


finally ... 

... the complete 
solution to 
dehydration of 
organic solvents 

GFT's industrially proven membrane pervaporation 
processes for purification and recovery of organic 
liquids, ranging from isopropyl alcohol to 
tetrahydrofuran , offer the following advantages 

• Superior separation selectivity 
for high recovery 

• Closed loop processes for 
pollution free operation 

• Simple, minimal labor, 
relatively small modular 
systems 

• High energy efficiency for low 
operating costs 

Membrane 
Pervaporation 

With the advent of recently developed asymmetric 
composite membranes, specifically for 
pervaporation , coupled with innovative processes 
and equipment, GFT offers turnkey systems for 

recovery of contaminated organic 
liquids ranging from 2 to 500 gpm 
capacity, with product purities of 
a few ppm contaminants. Why 
not let GFT's capable team of 
separations professionals provide 
you with a computer-generated 
design for your application? For 
further information and a 
technical data set, call or write to: 

GFT 
460 Main Avenue 
Wallington , N.J. 07057 
(201) 773-2900 
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From the Editor 
This special issue of Environmental Progress is devoted to waste 
minimization-the cost-effective reduction of hazardous waste. 
Everyone is supportive of waste minimization that may best be 
achieved through innovative chemical engineering. Most of the papers 
in this issue have been presented at AIChE national meetings. All of 
them have been peer reviewed. 

The broad scope of waste minimization exemplifies interests from 
industry, government, and academia. This issue is representative of 
this dynamic growth field and includes federal government regulations, 
tracking and audits, manufacturing and marketing strategies, industrial 
case histories, economic evaluation, state government assistance, and 
opportunities for future research programs. 

We would like to thank all of the authors for preparation of their 
manuscripts and the reviewers for their contributions to the quality of 
the papers. 

Charles A. Wentz, Editor 
Special Waste Minimization Issue 
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Washington Environmental Newsletter 

EPA to Sponsor Workshops on QA/QC Procedures for HW Incineration 

EPA's Center for Environmental Research Information will present three workshops in August to introduce 
the "Handbook on QAJQC Procedures for Hazardous Waste Incineration." Primary audience is EPA RCRA 
permit writers and applicants for hazardous waste incinerators, but will also be of interest to engineers, 
chemists, environmental scientists and plant managers. Workshops will involve explanations of, and 
exercises in, process monitoring, sampling and analytical activities, after first defining the Data Quality 
Objectives (DQOs) needed for testing and sampling HW incinerators, including procedures during trial 
burn·s. Quality Assurance and Quality Control procedures will be defined for pollutants normally associated 
with incinerator emissions such as POHC's, PIC's, metals, particulates, dioxins, furans, acid gases and 
comhustion gases. 

Workshops will he held in San Francisco, Kansas City and Atlanta. There is no registration fee. For more 
information call Trisha Fasch at EPA Region I (617) 648-7811. 

SARA Waste Material Remediation Through Incineration 

The preliminary EPA interpretation of SARA requirements is that incineration becomes the preferred 
alternative. However, since incineration costs are so high, alternatives such as bio-remediation may he 
examined as alternatives. Conventional liquid incineration technologies typically do not apply to Superfund 
sites unless the primary waste source is containerized. Because the predominant waste form at Superfund 
sites is contaminated soils; rotary-kiln incineration technology or, moving grate infrared technology, are the 
most practical alternatives. The application of extraction technologies to remove and concentrate 
contaminants from soils may he a feasible intermediate to reduce the cost of ultimate incin-
eration. Heavy metal recovery in secondary smelters is also under consideration, pending removal of 
potential RCRA harriers. 

Love Canal Wastes Targeted for Incineration 

A partial consent order has been signed between Occidental Chemical and state and federal governments 
obligating the company to store and destroy wastes from the Love Canal site. These include the remedial 
wastes from Black and Bergholtz creeks, contaminated sediments taken from area sewers, material stored 
in barrels at Love Canal, and the sludge resulting from the treatment of leachate by Love Canal's on-site 
treatment plant. Occidental will dewater the collected wastes at a nearby facility, then place them in 
polypropylene bags and transport them to their Niagara Falls plant. They will remain in storage until 
Occidental receives approval for and builds a rotary-kiln incinerator on site. The incinerator will thermally 
treat the solid wastes from Love Canal as well as from other company sites. Sludge from the Love Canal 
leachate treatment plant will be destroyed in Occidental's existing liquid incinerator at its Niagara Falls 
plant. The company will also be allowed to use the new rotary-kiln to burn wastes from its other western 
New York sites, but will not accept out-of-state or other company wastes. 

Related New Legislation 

Representative Mrazek (D.-NY) has introduced H.R. 2052 which would set strict limits on dioxin emissions 
from resource recovery plants and municipal waste incinerators. 

This material was prepared by AIChE's Washington Representative, Siegel- Houston & Associates, Inc. 
Suite 333,1707 L Street, N.W., Washington, D.C. 20036. Tel. (202) 223-0650 
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Editorial 

Hazardous Waste Incineration: A 
Preferred Treatment Technology 

Calvin R. Brunner 
CH2M Hill, Reston, Virginia 

Over the past ten to fifteen years the annual expenditure on pollution control in the United States 
as a percent of industrial capital equipment investment has risen from less than one percent to 
almost six percent. By the end of the century this figure is expected to more than double. This 
does not include pollution control for automobiles , or the cost of disposal of municipal solid waste 
or sewage. 

The most effective means of dealing with waste disposal is to reduce the amount of waste 
generated. In industry this means process modifications, or establishing new markets for 
generated streams. In the public sector waste reduction translates to source separation, recycling 
and resource recovery. 

Waste reduction is a goal, and a goal that will be driven forward by economic conditions. As the 
cost of waste disposal increases, new methods of waste reduction will become economically 
attractive, and will be implemented. It is difficult to imagine, however, a time when there will be 
no waste generation. For the foreseeable future, while waste reduction may reduce the amount of 
waste that must be disposed of, there will be hundreds of millions of tons of waste that must be 
destroyed or controlled to protect the public health and the sanctity of the environment. 

While industry is struggling with the mechanisms of waste reduction, the avenues open for 
waste disposal are becoming fewer and fewer, particularly in the area of hazardous wastes. 
Incineration is becoming more attractive when looking at alternative disposal methods. Through 
incineration the hazardous organic component of the waste is destroyed, the volume and weight of 
the waste is reduced to a fraction of its original size and waste reduction is immediate; it does not 
require long-term residence in a land disposal system. Waste can be incinerated on-site, without 
being carted to a distant area. Of particular concern, air discharges can be effectively controlled 
for minimal impact on the atmospheric environment. The ash residue may be subject to 
declassification as a hazardous waste and with this the case, incineration becomes, essentially, a 
final disposal method as well as treatment. 

Other features of the incineration process are that it requires a relatively small disposal area, 
not the acres and acres needed for land disposal, and that incineration is easily terminated. A 
cessation of incineration activity will remove any liability for the generator or operator as 
compared with land burial where liabilities are indefinite and uncertain. Using heat recovery . 
techniques the cost of operation can be reduced or offset by the use or sale of energy. 
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Although incineration is becoming more and more attractive as a waste treatment option, it is 
not universally applicable to waste disposal. Not all materials are incinerable. For example, high 
aqueous wastes or non-combustible soils will not sustain combustion. Certain organic materials, 
particularly those containing a chlorine component, tend to generate products of incomplete 
combustion that are the subject to continuing study for their toxicity and the means necessary for 
their destruction. Incineration represents a high capital cost and skilled operators are required 
compared to land disposal techniques. Supplemental fuel is required to bring up an incinerator to 
operating temperature and, with some materials, to maintain combustion temperatures. 

