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ABSTRACT 

With minor modifications to a Best Demonstrated Available Technology hazardous waste incinerator, it is possible 
to obtain combustion without potentially toxic emissions by using technology currently employed in similar 
applications throughout industry. Further, these same modifications will reduce waste handling over an extended 
operating envelope while minimizing energy consumption. Three by-products are produced: industrial grade 
carbon dioxide, nitrogen, and a final waste form that will exceed Toxicity Characteristics Leaching Procedures 
requirements and satisfy nuclear waste product consistency tests. 

The proposed system utilizes oxygen rather than air as an oxidant to reduce the quantities of total emissions, 
improve the efficiency of the oxidation reactions, and minimize the generation of toxic NOx emissions. Not only 
will less potentially hazardous constituents be generated; all toxic substances can be contained and the primary 
emission, carbon dioxide-the leading “greenhouse gas” contributing to global warming-will be converted to 
an industrial by-product needed to enhance the extraction of energy feedstocks from maturing wells. Clearly, the 
proposed configuration conforms to the provisions for Most Achievable Control Technology as defined and 
mandated for the private sector by the Clear Air Act Amendments of 1990 to be implemented in 1997 and still 
lacking definition. 

INTRODUCTION 

Incineration, as a waste processing technology, has been frequently maligned during the last decade. Although 
some of these observations are valid, most are not. There were two rapidly developing trends, not always in 
synchronization, during this period. These trends were technology development and increasing regulations 
focused on individual toxic substances and classified as the National Emission Standards for Hazardous Air 
Pollutants (NESHAPs). Several years ago, the technology development trend ceased when the regulators 
attempted to regulate substances believed to be present but that could not be identified or measured (Office of 
Solid Waste 1989). The underlying concern was that incineration, regardless of the technical sophistication 
employed, was constantly emitting substances which were detrimental to human health and the environment. 

The purpose of this presentation is to demonstrate that at least 80% of traditional incinerator off-gases can be 
eliminated and gases can be recycled so that supernumerary quantities of potentially toxic constituents can be 
contained even if they cannot be sampled and analyzed in a timely millliier. Furthermore, this can be 
accomplished with proven technology from other industries when coupled with the “good combustion practices” 
developed over the last decade. While it is still not possible to continuously measure the thousands of potentially 
toxic constituents which may be present in quantities less than 100 parts per billion, it is possible to contain and 
subject these substances to further treatment. Further, the gross reduction of combustion flue gases, coupled to 
recent advances in instrumentation technology, ensures that only substances not detrimental to human health and 
the environment will be emitted. 

During the 1980s, when the US. Environmental Protection Agency (EPA) was attempting to establish the 
NESHAPs, the agency collected much valuable technical information pertaining to the pathways of potentially 
toxic emissions through existing combustion devices and air pollution control systems. This data bank provides 
most of the basis for the analysis in this presentation. The universe of this data bank is referred to as Potentially 
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Toxic Emissions (PES) and it has been subdivided into four classifications: acid gases, particulate matter, 
metals, and organics to couple these PTEs with the appropriate separation, cleaning, and containment technology 
required to ensure no harm to humans and their environment. 

There are two principal modification areas: the combustion process and an extended flue gas cleaning system. 
Tbe assessment of the practicality of these modifications requires two types of mass balances to size the 
equipment and demonstrate that all potentially toxic combustion byproducts can be contained. Two mass balances 
are required because the pathways for the PTE classifications diverge from the pathways for the inert flue gases 
used to size equipment. Also, only the mass balance associated with the inert flue gases is required to 
demonstrate how the 80% reduction in combustion flue gases is achieved. 

PROCESS OVERVIEW 

Figure 1, Extended Air Pollution Control System, shows a simplified general arrangement schematic of the 
proposed system which is comprised of four major subsystems: 1) oxidation; 2) vitrification; 3) absorption; and 
4) membrane configurations. The schematic emphasizes the novel use of proven technologies (vitrification, 
absorption and membranes) and the interfaces between the novel and the more traditional incineration technologies 
(combustion, flue gas cleaning). From a total capital cost viewpoint, the implementation of these novel 
technologies represents less than 20% of the total configuration installed cost. In the most simplistic terms, the 
vitrifier is used to eliminate the possibility of ash generated leachates, the absorption system is used to separate 
and clean the CO, generated in the combustion process, and the membrane systems are used to contain toxic 
metals, radionuclides, and organic emissions. 

The recommended oxidant is pure oxygen rather than air. Enriched oxygen combustion technology improves 
flame stability and heat transfer while providing the mechanisms for more reliable toxic substance containment 
due to the utilization of flue gases rather than the nitrogen in the combustion air as a flame coolant. Also, the 
NO, emissions resulting from the nitrogen in the combustion air are eliminated. 

There are three nearly independent process modifications central to this presentation which must occur to achieve 
the stated objectives-good combustion practices, flue gas reduction, and containment of flue gas P E S .  Each 
process modification will be addressed in subsequent sections. 

"Place Fig. 1 here". 

