 is within

the temperature range tested. The alkaline earth sulfates decompose before melting.

This may explain the different effect the heating rate has on the shapes of the curves in

Figure 3. The measured decomposition temperatures for CaSO4 and MgSO4 at the

higher heating rate are in fair agreement with those measured by others at a similar

heating rate (e.g., 895°C for MgSO4 and 1149°C for CaSO4) (7). Decomposition

temperatures have been measured to range between about 800 and 900°C for MgSO4,

and between about 1000°C and 1200°C for CaSO4 in dry air, dry nitrogen, and in

vacuum (6,7). In our apparatus, decomposition of these sulfates occurs at the lower end

of these ranges. Barium sulfate has been reported to melt without decomposing (10),

although Figure 3 shows a measurable release of sulfur dioxide at temperatures above

about 900°C. These results demonstrate how the measured decomposition

temperatures may vary with the experimental conditions.

Decomposition and Vitrification of Mixtures of Na2SO4 and SiO2

As expected, the results of experiments with only silica in the crucible are

identical to that obtained with no sample in the crucible. That is, silica does not melt or

decompose upon being heated to about 1200°C. The results of experiments in which

different amounts of Na2SO4 and SiO2 are heated together are shown in Figure 4. The

results shown in Figure 4 have been normalized to the total amount of SO2
+ produced in

each test to facilitate comparison. Mixtures of 5.3 mg Na2SO4 + 6.7 mg SiO2, 5.3 mg

Na2SO4 + 2.2 mg SiO2, and 5.3 mg Na2SO4 + 0.7 mg SiO2 were heated. These mixtures

have Na2SO4:SiO2 molar ratios of 1:3, 1:1, and 1:0.33, respectively, and all tests have

the same number of moles of Na2SO4. The results of heating 5.3 mg of Na2SO4 alone

are included in the plot for comparison. Less gas was evolved in experiments conducted

with smaller amounts of silica, even though the same amount of sodium sulfate was

present in all tests. The onset temperatures are similar in all mixtures, but the inflection

points (which correspond to the peak temperatures) occur for lower temperatures at

lower Na2SO4:SiO2 ratios. The decomposition may occur via reaction (2) or by a reaction

between silica and melted sodium sulfate, as follows

Na2SO4 (I) + SiO2 (s) = Na2Si03 (s) + SO3 (g) (8)



Thus, the addition of silica may promote the decomposition of sodium sulfate, and an

increase in the surface area of silica leads to the evolution of more sulfur dioxide.

An important finding of these tests is that sulfur dioxide and oxygen are the

dominant gases evolved during the decomposition of sodium sulfate in both the

presence and absence of silica. The fact that SO3 is completely reduced to SO2 during

vitrification is important due to the simultaneous generation of O2 and the maintenance of

an oxidizing atmosphere which will affect both the glass and other off-gases. Further

work is needed to determine how other components present in waste glasses, such as

boron and aluminum, will affect the off-gases.

The glasses formed by heating the mixtures to about 1200°C were analyzed

using SEM/EDS. The crucibles were cut in half axially, and the composition of the glass

was determined in several locations. The glasses formed from all three mixtures were

inhomogeneous and had compositions of the form Na2OxSi02, where x was 3 to 10

mol%. Very little sulfur was detected in the glass; it was found only in regions that were

also sodium-rich. These regions are probably small inclusions of unreacted sodium

sulfate that became trapped as the glass solidified during cooling.

Analysis of the glass adjacent to the alumina crucible suggests that a

small amount of aluminum (a few weight percent) has entered the glass. Aluminum was

detected only very near the crucible. (Aluminum was found far enough away from the

crucible that it could not be due to overlap of the sampled volume and the crucible itself.)

The small amount of interaction between the melt and the crucible is assumed not to

have affected the gas evolution.

The gas evolution apparatus has been placed in a vacuum frame hood for

analysis of off-gases generated during the vitrification of hazardous and radioactive

wastes. We envision routinely analyzing off-gases during development of glass waste

forms in our laboratory. Work is in progress to characterize off-gases from several

waste streams, including spent commercial zeolite catalysts, contaminated HEPA filters,

retention tank sludges, etc. In addition to information regarding the efficiency of

vitrification treatment to stabilize volatile components, these analyses are needed to

address safety issues during bench-scale developmental work.

CONCLUSIONS

We have demonstrated the use of an evolved-gas analysis system designed to

analyze off-gases during vitrification of hazardous wastes. The system was used to

characterize the decomposition behavior of sodium sulfate, alkaline earth sulfates, and
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mixtures of sodium sulfate and silica. Both the onset temperatures (i.e., the

temperatures at which decomposition begins) and the peak temperatures (i.e., the

temperatures at which decomposition was complete) were characterized at different

heating rates and for different mixtures of sodium sulfate and silica. The onset

temperatures for the decomposition of pure sodium sulfate and for mixtures of sodium

sulfate and silica were not significantly affected by the heating rate. However, the onset

temperatures for the decomposition of alkaline earth sulfates was affected by the heating

rate. The difference arises because sodium sulfate melts before decomposing, while the

alkaline earth sulfates do not melt.
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Sulfate
Na2SO4
MgSO4
CaSO4
BaSO4

Table 1.

Onset
850
540
820
920

Measured Onset

Peak
900
730
900

1110

and Peak

Onset
850
720
910
930

Temperatures, in

Peak
1040
840

1020
1140

°C

Melt Temp.10

884
1127*
1450
1347

Decomposition temperature.
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FIGURE CAPTIONS

Figure 1. Evolution Profiles of SO2
+ during the Decomposition of Sodium Sulfate at

Heating Rates of 1, 5, and 10°C/min (normalized to the peak value of SO2
+).

The profiles within the curve at 10°C/min are for the S+ and SO+ species.

Figure 2. Temperature of SO2
+ Peak vs. Heating Rate during the Decomposition of

Sodium Sulfate.

Figure 3. Total Amount of SO2
+ Evolved from Various Sulfates vs. Temperature.

Profiles were collected at a heating rate of 1°C/min.

Figure 4. Normalized Amount of SO2
+ Evolved from Mixtures of 5.2 mg NaSO4 and

0.0, 0.7, 2.2, and 6.7 mg of SO2 vs. Temperature. Profiles were collected at

a heating rate of 10°C/min.
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