The incineration option is, on balance, an attractive option for a growing number of waste 
streams. The trend today is an increase in the use of incineration for a wider profile of wastes. 

With more and more exposure given to the features and uses of incineration technology, the 
public will see it as a new and sophisticated technology, not an anachronism of past practice where 
incineration was synonymous with smoke and odor. Increased use of incineration will promote safe 
and effective environmental clean-up and maintenance. This issue deals with hazardous waste 
incineration, as well as, non-thermal destruction, and issues concerning incinerator ash. 

Calvin R. Brunner, P. E., is Chief Engineer, Incineration Systems, for CH2M Hill in Reston, VA. He has 
over twenty years experience in the thermal disposal of wastes and has written numerous textbooks on the 
subject. 
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Software Review 

Whazan: A Software for Chemical 
Hazards Analysis 

Ashok Kumar and Sushant Agarwal 

Department of Civil Engineering, University of Toledo, Toledo, Ohio 43606 

Recent industrial accidents, involving episodic releases of hazardous or toxic materials are drawing 
considerable attention from the regulators, public and researchers. A recent article by Egol [1] 
discusses the role of computers in environmental management of hazardous materials and the 
availability of softwares to perform various tasks required by recent regulations. One activity 
which is important during an emergency involving chemicals is the calculation and prediction of 
concentration as a result of a chemical release. In this article, a software (WHAZAN) developed by 
Technica International, 1440 N. Harbour Blvd., Suite 800, Fullerton, CA 92635, USA is 
discussed. 

The WHAZAN (World Bank Hazard Analysis) [2] software consists of a series of computer 
programs and is available on diskettes for the use on the IBM PC-XT or PC-AT or PS/2 or on the 
IBM compatible computers. The program requires the use of PC-DOS version 3.0 or higher. You 
will need a minimum of 512 Kbytes of memory to load/run the softwware. Without sufficient 
memory the programs will not run at all. Moreover, care should be taken while choosing the color 
graphics adapter during program installation for display of graphical output. 

The following steps were taken in order to test the software: 
1. All individual models were run for various release conditions, 
2. An attempt was made to obtain information on chemicals already stored in the 

software, 
3. Adding information on new chemicals, and 
4. Linked models were tried. 

The software comes with a manual which is divided into two parts consisting of the user gUide 
and a theory manual (1988). The guide is divided in five chapters and an appendix. The gUide is 
virtually error free and minor editing will improve the manual. The theory manual consists of four 
chapters and four appendices. 

Chapters 1 and 2 of the user guide covers the basics of installation and running the computer 
program. Hardware requirements are included in Chapter 2. The procedure to load the program 
is fairly simple. The instructions given in the users gUide are straight forward and no difficulties 
were encountered during this process. Chapter 3 describes the chemical properties and structure 
of the chemical data base, which contains data on a total of 20 commonly encountered hazardous 
chemicals. It also describes the basic definitions of the chemical properties for easy reference. A 
maximum of 100 chemicals can be stored for hazard analysis. 
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The procedure for running 13 individual models is given in Chapter 4. The various models 
cover the following areas: 

i. Outflow of either a liquid, gas or a two phase flashing mixture, 
ii. Behavior immediately after release. The various models incorporated into the system 

calculate the plume rise in case of gaseous release and pool size and evaporation rate 
in case of liquid release, 

iii. Dispersion in the atmosphere. The calculations for fatality probability are included 
for toxic chemicals, and, 

iv. Fire and explosions due to ignition of a pool or cloud of flammable material. 
Chapter 5 discusses the concept of linked consequence models. The appendix gives 

conversion factors for the parameters used in WHAZAN. This would be particularly helpful to 
industrial users of the software. A good feature about the manual is the use of actual on-screen 
display, along with program explanation. 

The Chapter 1 of the theory manual discusses the difference between the work done by 
Technica Ltd. for World Bank in 1985 and current version of the software. Chapters 2 and 3 
describe most common release scenarios in an industrial complex. Chapter 4 provides the 
theoretical framework for each model discussed above. Appendix A gives the typical velocity head 
losses due to flow through various valves and fittings which in turn are used to calculate the 
discharge coefficient for an orifice. Such information can prove to be quite handy while using this 
package. A discussion on atmospheric stability and surface roughness is included in Appendix B. 
Problems associated with the choice of consequence levels in hazard analysis are explained in 
Appendix C. 

Overall the program gave satisfactory results. Some minor difficulties may be encountered by 
the user in the area of adding information on new chemicals. The information should be selected 
with care otherwise the program may not run and the computer may lock up requiring rebooting. 
The package can be made more flexible if data could be read from a data file for production runs. 

The software WHAZAN is a useful tool for performing hazard analysis of toxic releases. It is 
menu driven and user-friendly. 

REFERENCES 

1. Egol, L., Hazardous Materials Trigger a Software Explosion, Chemical Engineering, pp. 
179-182, April 1989. 

2. WHAZAN User Guide and WHAZAN Theory Manual, Technica International Ltd., March 
1988. 
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How to Respond to Hazardous 
Chemicals Spills by W. Unterberg, 
R. W. Melvold, S. L. Davis, E. J. 
Stephens, and F. G. Bush Ill, 
Noyes Data Corporation, Park 
Ridge, NJ (1988), 274 pages, U.S. 
List Price: $39.00 

This book is a reference manual of 
the countermeasures designed to as
sist responders to spills of hazardous 
substances. The book begins with 
two short introductory sections 
dealing with how to use the manual 
and how to assess the spill situation . 

Using the techniques described in 
Chapter 2 and the situation As
sessment Flow Charts and the Site 
Assessment Checklist which ac
companies it, the responder should 
be able to identify the chemical in
volved in the spill. Also, the photo
reproduction of the Howchart is not 
good and the size of the chart is so 
small it is hard to see. 

The lists of chemicals in Chapter 3 
contain 700 hazardous substances 
designated by the Comprehensive 
Environmental Response Compen
sation and Liability Act (CERCLA) 
of 1982. For each chemical, the £1)1-
lowing data are given: (Table A) 
name, chemical class, CAS Registry 
No., hazards (i.e., Hammable, toxic, 
etc.), and behavior in water (soluble, 
sinks, etc.). The second table (Table 
B) gives countermeasure actions 
which are technically feasible for the 
various chemical classes following 
their recommended process. Finally 
one consults the third table (Table 
C) which contains descriptive values 
of each of the selected criteria; de
velopment, time, cost, and cleanup 
efficiency. Further refinement of 
countermeasure selection is avail
able through the use of the fourth 
chapter in which countermeasure
mechanical containment and dis
placement; physical, chemical, and 
biological treatment; and ultimate 
disposal/destruction, are listed 
together with detailed, distin
gUishing characteristics. 
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The book ends with an excellent 
30-page reference list and three ap
pendices: (1) Guidelines for site as
sessment, entry, and <-'(mtrol, (2) 
Suggested guidelines for selecting 

'chemical protective clothing, and (3) 
Personnel and response equiipment 
decontamination. 

