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Results of Bench-Scale Plasma System Testing in Support of the Plasma 
Hearth Process, Gary L. Leatherman, Chad Cornelison, Science Applications 
International Corporation and Steven Frank, Argonne National Laboratory-West 

Science Applications International Corporation (S AIC) is currently developing the 
Plasma Hearth Process (PHP) for the Department of Energy (DOE) under the 
auspices of the Mixed Waste Focus Area. The PHP is a high-temperature process 
that destroys hazardous organic components and stabilizes the radioactive 
components and hazardous metals in a leach-resistant vitreous slag waste form. 
The PHP technology development program is targeted at mixed waste that cannot 
be easily treated by conventional means. For example, heterogeneous debris, 
which may contain hazardous organics, toxic metals, and radionuclides, is difficult 
to characterize and cannot be treated with conventional thermal, chemical, or 
physical treatment methods. A major advantage of the PHP over other plasma 
processes is its ability to separate nonradioactive, non-hazardous metals from the 
non-metallic and radioactive components which are contained in the vitreous slag. 

The overall PHP program involves the design, fabrication, and operation of test 
hardware to demonstrate and certify that the PHP concept is viable for DOE waste 
treatment. The overall PHP test program involves bench-scale testing of PHP 
equipment in radioactive service, as well as pilot-scale demonstration of the PHP 
concept using nonradioactive, surrogate test materials. S AIC, through a contract 
with the DOE’S Idaho Operations Office (DOE-ID), has conducted nonradioactive 
testing on a bench-scale plasma system (located at SAIC’s Science and 
Technology Applications Research [STAR] Center) to support the Radioactive 
Bench-Scale (RBS) PHP demonstration and the Nonradioactive Full-scale 
demonstration. 

The fate of secondary waste streams is an important consideration for any 
technology considered for processing mixed waste. The main secondary waste 
stream generated by the PHI? is flyash captured by the fabric-filter baghouse. The 
PHP concept is that flyash generated by the process can, to a large extent, be 
treated by processing this secondary waste stream in the PHP. Prior to the work 
presented in the paper, however, the PHP project has not quantitatively 
demonstrated the ability to treat PHP-generated flyash. A major consideration is 
the quantity of radionuclides and RCRA-regulated metals in the ffyash that can be 
retained the resultant waste form. 



2.0 STAR Center Plasma Hearth Process System 

The STAR Center plasma system consists of the following components: plasma 
chamber; secondary chamber; quench air; dry sorbent injection; baghouse; HEPA 
filter; stack; and instrumentation and system controls. 

The plasma chamber is a horizontal cylinder with an approximate internal diameter 
of 3 1 in. and an approximate length of 30 in. The chamber's interior walls are 
refractory lined to decrease thermal loss. The plasma chamber also contains the 
following flange ports: two viewports, plasma torch port, thermocouple port, air 
pollution control system port, and a material feed port. 

The plasma torch is mounted at the end of a water-cooled ram. The torch ram 
passes through a sealed ball joint which is mounted in a flanged water-cooled 
housing. The bearing set for the torch swivel is non-conductive, which makes the 
torch ram electrically isolated. The torch gas, cooling water, and electrical power 
supply lines are routed up through and out the top of the ram. The torch uses 
nitrogen as its primary flow gas with a nominal flow rate of 4 scfm. For startup 
and torch optimization, various noble gases, such as argon or helium, may be used 
in combination with nitrogen gas. 

The secondary chamber ensures the destruction of any organics present in the 
offgas. The secondary chamber is a vertical cylinder, with a natural gas burner at 
the bottom of the chamber where the offgas from the plasma chamber enters. Gas 
flows through the chamber in a cyclonic motion. The secondary chamber operates 
at a minimum temperature of 1800°F and a pressure of -5 in. W.C. The chamber 
has sufficient volume to d o w  a minimum residence time of two seconds. 

Offgas leaving the secondary chamber is cooled in two stages. In both stages, 
quench air is injected into the offgas to reach the desired temperature. The quench 
air is provided by the dilute phase transport system and the combustion air blower. 
In the first stage, secondary chamber offgas is cooled to approximately 1000°F. 
Following acid gas removal, quench air is again added to lower the offgas 
temperature to approximately 350°F. 