GOOD COMBUSTION PRACTICES 

The purpose of this section is to focus on the combustion practices that will prevent PTEs "acid gases, particulate 
matter, metals and organics" from being generated or emitted to the environment. The focal point of this 
discussion is the partitioning of these PTEs into flue gases and ash. To the degree possible, these two pathways 
will be discussed separately. Figure 1 shows the rotary kiln and vitrifier operating in series with the off-gases 
of both unit operations flowing to a secondary combustion chamber. Figure 2 shows the manner in which the 
vitrifier is integrated into the new configuration. For the 
sample mass balance, discussed later, there is a throughput of 2722 kg\h of ash. The vitrifier reactor volume 
required will be approximately 0.75m' (Oden, O'Conner 1994). This volume represents the nominal space 
requirements for comparable wet ash collection/removal processing equipment. With this arrangement, the rotary 
kiln acts as a preprocessor for the vitrifier and allows the vitrifier to operate in a steady state without major 
swings in the production of flue gases. I t  is also more energy efficient and requires fewer processing steps than 
nontandem operations. 

It replaces the wet ash collection/removal system. 

"Place Fig. 2 here". 
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FLUE GAS GENERATION 

A draft version of the EPA Combustion Emissions Technical Resource Document (US. EPA 1994) notes the 
relationship between the generation of "dioxin-like" emissions and quantities of particulate matter in the flue 
gases. The preliminary findings are that the more particulate matter in the flue gases, the more "dioxin-like" 
emissions. New technology is incorporated in the rotary kiln design to minimize the generation of airborne 
particulate matter; therefore, less dioxin-like emissions should be generated as well. 

The purpose of the thermal oxidizer is to separate the waste constituents which volatize below 760°C before 
subjecting the residuals to higher temperatures in the vitrification unit. The majority of the constituents which 
volatize below 760°C fall into two categories: water (aqueous solutions) and organics. It is imperative that these 
substances be removed before the residuals are subjected to higher temperatures in the vitrifier as the volumes 
of these volatiles will increase about 5000% over their volumes at ambient temperatures. Also, fission products 
(e.g., RuO,, Cs' salts, TcO, salts, IH, and I,) will volatilize at these temperatures. Any I4C and tritium will also 
volatilize as CO, and H,O, respectively. The rapid expansion of these substances can result in detrimental 
chemical reactions in the vitrification process or in the unit operations downstream of the vitrification unit. 

The operating temperature in the rotary kiln should be maintained above 760°C. This temperature is sufficient 
to provide the heat flux necessary to volatize the aqueous and organic material present in a 30-minute to 1-hour 
residence period available in most kilns. When higher temperatures (in the 871°C to 982°C range) are used, a 
greater heat flux is generated and the volatiles are removed more rapidly; however, this mode of operation has 
the potential for producing two types of detrimental actions: I )  the higher gas velocities increase the particulate 
carryover which, in turn, becomes the source for other detrimental consequences; 2) the higher temperatures could 
cause premature vitrification (solidification, slagging). Some solid substances present begin to liquify below 
871°C; they are usually not present in sufficient quantities to be of concern. 

In the traditional kiln, the combustion reactions are controlled indirectly by a single temperature reading. Water 
content variations can cause 427OC temperature variations in the kiln, Organic content variations can cause 
excessively wide temperature variations. These compositional variations, coupled with the time required to raise 
the feed material to the ignition temperature, cause the combustion reactions to follow a pattern which lags the 
feed charge by 90". Once the combustion reactions for an individual charge begin, they go to about 80% 
completion without any direct means of control. The result of this combustion pattern is that optimum flue gas 
flow rates are maintained less than 25% of the time. When the combustion reactions peak, most of the reactions 
are occurring in the bed rather than in the preferred gashapor phase above it. This less desirable in-bed firing 
creates excessive particulate carryover, especially during peak reaction rate periods. During these peak periods 
gas retention time is reduced and there will be less homogeneous mixing of the combustion air and the organic 
vapors exiting the solid feed charge. The patented Cyclonic Combustion Device with Sorbent Injection and Zone 
Control is recommended to minimize the oscillation caused by these compositional variations; it divides the kiln 
into four sectors and delivers fuel, oxygen, and cooling media to each section, as required to maintain steady-state 
conditions, via an insulated conduit. Further, the requisite fuel, oxygen, and cooling media are inserted into the 
reaction zones perpendicular to the longitudinal kiln axis. This action produces a subtle cyclonic effect which 
distributes the solid particles more evenly over the hot kiln surface, esr,ecially along the latitudinal axis; see 
Figure 3. The net effect of this action is a longer solid particle residence time and a more intimate mixing of 
the hot gases/vapors with the subject solid particles. This action provides a higher solid burnout rate than that 
experienced in a traditional kiln. Further, the insulated conduit is located in the upper half of the kiln cross- 
sectional area. As a result, most of the combustion occurs in the hot vapors residing at the top of the kiln: 
therefore excessive bed turbulence is minimized and particulate carryover is reduced. 
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"Place Fig. 3 here". 