This book will be quite useful to 
those involved with the manage
ment and response to hazardous 
chemical spills at industrial facilities . 

Gary F. Bennett 
Department of Chemic-a! 

Engineering 
University of Toledo 
Toledo, OH 43606 

How to Prevent Spills of Hazardous 
Substances by W. Unterberg, R. W. 
Melvold, K. S. Roos, and P. A. Sco
field, Noyes Data Corporation, Park 
Ridge, NJ (1988), 185 pages, U.S. 
List Price: $39.00 

Of all the areas of hazardous mate
rials, I am most keenly interested in 
spill prevention. So, when I picked 
up this book, it was with real enthu
siasm and with much expectation. 
Unfortunately, I was totally disap
pointed as there was little informa
tion in the book that was of any use 
and virtually nothing new. The first 
80 pages were simply a listing of 700 
chemicals designated as hazardous 
substances by the Comprehensive 
Environmental Response Compen
sation and Liability Act (CERCLA). 
The data given included chemical 
class, CAS registry number, hazard, 
and behavior in water. 

What I thought would be the 
heart of the book: (1) facilities spill 
prevention, practices, and (2) pre
ventive engineering practices was 
limited to approximately 20 pages. It 
is not that the right concepts are not 
covered within these 20 pages; those 
topics are not covered in enough de
tail. I wished for much more. 

The book ends with a long (70 
page) appendix, describing fixed fa
cilities, chemical process equipment 
components, such as pumps, piping, 
heat exchangers , etc. Why the au
thors included a description of com
monly used process equipment is 
not clear to me at all. 

In summary, a great book title, 
but disappointing because of many 
unfulfilled expectations. 

Gary F. Bennett 
Department of Chemical 

Engineering 
University of Toledo 
Toledo, OH 43606 

Introduction to Hazardous Waste 
Incineration by Louis Theodore and 
Joseph Reynolds, John Wiley & 
Sons, New York, New York (1987), 
463 Pages, U.S. List Price: $49.95 

This book examines basic princi
ples, equipment, and applications 
for hazardous waste incineration . It 
is the only textbook to date that 
covers both scientific and engineer
ing aspects of hazardous waste incin
eration. 

It is an excellent textbook for engi
neering students who are interested 
in this field . The text has been well 
conceived and is written to prOVide 
an introduction to hazardous waste 
incineration concepts, design, and 
operations. Numerous illustrative 
examples and problems have been 
included to assist the reader. 

In addition to its obvious utility as 
an engineering textbook it should 
also be a useful engineering refer
ence for practicing engineers and 
scientists. The writing style of the 
authors is easy to follow for readers 
who have some prior knowledge of 
science and mathematics. 

Charles A. Wentz 
Energy Systems Division 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, Illinois 60439 
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Environmental Shorts 

Breakthrough Excavation-Free Hazardous Waste Treatment Process 

Weston, Westchester, PA, has 
signed an exclusive licensing agree
ment with the lIT Ilesearch Institute 
(IlTIlI) to offer a new hazardous 
waste treatment process on a com
mercial basis. Developed by IITIlI, 
this patented process, called In situ 
Radio-Frequency (IH.F) decontami
nation, treats the waste in place 
without excavation. This new pro
cess represents a Significant break
through in reducing the cost of treat
ing many of the nation's hazardous 
waste sites. 

The low cost process is estimated 
to cost between $50 and $90 per ton 
of soil treated, according to John W. 
Noland, vice president of Weston 
Services, Inc. (WSI). WSI is a major 
construction company with proven 
environmental expertise. In the past 
five years, WSI pioneered the devel
opment, design, permitting, con
struction, performance testing and 
operation of several new thermal 
systems fill' hazardous waste re
moval. 

IRF decontamination is accom
plished by inserting tuhular elec
trodes (hollow pipes) into contami
nated soil. By exciting the electrodes 
with radio-frequency energy, the 
soil is heated to hetween 200 de
grees filrenheit and 1,000 degrees 
filrenheit, therehy vaporizing the 
hazardous contaminants. The vapors 
are collected in the hollow electrode 
pipes and removed under negative 
pressure to a vapor treatment sys
tem designed by Weston. 

"This process is similar to the 
heating accomplished within a mi
crowave oven, although the volume 
heated is much larger, up to 5,000 
tons of soil at a time, and the fre
quencies are much lower. Iladio fre
quency energy is an eflicient and 
cost -eRective method of heating the 

soil without digging it up. Collection 
and treatment of the vapors is ac
complished using the vapor extrac
tion technology Weston developed 
under a contract with the U.S. Army 
Toxic and Hazardous Materials 
Agency. The IH.F process is hest de
scrihed as thermally enhanced vapor 
extraction," said Noland. 

The IH.F process is an extension of 
the technology developed by UTIlI 
to extract useful fuels from oil shale 
and tar sand deposits. In this appli
cation, massive blocks of oil shale or 

tar sand at depths . of thousands of 
feet are heated by radio-frequency 
energy. Conversion of the technol
ogy to decontaminate hazardous 
waste sites was funded in part by the 
U.S . Air Force and the U.S. Envi
ronmental Protection Agency. 

Weston is headquartered in West 
Chester, PA, and operates through a 
network of four analytical labora
tories and 45 oflices, including Los 
Angeles, Houston, Chicago, Atlanta, 
Boston, New York and Washington, 
D.C. 

PROCESS HAZARDS ANALYSIS SCREENING TOOL 
Announcing the most advanced PC program for modeling the source, 
dispersion and consequences of toxic or flammable chemical releases. 

• Fully integrated models • Source emissions 

• Uses AIChE DIPPR Database • Pool spreading & evaporation 
• Choice of English or SI units 
• Supports color graphics, laser 

printer. HP plotter 

• Jet discharge & dispersion 

• Dense cloud dispersion 

• Fast, robust, accurate • Buoyant plume dispersion 

• Thermo, mass & heat transfer • Unconfined vapor cloud explosion 

• Compatible with SAFETI • POOl, jet & flash fires 

.-------------FREE------------~ 
If you are a safety, risk, hazards or environmental specialist looking for the 
best available technology, call or write for your FREE copy of "Technlca 
Releases - Computer Solutions." This handbook provides computer 
solulions to the five chemical release scenarios presented in the new 
publication from AIChE's Center for Chemical Process Safely (CCPS) titled 
"Workbook of Test Cases for Vapor Cloud Source Dispersion Models." 

LOS ANGELES 
Technica International 

~:e~arbor Blvd. Technica 
Fullerton. CA 92635 
U.S.A. 
Telephone: (714) 447-9400 
Telelax: (714) 447-9405 

SOFTWARE PRODUCTS 

LONDON 
Technica ltd. 
Lynton House 

7/12 Tavistock Square 
London WC1 H 9L T 

ENGLAND 
Telephone: 01-388-3941 

Telelax: 01-387-3550 
Telex: 22810 (TECNIC G) 

Environmental Progress (Vol. 8, No.3) August, 1989 A9 



Continued from page A8 

Hazardous Waste Minimization 
Handbook by Tbomas E. Higgins, 
Lewis Publishers, Chelsea, Michi
gan (1989), 250 pages, U.S. List 
Price: $49.94 

This is a handbook that would be 
helpful for a waste minimization pro
gram with industrial processes. It is 
probably the most current book in 
this field that is on the market today. 
There are numerous case studies, for 
example, that lead the reader 
through "how to do it" exercises in 
waste minimization. 