Acid gas is controlled using dry sorbent injection with sodium bicarbonate as the 
alkali reagent. The sodium bicarbonate is injected into the offgas stream using 
dilute phase pneumatic transport. At the offgas temperature (lOOO"F), the sodium 
bicarbonate is converted into sodium carbonate. Sodium carbonate reacts with the 
acid gases to form a sodium salt. The offgas and alkali reagent then pass through a 



dry reactor which provides additional residence and mixing time to allow the dry 
reagent to further react with the acid gases. The unused sodium carbonate, 
sodium salts, and fly ash are collected in the baghouse. The baghouse has an air- 
to-cloth ratio of four to one. Collected solids are transported to the fabric filter 
hopper and recycled back into the offgas using the dilute phase pneumatic 
transport system. As needed, solids are removed from the system and fresh 
sodium bicarbonate added. The removed solids are collected in a drum. The 
minimum alkali to acid gas stoichiometric ratio is five to one, but in most operating 
scenarios, the ratio is actually much higher. This high stoichiometric ratio and 
extended residence time of the dry reactor and baghouse combination results in an 
acid gas removal exceeding most other dry sorbent injection processes. The 
removal efficiency for HCl is at least 95%. Metal removals are on the order of 
98% for all toxic metals except mercury, whose removal efficiency is generally 
expected to be at least 50%. The high alkali content solids used in this process 
also provide condensation and agglomeration sites for the metallic vapors and 
particulate released from the plasma chamber. 

The dilute phase transfer system consists of a blower, eductor, solids feeder, and a 
solids collection bin. The solids collection bin serves as a feed tank for the fresh 
alkali reagent. It is also used to handle surges of solids that are removed from the 
fabric filters when the filters are cleaned by pulsing with compressed air. The 
solids feeder is used to ensure that there is a constant flow of alkali reagent into 
the system at a constant rate. The eductor creates a vacuum that helps pull the 
solids into the transport system, preventing any possible solids bridging. The high 
velocity produced in the eductor also ensures that the solids are fluidized and 
carried away in the transport air. The blower provides the transport air as well as 
the quench air for the offgas. 

A HEPA fdter removes fine particulate from the offgas. The fdter size is sufficient 
to handle approximately 3000 scfm. The filter achieves a particulate removal of at 
least 99.97%. HEPA filters are replaced when the differential pressure across the 
filter reaches 6 in. W.C. 

Material is fed into the system in either one-quart or one-gallon steel containers to 
simulate feeding in fifty-five gallon drums. The feed materials is drip melted into a 
refractory-lined crucible consisting of a combination of MgO, A1,0, and Cr,O, 
refractory materials. The system was operated in batch mode for these tests. The 
desired amount of test material was fed and processed into the crucible. The 
system was then shut down and the processed material allowed to cool in the 
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crucible. Analysis was conducted by mechanically removing the solidified material 
from the cooled crucible. 

3.0 Test Materials and Procedures 

The flyash used in this test series was generated by the Proof-of-Principle (POP) 
PHP system during a test series conducted in January-February of 1994. The 
waste feed that produced this flyash consisted of simulated sludges and 
heterogeneous debris spiked with RCRA-regulated metals, cesium chloride, and 
cerium oxide (used as a plutonium surrogate). Details of the test series that 
produced this flyash can be found in references 1 and 2. Table I gives the nominal 
composition of the flyash. The major components (Si,Fe,Al) are predominantly 
found as oxides. 

Table I Nominal Composition of Flyash Used as Feed 

Element Amount 

Si 21 WIO 

Al 15 w/o 

Fe 5 w/o 

Ni 1 0.2 WIO 
I 

cs 2 WIO 

Pb 0.4 wlo 

Cd 0.2 w/o 

Ce 0.06 w/o 

Carbon (total) 0.5 w/o 

Cr 0.03 wlo 

Chloride (total) 5 wfo 

Five tests were conducted. Except where noted the following procedures were 
followed. The secondary combustion chamber was heated to 1800°F. The plasma 



torch was turned on and the crucible preheated by melting approximately two 
kilograms of scrap steel. Once this steel had been completely melted. The feed 
material was fed in one-quart steel cans. Each can contained approximately one 
kilogram of material. Typically, twenty kilograms of total mass were fed per test. 
Actual melt temperature were in the range 1600-1700°C. 

Preliminary work had shown that the flyash as fed was a light, easily entrained 
powder. This not only caused excessive material to be carried over into the offgas 
system; it also decreased the visibility in the plasma processing chamber to the 
point that made operations difficult. Mixing the flyash with water was found to 
mitigate both problems. 

In Test 1, the feed material consisted of the POP flyash mixed with water. 
Twenty-five kilograms of flyash were fed. In addition to the scrap steel, two- 
kilograms of silica mixed with eight hundred grams of borax was fed prior to the 
flyash. 