The proposed rotary kiln will be equipped with seals especially designed to eliminate outleakage when mal- 
operation occurs and the kiln is pressurized for a short period of time. A portion of the recovered CO, is inserted 
into the manifold around the seals at a pressure higher than that recorded inside the kiln. A constant positive 
differential is maintained between the manifold and the kiln internal pressure. This mode of operation maintains 
minimum dlowable inleakage for seal cooling and prevents outleakage even if the kiln pressure becomes positive. 
These kiln modifications provide a means of reliably operating the kiln in a reduction mode, which is athslctive 
when the waste composition contains low-water and high-organic content because it provides ample heat for 
volatization of water and organics with minimum particulate carryover without allowing premature vitrification. 

Ash Composition 

A relatively recent concern is that most incinerator configurations will not continuously produce a sterile 
(nonleachable) ash. During the last 10 years, various studies have been conducted on the characterization of 
hazardous waste incinerator residues. One industry wide survey sponsored by EPA produced typical results 
(Van Duren et a1 1987). Some 43 organic priority pollutants (19 volatile, 24 nonvolatile) were tested for in the 
residues from hazardous waste incinerators. Levels of organic priority pollutants were found in all residues with 
the total quantity present varying behveen 10 ppm to 2000 ppm. About eight organic priority pollutants appeared 
in the samples from the majority of the sites. Similar results were found when conducting metal analysis on the 
same residues. Ten metals were tested for and some combination of metals were found in all residues. The total 
quantities of these metals varied between 365 ppm and 44,763 ppm. This range of variability was significantly 
wider than the comparable range for organic priority pollutants. Table I shows the metals detected with the 
highest concentrations. 

TABLE I 
METAL FREQUENCY AND CONCEhTRATION DISTRIBUTION IN HAZARDOUS WASTE INCINERATOR ASH 

Most Frequently Occurring Metals Total Concentration Range (ppm) 
Freauenrv i 

~- ~~ ~ _ _ _ ~  ~ 

(100-1000) Greater than 1000 

Antimony 2 2 0 

Copper 8 5 3 

Chromium 9 8 1 

Lead IO 6 4 

Nickel 5 3 2 
i 

Other metals tested for and the maximum concentrations (ppm) found were: arsenic (27); beryllium (6); 
cadmium (61): mercury (1 5); selenium (1 9); silver (1 90); thallium (9). From a mass balance viewpoint, another 
important metal study was conducted on a single incineration configuration and assessed arsenic, cadmium, lead, 
beryllium and chromium pathways. This study revealed that 60% of the metals fed exited the system with the 
incinerator ash (Hindshaw 1994). 

For the purposes of this study, it is assumed that 2000 ppm of organic constituents and 50,000 ppm of metal 
compounds remain in the incinerator ash. It is not relevant to determine the original source, whether attached 
to the surface of the solids; dissolved in the water; or the organic substances; or chemically bonded to the solids, 
water, or organics. These values have negligible impact on equipment sizing; still further treatment is required 
to prevent these PTEs from being emitted to the environment. 
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Ash Vitrification 

During normal operations, the residual inert material transverses the kiln in 40 minutes and exits the kiln at a 
temperature 93°C less than the gas exit temperature. A minimum kiln residual temperature of 649OC is required 
to ensure that organic volatiles are not present in all types of residuals. In the recommended configuration, the 
kiln residuals drop directly into a vitrification furnace which also accepts admixtures and can operate at any 
desired temperature less than 1649°C. Normally, vitrification temperatures fall between 1260°C and 1371°C. 
Higher temperatures are normally used in metal refining. Admixtures may be used in either vitrification or metaI 
refining. The technical feature that distinguishes metal refining from vitrification is that nearly all the solids m w  
be liquified to achieve metal segregation that occurs by differences in specific gravity whenever the thermal 
reactor residence time is sufficient to allow stratification after liquidification. 

It is not possible to address all vitrifier feedstocks in combinations with all metals of interest; however, unless 
specifically stated, the feedstocks in question will be solids and will not generate water and/or organic vapors 
greater than 5% of the charge to the vitrifier. Off-gases will be generated in nearly every situation; however. 
these off-gases should be limited to less than 5% of the charge, with minimum quantities of water and 
hydrocarbons, The predominant off-gases are volatile metal compounds, carbon monoxide, and carbon dioxide. 
The ASME/U.S. Bureau of Mines report provides a detailed analysis of the quantities and composition of 
vitrification off-gases. This report provides an upper bounds for toxic emissions from this source since most 
hazardous waste incinerators have a more sterile ash (Oden, O’Conner 1994). 