The book emphasizes economics 
as the major criteria in determining 
waste minimization priorities. A va
riety of industrial processes includ
ing metal working, solvent cleaning 
and degreasing, metal plating and 
surface finishing, painting and 
coating, and paint removal are 
covered in the book. There is also a 

ORDER FORM 

discussion of waste treatment to 
minimize the quantity of waste re
quiring disposal. 

In summary, this book is useful in 
expanding knowledge in the field of 
hazardous waste minimization. It 
should be of general interest to man
agers, operators, and engineers who 
are involved in the industrial pro
cesses that are addressed. 

Charles A. Wentz 
Energy Systems Division 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, Illinois 60439 

Hazardous Waste Management, 
Volume I by George Dominguez 
and Kenneth G. Bartlett, CRC 
Press, Inc., Boca Raton, FL 33431 
(1986), 207 pages, U.S. List Price: 
$110.00 

This is a well written book that 
provides an overview of the legal 
aspects of hazardous waste manage
ment. The individual chapters bave 
been written by various contri
butors, who are knowledgeable in 
their field. It provides a ready refer
ence and understanding of impor
tant aspects of laws and their appli
cation in the environmental field 
with particular emphasis on the Re
source Conservation and Recovery 
Act. It could be useful to a broad au
dience ranging from lawyers to prac
ticing engineers who desire to better 
understand hazardous waste legisla
tion in an integrated manner. 

Charles A. Wentz 
Energy Systems Division 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, Illinois 60439 
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Incineration of Solid Waste 

c. C. Lee and George L. Huffman 

U.S. Environmental Protection Agency 
Office of Research and Development 

Office of Environmental Engineering and Technology Demonstration 
Risk Reduction Engineering Laboratory 

Cincinnati, OH 45268 

The concern over solid waste disposal and dump-site clean-up resulted in 
the passage of three major u.s. environmental laws. They are the Resource 

Conservation and Recovery Act (RCRA) of 1976, Public Law 94-580, the 
Toxic Substances Control Act (TSCA) of 1976, Public Law 94-469, and the 
Comprehensive Environmental Response, Compensation and Liability Act 
(CERCLA) of 1980, Public Law 96-510. The implementation of these three 
laws has intensified incineration research, because incineration represents 
the highest degree of destruction and environmental control possible for 
various waste types. This paper reviews the fundamentals of incineration 

and provides an incinerator design example to show how combustion 
fundamentals are applied to an incineration system. 

INTRODUCTION 

Conventional combustion (of coal, oil, and gas) has been a 
subject of research for many decades. However, incinera
tion research for solid waste destruction was fairly mini
mal until the mid-1970's when incineration was found to 
be effective for the disposal of various wastes. In re
sponding to the numerous environmental catastrophes re
sulting from the improper waste disposal practices of the 
past, the Congress enacted RCRA, TSCA, and later, CER
CLA. The purpose of these laws is to assure the reliable 
management (}fhazardous/toxic waste disposal operations 
and dump-site clean-up. Because incineration is very 
popular for waste disposal, the enactment of these laws 
considerably intensified incineration research within 
EPA and private industry. 

Environmental Progress (Vol. 8, No.3) 

Scientifically, the terms "combustion" and "incinera
tion" have the same definition: a process of burning, re
sulting from the rapid oxidation of substances. Both of 
these terms have been used interchangeably in waste in
cineration documents. Combustion, however, is gener
ally used more often in the area of fossil-fuel burning for 
steam or power generation and incineration is used more 
often when referring to waste destruction. Nevertheless, 
incineration uses many of the terminologies originally 
defined in the field of conventional combustion. 

This paper includes: 

• A review of combustion fundamentals and termino
logies often used in the field of waste incineration; 

• A description of incineration phenomena in a typical 
rotary kiln incinerator; and 

• An incinerator design example to show how combus-
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. tion fundamentals are applied to an incineration 
system. 

The purpose of this paper is to help those interested in 
waste incineration understand its basics and thereby, 
hopefully, improve the outlook for the incineration pro
cesses of the future. 

Incineration can destroy a variety of wastes including 
medical, hazardous and municipal wastes and residues 
from dump-site clean-up. EPA's research data and indus
try's operating experience indicate that incineration, 
when compared to the other alternative technologies, has 
the highest overall degree of destruction and control for 
the broadest range of waste streams [1]. 

Definition of Hazordous Waste 

A substance is defined as a hazardous waste by the EPA 
if it meets the definition of solid waste under 40 CFR 
261.2, and either meets one or more of the hazardous ' 
waste characteristics (ignitability, corrosivity, reactivity, 
or toxicity), or is listed as a hazardous waste in Part 261. 
Incinerators that burn hazardous waste must meet the re
quirements of the RCRA incineration standards [2], which 
are summarized below: 

1. An incinerator must achieve a destruction and re
moval effiCiency (DRE) of 99.99% for each principal 
organic hazardous constituent (POHC) designated for 
the waste feed. For PCB (polychlorinated biphenyls) 
and dioxin-listed wastes, the DRE requirement is 
99.9999%. POHCs are to be designated based on 
compound incinerability and concentration in the 
waste feed. EPA initially suggested that heat of com
bustion be used as the measure of compound inciner
ability in its guidance manual to permit writers [3]. 

2. The ORE for an incinerator/air pollution controlsys
tem is defined by the following formula: 

ORE (%) = lOOx (W;" - W"",)IW;n 

where ORE = destruction and removal efficiency, 
percent 

W;" = mass feed rate of POHC to the incin
erator 

W"", = mass emission rate of POHC to the at
mosphere (as measured in the stack prior 
to discharge) 

3. An incinerator burning hazardous waste must remove 
99% of the hydrogen chloride (HCI) from the exhaust 
gas or have no more than 4 Ibslhr of HCI in the emis
sions. 

4. An incinerator burning hazardous waste must not 
emit particulate matter exceeding 180 mg/dscm cor
rected to 7% O2 in the stack gas. 

5. A trial burn (or data equivalent to a trial bum) is gen
erally required to demonstrate the ability of a hazard
ous waste incinerator to comply with the above per
formance standards. 

LITERATURE REVIEW 

The earliest available literature on chlorinated com
pound research was in 1929, when Fredenhagan [4] ob
served that chlorine-fluorine mixtures could produce a 
flame as they were sparked. In 1956, Gamer, et al., [5] ex
amined the inhibitory effects of chlorinated methanes on 
the burning velocities of propane/air mixtures when pres
ent in quantities of less than 1 mole percent. They con
cluded that the order of effectiveness in reducing burning 
velocity was in the order of CH4 < CH3CI < CH2CI2 < 
CHCI3 < CCI,. Fletcher, et. ai, [6] measured the spatial 
velocities of chlorine-fluorine flames over the flammable 
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range. The results were compared with theoretical flame 
temperatures and equilibrium compositions, and a sim
ple, plausible rate expression was developed. They con
cluded that although the spatial velocities did not corre
late well with temperature, they correlated with 
equilibrium fluorine atom concentration in the products. 

Wolfhard (and co-workers) [7, 8] was one of the pio
neers to study the flammabilities of substances. He used 
the oxygen index as the parameter to compare flamma
bilities of some light fuels. Fenimore [9] used the same 
concept to study the flammability of polymers and con
cluded that the oxygen index seemed to be a useful meas
urement of polymer flammability. It was easy, reproduc
ible, and numerical. 