In Test 2, the feed material consisted of POP flyash mixed with water and 8.6% 
NaCl for a total of twenty kilograms of solid feed. 

In Test 3, the feed material consisted of POP flyash mixed with water and 165 
grams of CsCl for a total of twenty kilograms of solid feed. A total of 499 g of Cs 
(added CsCl and Cs already in the POP flyash) was fed. 

In Test 4, the feed material consisted of POP flyash mixed with water and 
additional alumina, silica, sodium carbonate, and potassium carbonate to give the 
total oxide feed composition the stoichiometry of the mineral nepheline. Previous 
work by others3 had shown that melts of this composition may enhance the 
retention of Cs in high temperature melts. In addition to the Cs present in the POP 
flyash, 249 g of CsCl was added. A total of 250 g of Cs (added CsCl and Cs 
already in the POP flyash) was fed. 

4.0 Resuits 

The most important outcome of the success criteria for th is  test series is the 
performance of the waste form with regard to the U.S.Environmental Protection 
Agency's Toxicity Characteristic Leaching Procedure (TCLP). All four waste 
forms passed the TCLP. The detailed results are available for Tests 1 and 2 in 
Table II. The detailed results were unavailable for Tests 3 and 4.at the time of the 
publication of this paper. 



The retention of the radionuclide surrogates (Cs and Ce) and the RCRA-regulated 
metals for all four tests is shown in Table III. The data includes both the 
percentage of the total amount of the element fed found in the waste form (% 
Retain) and the actual amount, %slag (as a percentage of the total mass of the 
waste form), of each element found in the waste form. The cerium results are 
quite encouraging. As the plutonium surrogate, retention of cerium in the waste 
form was consistently high regardless of feed variations. The number may actually 
underestimate the amount of cerium retained as the small amount of total cerium in 
the feed initially and the difficulties inherent in detecting cerium in iron-bearing 
minerals inhibit the accurate analysis of this element. Chromium retention numbers 
are consistently over one hundred percent. This is due to the incorporation of 
chromium from the refractory material into the waste form. Extreme variations 
such as the Cs retention in Test 1 and the nickel retention in Test 4 are most likely 
due to combinations of sampling and analysis variations. 

It appears that the addition of additives, silica in Test 1 and additives (alumina, 
silica, potassium and sodium carbonate) to achieve the nepheline mineral 



composition, appear to aid in the retention of Cs, Cd, and Pb. To aid in 
determining what role the additives might play in enhancing the retention of these 
elements, x-ray diffraction was used to determine the phase assemblages present in 
each of the waste forms. The waste form from Test 1 was predominantly 
magnesium iron silicate (ringwoodite (MgFe),SiO,), iron magnesium silicate 
(wadsleyite (MgFe),SiO,), and iron silicate (clinoferrosilite FeSiO,). Test 3 was 
found to contain iron oxide (FeO) and iron aluminum oxide (hercynite FeAl,O,). 
Test 4 was found to contain sodium aluminum silicate (Na,AI,Si,O,,), iron oxide 
(FeO), and iron silicate (FeJiO,). The waste form from Test 2 did not undergo x- 
ray diffraction analysis. 

I1 rl 
Table III Metals Retention in Waste Form Produced by Flyash 

Element Test 1, POP Flyash Test 2, POP Flyash & Test 3, POP Flyash & Test 4, POP Fiyash & 
NaCl cscl additives 

% %slag %Retain %slag %R& %dag %Retain %slag 
Retain 

Cd ND ND 0.3 0.0001 3 0.008 12 0.005 

ce 50 0.032 30 0.026 68 0.03 59 0.01 

Cr 380 0.08 348 0.075 340 0.09 500 0.08 

cs 4100 11.2 ND ND 4 0.14 34 0.66 

I Ni 6 0.002 64 0.01 1 150 0.05 430 0.04 

Pb 6 0.002 5 0.02 1 20 0.11 77 0.1 

5.0 Summary 

Flyash generated by the POP PHP system was demonstrated to be processable by a 
plasma system. A variety of additives were investigated to improve the retention 
of radionuclide surrogates and RCRA-regulated metals in the resultant waste form. 
Although not conclusive, it seems that there is significant potential to recycle 

PHP-produced flyash with the PHP system. In particular, additions which favor 
the formation of alkali aluminosilicates appear to have significant promise with 
regard to cesium and lead. More detailed analysis of phase partitioning of these 
elements is required to optimize the formulation for additives. 
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