The primary processing variable in a high-temperature furnace is slag control. In metal refining, slag is comprised 
of the lighter undesirable metal compounds and residual admixtures which float to the top of the molten bath in 
the furnace where they are periodically removed through the tap in the side wall. Slag control is accomplished 
with the proper proportioning of admixtures while maintaining a specified temperature to produce the viscosie 
required to provide a turbulent homogenous mixture in the upper region of the fitmace and a quiescent zone in 
the lower region of the furnace. The primary chemical reactions occur in the upper region. The volatiles which 
are produced leave through the off-gas vent in the roof. Any free metal which has a volatilization temperature 
below the furnace operating temperature will be included in these off-gases. Recovery of the free metals in the 
off-gases is technically possible via selective condensation in metal condensers. A fraction of these volatile 
metals remains in the slag in the form of metaVminera1 complexes. The heavier free metals in the turbulent 
region settle by gravity into the quiescent zone in the lower region of the furnace where further metal separation 
occurs due to differences in specific gravity. The product molds can be modified to satis@ 
packaginghansportation guidelines. Dual plasma torches will be provided to maximize on-stream time. 

High-temperature furnaces are used throughout the world for numerous types of metal refining of ores from 
deposits comprised of a wide variety of high-metal content minerals. This is possible because the thermodynamic 
properties and the composition of the constituents are well known. Although all combinations of radioactive 
metals have not been evaluated, the available research is favorable and there is no technical reason to believe that 
the isotopes will behave significantly differently than the nonradiated elements from a thermodynamic viewpoint. 
The basic assumption is that the technology is feasibEe and available, but its use is fundamentally an economic 
decision. 

Combined Secondary Oxidation 

There is a seal between the vitrifier and the kiln discharge breaching. The kiln discharge breaching is alwa!-s 
under negative pressure; therefore, the vapors generated during vitrification will flow directly into the secondan. 
combustion chamber and mix with the kiln off-gases prior to being subjected to further treatment. The vitrifier 
vapor flow will not be significant. They represent less than 5% of the kiln off-gases into the vitrification hmacr. 
which in turn represents only a fraction of the charge to the rotary kiln. The primary substance classification of 
the vitrifier off-gases will be inorganic molecules, compounds and/or complexes. The retrofitting of the vitrifier 
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to an existing incinerator system should not cause the incinerator to be downrated from a throughput viewpoint. 
Volatilization of some fission products in this stream is likely. Ruthenium, cesium, technetium, and iodine are 
volatile. Other radionuclides will be carried in the gas stream sorbed on fme particles contained in the flue gas. 
The kiln and vitrifier off-gases flow into the second-stage thermal oxidizer where the gashapor temperature is 
elevated to between 982°C and 1204OC in the presence of excess oxygen to reduce the residual organics to CO, 
and water. If required, fuel will be added to achieve the desired operating temperature. 

Flue Gas Cleaning 

For the purpose of this presentation, a combination type air pollutant control system (APCS) is assumed. This 
configuration is shown in Figure 4. In this arrangement, the flue gases will be quenched to the appropriate 
temperature levels prior to particulate removal and neutralization. As the gas cools, cesium and technetium salts 
will drop out of the gas as solids. Much of the ruthenium and iodine will be held up in the caustic scrubber. 
After the particulate is removed, it will be briquetted and inserted directly into the vitrifier. Most of the 
radionuclides that exit the combustor will be associated with this particulate matter. The blowdown from the 
neutralization process can be reintroduced into the process with the quench water. If large quantities of solids 
are present, filtration may be required prior to mixing with the quench water. The solid residues would be 
inserted into the vitrifier. 

There are several other flue gas cleaning configurations which are capable of producing the removal efficiencies 
used in this study. Should these configurations not be capable of operating in a closed loop manner similar to 
the one described, the open stream(s) can be integrated into the proposed extended flue gas cleaning arrangement, 
if required. The draft report of the Combustion Emissions Technical Resource document depicts Cumulative 
Distributions of the Hazardous Waste Industry (HWI) Particulate Matter (PM). This type industry wide data, from 
multiple APCSs, was used in this study. The sizing of the PTE containment equipment is not sensitive to these 
minute quantities. The assurance that these constituents can be contained is the relevant issue. 

"Place Fig. 4 here". 

FLUE GAS REDUCTION 

For a comparable feed rate, the quantities of flue gases emitted from the proposed configuration are about 20% 
of the flue gases emitted from a traditional rotary kiln configuration. About 50% of this reduction is due to the 
use of pure oxygen rather than air as the oxidant. The other 50% is due to using cold flue gases to reduce flame 
temperatures previously cooled by the nitrogen in the combustion air. Also, when pure oxygen utilization is 
coupled to flue gas recycle cooling, about 60% of the flue gases leaving the traditional APCS outlet are recycled. 
This recycle automatically doubles the treatment time for 60% of the P E S ,  thereby ensuring a significant 
reduction of P E S  entering the extended flue gas cleaning system. Mass balances are required to quantify the 
remaining PTEs which must be subjected to further treatment. Also, mass balances are required to develop a 
common denominator for multiple test, multiple configuration statistics to be applied latter. 