Barnard, et. al., [10] and Hoare, et. al., [11, 12] studied 
the thermal oxidation of ketones. They concluded that ox
idation of ketone-related compounds, such as acetone, 
methyl-ethyl-ketone, and diethyl ketone, followed the 
same patterns that they had found earlier, i.e., that hydro
gen abstraction could take place from the methyl group or 
from the a or ~ position of the alkyl group. 

The implementation of the RCRA, TSCA, and CER
CLA laws has resulted in publication of a large quantity 
of incineration information since 1976 [13-22]. In addi
tion to reviewing this incineration information, this paper 
also reviews combustion fundamentals [23-28] and re
lated incineration subjects [29-34]. 

UNDERSTANDING THE COMBUSTION PROCESS 

Combustion or incineration is a very complicated sub
ject. It is so complicated that many consider it as an art 
rather than a science. Understanding the combustion pro
cess is, however, essential in order to effectively design, 
operate, and regulate incinerators. Key areas requiring 
the understanding of the combustion process include: 

• Mass balance (it determines the amounts of the prod
ucts formed by the reactants); 

• Energy balance (it determines the energy trans
ferred within a combustion system or how much aux
iliary fuel is needed for an incinerator to reach a cer
tain temperature); 

• Thermodynamic analysis (it reveals information 
about the changes of the chemical components of a 
combustion system. However, it does not reveal how 
rapidly these changes will occur); 

• Kinetic analysis (it provides information on how 
quickly changes can occur, but does not predict the 
extent of change that is ultimately possible); 

• Heat transfer (it determines the temperature distri
bution within a combustion system); 

• Turbulent mixing (it determines whether the waste 
compounds are effectively put in contact with oxy
gen for reaction); and 

• Residence time (it determines the volumetric size of 
a combustor). 

The last three items, i.e., temperature, turbulence, and 
time, are called "the three t's" of waste incineration. 

Combustion or incineration basically refers to the burn
ing of substances during an extremely rapid chemical oxi
dation process. In contrast, rusting is a very slow chemi
cal oxidation. When oxidation is rapid, the temperature of 
the material rises rapidly due to the inability to transfer 
the heat to the surroundings as rapidly as it is produced 
by the oxidation reaction. As a result, the material emits 
visible radiation, which is referred to as a Hame. 

Fundamentally, there are four major components in an 
incineration system. They are: 1. fuel; 2. oxidizer; 3. dilu
ent; and 4. waste. 
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Fuel 

A fuel is a mixture of hydrocarbons containing energy
rich bonds such as the carbon-carbon and carbon
hydrogen bonds. These hydrocarbons are a common 
source of chemical potential energy. 

Oxidizer 

The second component of an incineration system is the 
oxidizer. The oxidizer is the chemical species that reacts 
with the fuel or waste compounds during incineration. Its 
function is to transform the chemical potential energy 
stored in the fuel into thermal energy or to convert heavy
molecule waste compounds into light, simple compounds 
such as CO2, H20, and HCI. Most commonly, the oxidizer 
is molecular oxygen, a constituent of air. 

Air, the natural source of oxygen for incineration, is 
considered an ideal gas in many incineration calculations. 
It is a mixture of oxygen, nitrogen, and small amounts of 
water vapor, carbon dioxide, argon, and other elements. 
For the purpose of combustion calculations, the last four 
items are usually included with the nitrogen. Accord
ingly, the volumetric and gravimetric analyses of air, 
along with its density and standard volume, are as 
follows: 

Volumetric Analysis of Dry Air 
Oxygen: 21 percent or 0.21 mole/mole of air 
Nitrogen: 79 percent or 0.79 molelmole of air 
0.2102 + 0.79 N2 = air 
or O2 + 3.76 N2 = 4.76 air 

Gravimetric Analysis of Dry Air 
Molecular weight of dry air = 0.21 x 32 + 0.79 x 28 

= 28.84 Ibslmole 

(1) 
(2) 

Oxygen mass fraction 
Nitrogen mass fraction 

= 0.21 x 32/28.84 = 0.23 
= 0.79 x 28/28.84 = 0.77 

Thus, one pound of air can be expressed by: 
0.23lb O2 + 0.77lb N2 = lIb air (3) 
or lIb O2 + 3.35 Ib N2 = 4.35lb air (4) 

Air Density 
Air density at standard conditions = weight/volume 

= 28.84/359 
= 0.0808 lb/fi3 

Standard Volume of Gases 
A mole of any gas at standard conditions has a volume 
of 359 ft3

• EPA's standard conditions are: temperature 
25°C and pressure 760 mm Hg (29.92 in. Hg). 

Diluent 

The third component that may be present in an inciner
ation system is the diluent. A diluent is a substance that 
does not participate chemically in the combustion reac
tion either as a fuel substance or as an oxidizer. It is phys
ically present and often does influence the combustion 
process. For example, diluents have heat capacity and 
while they do not make a positive contribution to the total 
energy released, they do act as a thermal sink and limit 
the temperature rise achieved by combustion. A diluent 
can be thought of as a substance that participates princi
pally in the physical aspects of the combustion process. 

There are several possible diluents in an incineration 
system: 

• Nitrogen, which comprises almost 79% of air, is the 
most common diluent. 

• Excess amount of oxygen. Incineration normally 
takes place at about 150 to 200% of the amount of 
theoretical air needed for combustion. The excess 
oxygen (the amount over 100% of theoretical air) will 
act as a diluent. 
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Figure 1. Conceptual strategy for determining waste burnability. 

• Water vapor contained either in combustion air or in 
the waste feed, or the amount formed during the in
cineration process. 

• Inorganic ash compounds present in the waste or in 
the fuel. 

• Trace heavy metals present in the waste or in the 
fuel. 

These diluents are neither fuels nor oxidizers. How
ever, when they are involved in ·incineration, they may 
alter the process physically by virtue of their behavior as 
a thermal sink and by alteration of the high temperature 
equilibrium distribution of the reacting gas mixture. 

Waste 

Incineration has been used for waste disposal for many 
decades. The waste streams that are incinerable include 
hazardous waste, municipal waste, toxic substances 
(PCB), medical waste, spent pesticides, sludges from 
both municipal and industrial wastewater treatment pro
cesses, and other unclassified waste such as non
hazardous military waste. However, some wastes can be 
more eflicientiy incinerated than others. Figure 1 [19] 
shows a strategy to determine what wastes should be in
cinerated. Also, in evaluating RCRA's waste streams (40 
CFR 261), EPA has rated candidate waste streams as to 
their potential for incineration [32]. 

THE COMBUSTION AND INCINERATION PROCESS 

Combustion Process 

Combustion is a process of rapid oxidation that involves 
heat and light. Consider the oxidation of carbon: 

C + O2 ..... CO2 

This equation states that one mole of carbon reacts with 
one mole of oxygen to form one mole of carbon dioxide. 
This also means that 12 lbs of carbon react with 32 lbs of 
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oxygen to form 44 Ibs of carbon dioxide. All feed sub
stances that undergo the combustion process are called 
the reactants, and the substances that result from the com
bustion process are called the products. 