Table I1 shows comparative data at select points in each type configuration. For quantification of PTEs, the stack 
emissions from a traditional Configuration were used to derive the PTEs leaving the recycle configuration APCS. 
The incineration configuration used to develop these mass balances was a rotary kiln operating at 8 16"C, followed 
by a secondary combustion chamber operating at 982°C and a best demonstrated available technology (BDAT) 
air pollution control scheme. The feed rate was 4536 kg\h. The feed composition was solids, 2722 kgih; water, 
1361 kg\h; organics, 454 kg\h. A reliable indicator that the same organic quantities were used to develop these 
two mass balances is the fact that the carbon dioxide emission rates are the same, 2196 kg\h. While the 
utilization of oxygen and flue gas recycle are instrumental in reducing total emissions, attention should be given 
to the impact water condensation plays in reducing total emissions especially since the condensing mechanism 
is an effective technique for removing PTEs. 
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Table I1 
PARTIAL INERT GAS MASS BALANCES 

FOR TRADITIONAL AND FLUE GAS RECYCLE INCINERATOR CONFIGURATIONS 
(ktW 

QUALIFICATION OF PTEs 

Table 111 shows the feed rates used for each PTE category and the comparable output rates leaving a Best 
Demonstrated Available Technology (BDAT) air pollution control system processing the inert gas throughput 
quantities depicted in Table 11. 

The hydrocarbon and particulate matter emission rates are typical for hazardous waste incinerators (Kephart 1995; 
EPA 1994). It is important to note that no attempt has been made to distinguish Product of Incomplete 
Combustion (PIC) and Principal Organic Hazardous Constituent (POHC) species. The proposed configuration 
is capable of recycling all toxic hydrocarbons regardless of the intermediate source. While PIC and POHC 
designations are not relevant, the degree of volatilization is germane. The acid gas and metal feedstock 
composition is typical and the removal efficiencies for metals and halogens are frequently reported in the literature 
(Osborne 1991; Thurman 1987; Hazardous Waste Incinerator Guidance Series 1989). The removal eficiency rate 
used for all sulfur bearing acid gases was 95%. Although air is not being used as an oxidant, it is assumed that, 
on occasion, there will be some nitrogen bearing feedstocks. If so, most of these emissions will appear in the 
flue gases as nitrogen oxide. The primary purpose for establishing feed rates for inorganic metals and acid g s  
constituents, is to provide a mechanism for demonstrating containment or satisfactory cleaning of all priority 
pollutants before release to the environment. By reporting these values in absolute terms (kg\h) and differential 
values (ppm ,,,), these quantities can be readily scaled. 
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TABLE 111 
TRADITIONAL CONFIGURATION PTE MASS BALANCE 

EXTENDED FLUE GAS CLEANING SYSTEM 

Figure 5 shows the basic inert gas mass balance for the extended flue gas cleaning configuration. Other 
configurations of extended flue gas cleaning in conjunction with flue gas recycling appear in the literature 
(Clemens 1994; Nelson 1993; Efferson 1991). Several of the membrane unit operations appearing in Figure 1 
do not appear. In actual practice, they may represent optional features which may not be required if excessive 
quantities of certain classes of PTEs are not present. These optional unit operations are addressed in subsequent 
sections. 

The purpose of Figure 5 is to emphasize the fact that three different types of separating mechanisms are used to 
partition the inert gases from the P E S .  Each of these separation techniques focus on the partitioning of a specific 
class of constituents or individual specie, The three different separation techniques used in the extended flue gas 
cleaning configuration are: sub-cooling, absorption, membranes. Each mode of operation will be described in 
the same sequences as shown in the flow schematic. 

"Place Fig. 5 here". 

Sub-cooling 

Sub-cooling reduces the nonrecyclable flue gases by 36% by removing most of the water, thereby reducing the 
quantities of flue gases which must be subjected to further cleaning. All the water removed can be recycled; the 
recycled water reduces cooling water requirements. 

Regardless of the APCs configuration used, the flue gases normally exit at saturated conditions between 71OC 
to 82°C depending upon ambient conditions. By lowering the temperature of the flue gases from 82°C to 38°C 
1976 kg\h of the nonrecycable flow rate is eliminated from potential emission quantities. The condensing of these 
water vapors removes 93% of the water in this flue gas stream. A fraction of the PTEs are chemically bonded 
with the water and will be removed with the water. A fraction of the P E S  exist as fume nuclei in the flue gas 
stream and will be encapsulated during the water condensation process. Another fraction will condense due to 
the lowering of the temperature. Table 1V depicts the anticipated pathways through the condenser for each PTE 
Category. 
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Constituent 

Halogens 

Input Water Outlet Vapor Outlet 

100 50 50 

Sulfur 

Nitrogen 

Inorganic Metals 

Hydrocarbons 

~ _ _ _ _  

100 50 50 

500 500 

1000 900 100 

Volatile I 8 2 6 
I I 

Particulate Maner 

Totals 

Semivolatile I 4 1  4 1  0 

39 20 19 

1752 1027 725 

Nonvolatile I 1 1  1 1  
~ 

0 

The removal of 50% of the halogens and the sulfur constituents is believed to be conservative since the majority 
of these substances are soluble in water and have low vapor pressures. Most of the residual nitrogen, if present, 
will probably be in the form of NO which has a very low solubility; therefore, it will remain in the gashapor 
phase. Most of the inorganic metals will be removed with the water as most are reasonably soluble or have Iow 
vapor pressures. The particulate matter is considered to be submicron inert mineral matter. A fraction of the 
particulate matter will become encapsulated during the condensation of the water. These enlarged particles will 
drop out of the flue gases. This capture mechanism will also enhance the removal of heavy metals remaining 
in the flue gases in the form of fume nuclei or colloids. 

Table 4 shows that 1027 ppm of potentially toxic substances are present in 4356 kg?h of condensed water. With 
the exception of the 7 ppm of hydrocarbon constituents, these substances could readily be returned to the APCS 
since the APCS accessories are already designed to process these materials. It should be noted that up to 5 ppm 
of these hydrocarbon substances are in the semi-and nonvolatile categories. These categories may contain 
dioxin-like compounds. Should it be necessary to treat this waste stream, 85% of 90% of this water could be 
purified by the utilization of membrane technology similar to reverse osmosis systems used to provide drinking 
water throughout the world. Over 90% (834 ppm) of the inorganic metals, the hydrocarbons and the particulate 
matter would remain in the retentate. Up to 193 ppm would remain with the purified water which could than be 
recycled to the APCS of the quench tank. The remaining 296 kg/h of water containing some 834 ppm of 
potentially toxic substances could be compacted with admixtures and returned to the vitrifier. 

ABSORPTION 

The purpose of this configuration is to remove and clean the carbon dioxide prior to release. The amount of 
carbon dioxide present represents 73% of the flue gases to be released from the system. Theoretically, membranes 
could also be used to make this separation at a reduced cost; however, as this is the primary stream to be released, 
special attention is given to ensure effective cleaning during transient operating conditions. The absorption 
process requires two phase changes; therefore, more effective separation is anticipated. During the liquid 
processing phase, adequate hold up time is available for sampling and analysis. Special provisions have been 
made to reprocess off-specification material, The intermittent recycling step is not reflected on the subject 
schematics. Table V shows the manner in which the inert gases and the P E S  are partitioned in the absorption 
tower. An inorganic absorbent was used to ensure more effective detection of organic P E S .  The absorbent W ~ S  
selected on the basis of carbon dioxide removal efficiency. 
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ABSORPTION TOWER MASS 

Constituents Flue Gas Input 

A. Products of Combustion (kgh) 

Oxygen 341 

Carbon Dioxide 2.196 

Nitrogen 893 

Water 147 

Sub-total (kgb) 3,577 

B. Potentially Toxic Emission (ppm ,,,) 

Halogens 50 

Sulfur 50 

Nitrogen 500 

Metals too 

Volatile Organics 6 

Particulate Matter 19 

Sub-total (pprn ,,,) 725 

The process configuration containing the absorption tower also contins holding tanks and a stripping and 
regeneration column. The purpose of the holding tanks is to provide adequate residence time for sampling and 
analysis prior to disposition. When no PTEs are present, the contents of a holding tank are transferred to the 
regeneration column where heat is applied to separate the carbon dioxide from the absorbent. An 
ultraconservative approach would be to install an optional membrane unit between the regeneration column and 
the industrial grade carbon dioxide storage tanks to ensure containment of trace contaminates. Periodically, it 
will be necessary to remove the trace contaminates accumulating in the absorbent by filtration, 
neutralizationiprecipitation or crystallization with membrane filtration being the most likely technology utilized. 
When P E S  are found in the holding tank. the contents are transferred to the stripping column which contains 
the mechanism for applying heat over a wide range of operating conditions to ensure that the contaminate(s), 
whether they remain in the liquid or gas phase. are contained. 

BALANCE 

Gas Stream Outlet Liquid Stream Outlet 

34 1 

22 2,174 

893 

52 95 

1,308 2,269 

1 49 

1 49 

500 0 

25 75 

6 0 

5 14 

538 I87 

Mern branes 

The commercial development of membrane technology extends over 50 years. Over time, the application of 
membrane technology has been divided into four categories: microfiltration, ultrafiltration, hyperfiltration (reverse 
osmosis), and gas permeation. Microfiltration and ultrafiltration focus on solid-liquid separation, hyperfiltration 
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(reverse osmosis) provides liquid-liquid and liquid-gas extraction while gas permeation deals with gas-gas 
separation. The overall membrane pore size ranges from 2 angstroms to 2 microns. All of these membranes 
technology classifications may be used in the proposed extended flue gas cleaning system. 