Obviously, combustion has to follow the law of mass 
conservation and law of energy conservation. Therefore, 
during combustion, chemical elements can react with 
each other but the mass and the energy level of the entire 
combustion system must remain the same. Consequently, 
the combustion of methane can be represented as: 

CH. + 2(0, + 3.76 N2) ~ CO2 + 2 HzO + 7.52 Nz 

Incineration Process 

Incineration of wastes in general involves three simul
taneous chemical reaction modes: strong oxidation; weak 
pyrolysis; and weak radical attack. 

Strong oxidation: The oxidation of waste is shown in 
the following example for which dichloromethane is oxi
dized to produce harmless products: 

CHzClz + Oz + 3.76 Nz ---+ COz + 2HCI + 3.76 Nz 

A generalized filflllula /ilr the complete combustion of a 
typical waste, C,HrCI, (Le., "theoretical air combustion'), 
can be expressed as /illlows filr y ~ z: 

C,HrCI, + [x + (y - z)/4] (02 + 3.76 N2) - x CO2 

+ zHCI + (y - z)/2 H20 + 3.76 [x + (y - z)/4] N2 

where: x, y, and z represent the relative number of atoms 
of carbon, hydrogen, and chlorine respectively. 

Pyrolysis: Pyrolysis is a thermal degradation process, 
wherein carbonaceous materials are destroyed or chemi
cally rearranged in the absence or near absence of oxygen 
or air. It uses heat to break the bonds of the elements con
tained in a compound. 

Although incineration requires about 50%-150% ex
cess air to ensure enough oxygen in the combustion 
chamber to effectively contact with the waste, some small 
/Taction of the waste still may not have a chance to contact 
the oxygen. These small waste fractions that remain in the 
high-temperature environment may undergo pyrolysis. 
For example, the pyrolysis of cellulose and PCB would 
be as follows: 

Cellulose: C6HIOOS- 2CO + CH. + 3HzO + 3C 

PCB: CIZH7Ch- 12C + 3HCI + 2Hz 

The degraded compounds will generally produce sim
pler compounds such as CO, CH., and HzO, which will 
be in the gaseous phase, and carbon (C), char, which will 
be in the solid or liquid phase. 

Radical attack: During incineration, flames are charac
terized by temperatures usually in the neighborhood of 
1,OOO·C and a radical-rich gas flow. This gas flow consists 
primarily of atomic hydrogen (H), atomic oxygen (0), 
atomic chlorine (CI), hydroxyl radicals (OH .), possibly 
methyl radicals (CH3') in carbon-hydrogen-oxygen sys
tems, and chloroxy radicals (CIO .) in chlorine-containing 
systems. The radical attack on waste compounds facili
tates the decomposition of the waste. 

During incineration, there are at least three possible 
situations: 

• A majority of the waste can be easily oxidized and to
tally destroyed in the primary combustion chamber. 
Or, if a small fraction of the waste is pyrolyzed in the 
primary chamber, the pyrolysis products are totally 
destroyed in the secondary combustion chamber, the 
afterburner. 

• A very small amount of waste, for some reason, may 
escape from the incineration process and is not de-
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stroyed or is only partially destroyed. In this case, 
POHC emissions will generally be too high. 

• Waste compounds may produce intermediate com
pounds and may result in the emission of unwanted 
products of incomplete combustion that may be 
more hazardous than the parent compounds. In this 
case, the emission of PICs (products of incomplete 
combustion) may well be beyond desired levels. 

COMPlETE COMBUSTION AND COMPlETE INCINERATION 
Complete Combustion 

To obtain the optimum temperature during combus
tion, it is desirable to convert all the chemical energy 
stored in the reactants into thermal energy. To reach this 
goal, all carbon and hydrogen elements in a combustion 
system must be fully oxidized and become only carbon 
dioxide and water. When all carbon and hydrogen ele
ments are converted into only carbon dioxide and water, 
the process is referred to as complete combustion. The 
conversion of carbon and hydrogen can be expressed as 
/illlows: 

C + Oz ---+ CO2 

H2 + 112 O2 ---+ H20 

A generalized formula for complete combustion of a 
conventional fuel, C,H, ("theoretical air combustion"), 
can be expressed as: . 

C,Hy + (x + y/4) O2 + 3.76 (x + y/4) Nz---+ 

x COz + y/2 H,O + 3.76 (x + y/4) N2 

where: x and y represent the relative number of atoms of 
carbon, and hydrogen, respectively. 

Complete Incineration 

The ultimate goal of the incineration of waste is to con
vert the waste materials into harmless combustion prod
ucts so that they can be sa/ely emitted to the environ
ment. When a waste is completely incinerated, the 
elements in the waste are generally assumed to follow re
action patterns shown in Table 1: 

TABLE 1. ASSUMPTIONS OF COMPLETE INCINERATION [31] 

Waste Elements Conversion Products 

Hydrogen, H ---+ H2O 
Carbon, C - CO, 
Chloride, Cl ---+ HClorCl, 
Fluoride, F ---+ HF or F, 
Sulfur,S - 502 

Nitrogen, N ---+ N, 
Alkali metals ---+ hydroxides 
Sodium, Na ---+ NaOH 
Potassium, K ---+ KOH 
Non-alkali metals ---+ oxides 
Copper, Cu CuO 
Iron, Fe ---+ Fe,O" 

However, complete incineration is solely a theoretical 
concept. In actual practice, partially oxidized products of 
incomplete combustion (PICs) are formed. These PICs 
may include carbon monoxide (CO), soot, and a whole 
myriad of other organics. It is always possible to over
design an incinerator or to use extra fuel/or higher flame 
temperatures to ensure sufficiently complete combustion. 
However, either of these corrective measures increase 
the cost of incineration. 
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SPECIAL COMBUSTION TERMINOLOGIES FOR INCINERATION 
APPLICATIONS 

Air is a natural oxygen source. The exact amount of air 
required to burn a given amount of a fuel or a waste com
pound is defined as the Theoretical Air or Stoichiometric 
Air requirement. 

Excess air is the air supplied in excess of that necessary 
to burn the compound completely and it appears in the 
products of combustion. The amount of excess air is nor
mally expressed as a percentage of the theoretical (stoi
chiometric) air required for complete combustion of the 
compound. 

For example, for the combustion of methane, CH4: 

CH. + 2(1 + a) (02 + 3.76 N2) ~ 

CO2 + 2HzO + 2aOz + 2 + (1 + a) (3.76) Nz 

where: a is the fraction of excess air (EA) and the fraction 
of excess air = (aa - ta)/ta 

where: aa = moles of air used in the actual combustion 
process 

ta = moles of air used at 100% of stoichiometric 
combustion 

= theoretical air (T A) 

Combining these principles with the use of the gener
alized formula for the complete combustion of a conven
tional fuel, C,H y , presented earlier, we have: 

Correction Foetor (CF) 

For comparison purposes, it is sometimes necessary to 
correct a measured value of a compound's concentration 
at the stack to a certain desired ("standard") concentra
tion. The way to make such a correction follows. 

The correction factor (CF) for oxygen is defined as: 

CF = (21 - desired O2)/(21 - measured Oz) 

Examples ofCF calculations: 

CH. + 2(02 + 3.76 Nz) ...... CO2 + 2H20 + 7.52 N2 (A) 

CH4 + 2(1.5) (Oz + 3.76 N2) ...... CO2 

(B) 

Equation (A) depicts combustion at 0% excess air and 
equation (B) shows 50% excess air combustion. The fol
lowing calculation shows how COz measured at 150% of 
theoretical air combustion (50% excess air) is converted to 
0% excess air combustion. 

O2 measured at the wet condition of Equation (B) 

= 11(1 + 2 + 1 + 11.28) = 6.5% 

O2 measured at a dry condition of Equation (B) 

= 11(1 + 1 + 11.28) = 7.5% 

To correct the measured (dry) O2 value to a desired stand
ard concentration of 0% O2: 

At 100% TA: C3HH + 5 x 1.0 (02 + 3.76 Nz) ...... 3COz + 4H20 + 18.8 Nz 

At 80% TA: C3HH + 5 x 0.8 (02 + 3.76 N2) ...... 2CO + CO2 + 4H20 + 15.04 N2 
\ 

At 150% TA: C3HH + 5 x 1.5 (02 + 3.76 N2) ...... 3C02 + 4H20 + 2.502 + 28.2N2 

Consequently, the 150% of theoretical air is equivalent 
to 50% excess air. 

Air/Fuel Ratio 

The air/fuel is defined by the following two options: 

AFm = (Air/Fuel) = n (1 + 3.76)/nf 
by mole 

AF w = (Air/Fuel) = n (1 + 3.76) 29/(nf x Mf) 
by weight 

where: n 
nf 
Mf 
29 

= moles of oxygen 
= moles offuel 
= molecular weight of fuel 
= molecular weight of air (actually 28.84) 

To calculate the theoretical air/fuel ratio for the com
bustion of octane, CHH 1H, the combustion equation is: 

CRH 1H + 12.5 O2 + 12.5(3.76) N2 ...... 

8COz + 9H20 + 47.0 N2 

The theoretical air/fuel ratio on a mole basis is : 

AFm = (12.5)(4.76)/1 = 59.5 moles air/mole fuel 

The theoretical air/fuel ratio on a mass basis is found by 
introducing the molecular weights of the air and fuel. 
That is: 

AFw = 59.5(28.84)/114.2 = 151b airllb fuel 

Combustion Efficiency (CE) 

Combustion efficiency is defined as: 

CE = COv'(COz + CO) 

where: COz = carbon dioxide 
CO = carbon monoxide 
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CF = (21 - 0)/(21 - 7.5) = 1.55 

CO2 measured at a dry condition (Equation (B)) 

= 11(1 + 1 + 11.28) = 7.5% 

To correct the measured COz to a standard O2 level of 
0% excess air (i.e., at the theoretical air condition): 

7.5% x 1.55 = 11.625% 
This figure can be checked with the dry CO2 level from 

the theoretical air combustion of CH. from Equation (A). 
That is: 

CO2 = 11(1 + 7.52) = 11.73% 

The discrepancy between the 11.625% and 11.73% 
values is probably due to rounding off certain values; in 
any case, the values are very close. 
Combustion-Lean ond Rich 

A combustible mixture that contains excess oxidant for 
the complete combustion of the available fuel is con
sidered lean. A combustible mixture that contains insuf
ficient oxidant for the complete combustion of the avail
able fuel is considered rich. 

Equivolence Rotio 

It is often desirable to compare the richness or leanness 
of combustion for different fuels. The equivalence ratio 
(ER) is convenient for this type of comparison, and it may 
be defined as the actual fuel-air ratio divided by the stoi
chiometric fuel-air ratio. 

(F/A) actual 
ER=------~~----------

(F/A) stoichiometric (theoretical) 
(C) 

or, alternatively, it is sometimes defined in terms of air
fuel ratios. In that case: 
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ER 
(AlF) actual 

(AlF) theoretical 
(D) 

By either definition, for a stoichiometric mixture, 
ER = 1.0. However, it should be recognjzed that even 
though the equivalence ratios defined above have identi
cal values at stoichiometric conditions, they are not iden
tical for off-stoichiometric (rich or lean) mixtures because 
(F/A) and (AlF) ratios are reciprocals. This is illustrated in 
Table 2. 

Adiabatic Flame Temperature 

For a given combustion process that takes place adiaba
ticallyand with no work or changes in kinetic or potential 
energy involved, the temperature of the combustion 
products is referred to as the "adiabatic lIame tempera
ture." With the assumptions of no work and no changes in 
kinetic or potential energy, this is the maximum tempera
ture that can be achieved for the given reactants because 
any heat transfer from the reacting substances and any in
complete combustion would tend to lower the tempera
ture of the products. 

For a given fuel and given pressure and temperature of 
the reactants, the maximum adiabatic lIame temperature 
that can be achieved is with a stoichiometric mixture. 

FLAMES 

Because combustion or incineration will result in 
Hames, there are several kinds of lIames which need to be 
understood. They are: premixed lIame versus diffusion 
lIame; and laminar Harne versus turbulent lIame. 

Premixed Flame Versus Diffusion Flame 

As the term implies, a premixed lIame is the lIame re
sulting from the combustion of premixed fuel and oxidant 
(fuel and oxidant are mixed before combustion). Other
wise, the type is the diffusion Harne. Premixed lIame com
bustion is largely applied to relatively small devices such 
as automobile engines and laboratory burners, and is usu
ally limited to fuels that are gaseous at ambient tempera
ture or to those that vaporize at relatively low tempera
tures. 

Diffusion Harne combustion, which primarily occurs in 
such large-scale devices as incinerators, boilers, and fur
naces involves very complicated processes involving pre
combustion, mixing, volatilization, vaporization, combus
tion, and post-llame reactions. 

Laminar Flame Versus Turbulent Flame 

A laminar lIame represents a situation in which the 
transport of heat, mass, and momentum occurs by molec
ular conductivity, density, and viscosity gradients. Under 
these relatively quiescent conditions, diffusion occurs 
only by the driving forces of the concentration gradients. 

A turbulent lIame is defined as a lIame propagating 
through a turbulent stream. The stream is an irregular 
three-dimensional lIow in which the transport of heat, 
mass, and momentum is several orders of magnitude 
greater than that by molecular conductivity, diffusivity, 
and viscosity (i.e., greater than that which occurs in a lam
inar lIame). Turbulence causes significant changes in 
lIame speeds, lIame stability, and pollutant formation 
rates. Past scientific investigations have proposed several 
conceptual models to qualitatively describe turbulent 
lIame characteristics. However, there is currently no com-
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TARLE 2. EQUIVALENCE RATIO 

Per Equation (C) 

Per Equation (D) 

Mixture 

Rich 
Stoichiomebic 
Lean 
Rich 
Stoichiometric 
Lean 

Value 

ER> 1 
ER= 1 
ER< 1 
ER< 1 
ER= 1 
ER> 1 

plete fundamental theory that can be used to quantita
tively calculate the effects of turbulence on combustion. 

FLAME AND NON-FLAME MODE DESTRUCTION 

Incineration processes involve two fundamental 
modes: the lIame mode and the non-llame mode of ther
mal decomposition. The high temperatures required to 
promote lIame or non-llame mode reactions may be gen
erated from actual combustion of the organic constituents 
in the waste or of co-fired auxiliary fuel. The oxidant may 
be the oxygen in the waste stream or in the air. 