CONSTITUENT 

Water Vapor 

Carbon Dioxide 
Oxygen 

Carbon Monoxide 
Methane 
Nitrogen Oxide 
Nitrogen 
Ethane 

Propane 
Halogenated Hydrocarbons 
Oxygenated Hydrocarbons 

Hydrogen 

Most of the commercialization of gas-gas separation has occurred over the last 20 years. Technical advances 
during the last decade have increased some types of gas separation efficiencies 200400% (Spillman 1989). Thii 
rapid growth rate makes technical and economic comparison difficult. Another comparison complexity arises 
because many membrane separation processes do not neatly replace existing separation processes, but complement 
them. This is most true in the current situation. In general, membrane configurations are very flexibte, require 
low capital investment, are easy to operate with low energy consumption, are cost effective even at low gas 
volumes, and have good weight and space efficiency (Spillman 1988). Separation is primarily achieved by 
correlating the particle size and/or molecular weight of the substance to be removed with the pore size in the 
membrane. This simple correlation is effective when the particle size is greater than I O  A" ( I  nanometer, a 
molecular weight greater than 200). Here, the focus is on volatile combustion byproducts leaving the absorption 
tower. These byproducts will have a molecular weight less than 100 (less than 4 A"). Many of the combustion 
byproducts will have a molecular weight less than 50. In this particle size range two other parameters are also 
controlling: permeation and solubility. The membranes used in this gas-gas separation range are referred to as 
nonporous or dense phase membranes since they are not manufactured according to precise pore site 
specifications. Table VI presents an overview of the requisite gas-gas separation information for dense phase 
membranes. 

RELATIVE IMOLECL'LAR 
PERMEATION RATE WEIGHT 

100 18 
12 2 
6 44 
1 32 

.3 28 
2 16 

30 
.18 28 
.10 30 

less than .IO 44 
less than .IO more than 50 
less than . I O  more than 50 

CATEGORY 

1 

2 

L 
This table does not show any metal data. Most metal substances will have a molecular weight greater than 50 
and will fall in category 3, a class of compounds which can be relatively easily separated at or above the 90% 
removal rate. Lithium, Beryllium, and Boron are potential exceptions, depending primarily upon the substance 
forming the chemical bond. Figure I depicts two membrane stages treating the absorption tower of gases. 
Category I and 3 gases are recycled to the thermal oxidizer. Category 2 gases are candidates to be rransferred 
directly to nitrogen storage. 

An optional precursor unit operation prior to the first membrane stage would be a condenser to remove most of 
the water from these flue gases in order to minimize contamination in the residual effluent. For steady state 
conditions, it is estimated that less than 10% of the potentially toxic emissions listed in Table V uould be 
removed when 82% (42 kg\h) was removed; however, there is economic benefit, especially if the other optional 
condensers are utilized. Table Vli reflects the anticipated flow allocation. 
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Constituents 

A. Products of Combustion (kgU1) 

oxygen 

Carbon Dioxide 

Nitrogen 

Water 

Sub-total (k@h) 

B. Potentially Toxic Emission (ppm ,,J 

Halogens 

Sulfur 

Nitrogen Oxide 

Metals 

Volatile Organics 

Particulate Matter 

Sub-total (PPm ,,,J 

Gas Stream Liquid Stream 

341 

22 

892 

10 42 

1,265 42 

1 

1 

500 

5 20 

6 0 

I 4 

212 26 

From the mass balance depicted in Table VI1 the first membrane stage will remove only 26 ppmmul of potentially 
toxic emissions which does not appear to have merit from a processing viewpoint. The merit emanates from 
containment considerations and extending the life of the membranes used in the second stage. This first stage 
membrane will not allow potentially toxic semi and nonvolatile organic and particulate matter to proceed to the 
second membrane stage where the potential for being emitted to the environment is greater. All minute quantities 
of these substances will be recycled to the oxidation chamber. The purpose of the second stage is to separate 
Categories 1 and 2. Table VI11 shows the results produced in the second membrane stage. 

Table VI11 
SECOND MEMBRANE STAGE OUTPUT 

A. Products of Combustion (kglh) 

Oxygen 

Carbon Dioxide 

Water 

Nitrogen 

Sub-total (kgh) 

B. Potentially Toxic Emission (ppm ,,,) 

It Constituents I Light Fraction I Heavv Fraction 11 

318 23 

20 2 

9 1 

91 801 

438 827 

I 

Sub-total (pprn ,J 

Nitrogen Oxide 50 1 450 11 I II 
55 45 1 

II Volatile Organics I 5 

41485 12 



.. 

The light fiaction will be recycled to the oxidation chamber since it contains reusable oxygen and the majority 
of the residual potentially toxic organic emissions. The heavier fraction category represents the other emission 
stream. The primary constituents in this heavier fraction stream are nitrogen (97%); oxygen (2.74%); water 
(0.22%); carbon dioxide (0.05%). There will be other trace amounts of potentially harmful toxic emissions in 
the molecular weight range between 30-50. The total quantities of FTEs should be less than 100 ppm. An 
exception occurs when there are significant quantities of nitrogen in the feedstock. The quantities of nitrogen 
oxide emissions are directly related to the quantities of nitrogen in the feed. When the emission rate becomes 
excessive, one of several chemical treatment methods can be used to convert and contain these constituents. 

ANALYSIS OF EMISSIONS PRIOR TO RELEASE 

All emissions will be analyzed prior to release. The same methodology will be used for both carbon dioxide and 
nitrogen gaseous emission steams. Parallel holding tanks will be used. Analysis time requirements are six 
minutes for organics and any single or multiple volatile contaminate(s) can be used to specify release 
specifications. When radionuclides are present, the gases will be released from the system only after they have 
been held up long enough to assure no radionuclides are present (or more precisely, below release limits). The 
holdup time will be a fimction of the radioactive release criteria; the lower the limits, the longer will be the 
holdup (counting) time. Analysis for radionuclides will be done by alpha and betdgamma counting. The analysis 
time will be inversely proportional to sample volume. Also, the lower the required release limits, the longer the 
analysis time will be. 

During the 1980s, the weakest technical link in establishing NESHAPs for organic priority pollutants was the 
ability to accurately measure these pollutants continuously. The instrument most frequently used was the Flame 
Ionization Detector, also referred to as a total hydrocarbon analyzer. As a result of several major programs 
sponsored by EPA during the 1980s, utilizing complex sampling techniques and different analysis methologies, 
several organic substances have been identified to be good indicators of the generation of organic P E S  (Thurman 
1987; Office of Solid Waste 1989). The substances most frequently found were C,s and C,s. Benzene was the 
exception. Typical examples were: 
methane, ethane, ethylene, methylene chloride, chloroform, carbon tetrachloride, tri and tetra chloroethylene, 
chlorobenzene. 

The predictive substances had varying degrees of halogen saturation. 

Within the last five years, new instrumentation coupled with computer s o h a r e  programs have significantly 
enhanced the analysis of volatile P E S .  One example is the Fourier Transform infrared (FTIR) spectrometer 
system developed by Argonne National Laboratory. This system automatically follows a procedure being 
evaluated by the EPA Office of Air Quality Planning and Standards for compliance. It should be noted that, the 
FTIR is also capable of analyzing for inorganic atmospheric gases such as SO,, NO,, CO, CO,, NH,, HCL. Also, 
in 1993, the Texas Air Control Board allowed the utilization of predictive emissions monitoring systems to 
comply with the 1990 Federal Clean Air Act Amendments (CAAA). Clearly the utilization of these analytic tools 
in conjunction with the aforementioned separation technologies ensures containment of all PTEs. 

SUMMARY 

This presentation divided the PTEs, which may be generated at some point in the combustion and flue gas 
cleaning process of hazardous wastes, into four categories: acid gases, particulate matter, metals, and organics. 
By using four types of existing technology: vitrification, sub-cooling, absorption and membranes, showed how 
99% of these PTEs can be eliminated or contained. The specific incremental reductions of P E S  are: 

1. The total gaseous emissions from the recyclable configuration is 13.3% of the total gaseous emissions from 
a BDAT configuration. 
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2. There are 10 ppm to 2000 ppm organic and 365 ppm to 44,763 ppm metal priority pollutants in the bottom 
ash of BDAT incinerators. These potentially toxic substances will either be removed or chemically bonded to 
contain these substances within the residues. 

3. There are about 200 ppm of acid gas constituents leaving a BDAT incinerator. This value will be r e d u d  
to 2 ppm in the recyclable configuration. 

4. There are 39 ppm of particulate matter leaving a BDAT incinerator. This value will be reduced to 1 ppm in 
a recyclable configuration. 

5.  There may be 5 ppm of semi- and non volatile potentially toxic organic compounds, including dioxin-like 
emissions, leaving a BDAT incinerator, which will be contained in a recyclable configuration. 

6. There may be 8 ppm of volatile organic emissions leaving a BDAT incinerator. If so, 6 ppm (75%) of these 
constituents will be contained in a recyclable configuration. 

CONCLUSIONS 

There are three reasons the proposed configuration should be designated as Most Achievable Control TechnoIogy 
as proscribed in the 1990 CAAA. All other processing variables being equal, the proposed configuration: 1) 
reduces overall emissions more than 80%; 2) reduces all PTEs more than 99%; 3) allows nothing to be released 
prior to sampling and analysis. 

All the novel technology required to achieve these objectives is used extensively in other industries for similar 
feed rates and composition. Consequently most of this novel technology can be classified as proven technology, 
readily adaptable to molecular construction, and which can be successfully integrated into existing hazardous 
waste processing configurations. 
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Fig. 1. Extended Air Pollution Control System 
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Fig. 2. Tkaditional vs Novel Hazardous Waste Combustion Codjguration 
To 

AIR POUUTION 
CONrROL m r E n  

lkaditional 

Novel 

Secondary 
Combustion 
Chamber 

ELEVATION VIEW 

TO 
AIR POLLUTION 

CONTROL SYSTEM 

4 

i 
~ 

SIDE VIEW 

Rotary  
Plenum 

- 
- _' - _  

~ttratier J 
/ 

/! - -  - 
1 

i L  

ELEVATION VIEW SIDE VIEW 



. I  

Fig. 3. Kiln Cyclonic Combustion Device with Sorbent Injection and Zone ConttoI 
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Fig. 4. Combination Type Air Pollution Control System 

SPRAY TOWER 

ACKED BED FLY ASH 
CONVEYOR 

GRA 



Fig. 5. Simplified Chemical Absorption Flow Schematic 

I .  Water balance does not reflect 43 kglhr of condensation in condenser between absorber and membrane. 