The Harne and non-llame modes of thermal destruction 
are interrelated. The Harne mode involves reaction and 
destruction within the lIame itself, while for the non
lIame mode, the lIame serves as the heat source for the hot 
combustion gas to continue decomposition beyond the 
Harne. A lIame is a chemically reacting, radical-rich gas 
lIow that propagates through space at temperatures gen
erally above 1000°C. This gas lIow may consist of atomic 
hydrogen (H), atomic oxygen (O), atomic chlorine (CI), 
hydroxyl radicals (OH'), and methyl radicals (CH3') in car
bon-hydrogen-oxygen systems, and chloroxy radicals 
(CIO') in chlorine-containing systems. There are always 
several sequential reaction pathways with the reaction 
rate controlled by many chemical and physical factors 
such as chemical kinetics, mixing, air-fuel ratio, etc. 

The non-llame zone of an incinerator surrounds and ex
tends beyond the lIame. This non-llame zone is character
ized by temperatures generally between 650°F and the 
lIame temperature. It is also a reacting gas lIow consisting 
of a mixture of nitrogen, oxygen, carbon dioxide, water, 
hydrogen chloride, chlorine, organic compounds, inter
mediates, and radicals. Although the reaction conditions 
are much less severe compared to lIame conditions, the 
time spent by the reactants under the non-llame thermal 
decomposition conditions is much greater than the time 
spent in the lIame (a few seconds versus milliseconds). 

INCINERATION SYSTEMS 

Although there are several types of inciner~t~rs such as 
rotary kilns, liquid injection incinerat?rs~ 1I1Il?IZed beds, 
and multiple hearths, their process pnnclple IS about the 
same. A typical incinerator is shown in Figure 2 [33]; It 

bh,ust 
StICk 

Figure 2. Simplified diagram of an incineration system consisting of a ra
tory kiln and an afterburner. 
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shows a rotary kiln lilllowed by an afterburner. A rotary 
kiln is, in general, designed to handle drums or cartons of 
solid waste or dewatered sludges and an afterburner is 
designed to incinerate any unburned compounds from 
the kiln. 

The overall incineration process can be divided into 
four destruction zones: 

Zone I. 
Zone II. 
Zone III. 
Zone IV. 

Rotary kiln Harne zone 
Rotary kiln non-Harne zone 
Afterburner Harne zone 
Afterburner non-Harne zone 

Incinerating Solid Wastes 

Zone I is for the purpose of incinerating solid wastes. If 
the afterburner is used for liquid waste incineration 
alone, the liquid waste is injected directly into Zone III 
lin incineration. If the afterburner is used to lilrther incin
erate any unburned compounds coming from the rotary 
kiln, auxiliary lilel is generally injected into Zone III to 
assist in the incineration process. Zones II and IV have 
the same function, i.e., lilr non-Harne thermal degrada
tion. In general, the mean temperature of the afterburner 
is 200° to 400°F higher than that of the rotary kiln. 

The range of solids burned in an incinerator is much 
more diverse with respect to waste composition and state 
of aggregation than that of liquid wastes. Tbe state of ag
gregation of solid wastes may range from finely-divided 
particles to objects as large as a 55-gallon drum. This wide 
range of particle size adds lilrther complication to the 
combustion of solid fuels. 

What possible pathways are available to solid wastes 
when they are fed into an incinerator? Numerous physi
cal and chemical processes can occur as shown in Figure 
3 [33]. The solid wastes must be gasified before incinera
tion can occur. Much of the gasified waste will mix with 
air and undergo combustion directly. 

Solid wastes contain a variety of chemical constituents, 
not all of which are combustible. Non-combustible com
ponents of the solid wastes are often referred to as inerts. 

~ sw, I 
I ~~ 

PYROLYSIS~ 
~ 

PYROLYSIS 

MIXING 

I T 
THERMAL 

OXIDATiON 

SUBLlw.nON 

MIXING , 
IGNITION 

MIl.<iNG 
I 

Figure 3. Schematic diagram of processes occurring during the thermal 
destruction of a solid waste. 
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They act as a thermal sink and inHuence the peak tem
perature achieved during combustion. The inert sub
stances in the waste feed may include: 

• Moisture. 
• Mineral substances such as silicates, sulfides, halo

gen salts, etc. When such substances are oxidized in 
the Harne, the resulting ash is either retained in the 
combustion bed itself or entrained in the efHuent. 

• Oxides of certain metals such as mercury, selenium, 
and cadmium, which have relatively high vapor 
pressures. When they are liberated in the combus
tion zone, a disproportionate fraction is present in 
the post-Hame as a vapor. This vapor later condenses 
as the post-Harne gases cool and appears as ash, par
ticulate, or a colloidal suspension in the efHuent. 

Ifhigh enough combustion temperatures are achieved, 
the ash may melt or fuse to form a slag. For example, sili
cates melt when the temperatures rise above 1,800°F. 
The molten globules may coalesce to form larger parti
cles. This may be desirable because it is generally easier 
to remove larger particles from the efHuent gases. How
ever, the formation of slag may be undesirable because it 
may act as a solvent for the chamber materials. Also, when 
the particles do coalesce, they may envelop other small 
particles of combustible material. If this occurs, the 
coated combustible material is generally lost to the com
bustion process and will not be consumed even if the slag 
particles are recycled to the combustion zone. 

Incinerating Liquid Wastes 

Zone III is usually for the incineration of liquid waste 
(droplets). Liquid wastes are often prepared for combus
tion by dispersing them as a spray of droplets. New effi
cient nozzles are capable of producing aerosol distribu
tions with droplets smaller than 100 microns in diameter 
[13] for effective incineration. 

In general, the field of droplets is not arrayed in a uni
form fashion. The distance between some of the droplets 
will be greater than that separating others. Furthermore, 
these distances will be constantly changing as the drop
lets change position in both space and time. This constant 
change will be due to diflerences in the way diflerent 
droplets, particularly ones varying in size, interact with 
the Howing air. 

For those droplets with small spaces in between, com
bustion may occur under locally fuel-rich conditions 
which may result in partial oxidation. Perhaps if condi
tions are rich enough, unburned or even unvaporized fuel 
will remain after the Harne around the droplet has died 
out due to lack of oxygen. The products from this partial 
oxidation will be enveloped in the hot combustion gases 
generated by that portion of the fuel that did burn. Vapor
ization and pyroiytic conversion of these products will 
continue. Thus, an inefficient process such as this has the 
potential of producing large amounts of particulate matter 
and pyrolytic products. 

For those droplets with large spaces in between, com
bustion may occur under locally fuel-lean conditions. 
Complete combustion is likely because of enough oxygen 
being locally present. 

AN INCINERATOR DESIGN EXAMPLE 

The following example calculation shows how the in
cineration fundamentals discussed previously are applied 
to the design of an incineration system. The example uses 
data from one of Ciba-Geigy's tests performed in 1984 
[34]. 
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Given: 

Waste feed rate = 
1 gallon = 
Waste feed rate = 
Excess air = 
Reference (ambient) temperature = 
Humidity = 
Waste content: 

Hexachloroethane, CzCl. 
Tetrachloroethene, C2CI. 
Chlorohenzene, C.H~CI 
Toluene, C7H. 

Find: 

Mass 
Fraction 

O.(14S7 
O.OS03 
O.29S2 
0.6058 

1.00()O 

4gpm 
10 Ibs 
2400 Ibslhr 
0% 
70°F 
80% 

Mass 
Feed Rate 

(lhs/hr) 

117 
121 
70S 

1454 

24(K) 

For C2Cl., M = 166 
C 0.14578 
CI 0.8S5421 

For C.H~CI, M = 112.5 
C O.64(K)OO 
CI 0.315555 
H 0.044444 

For C7H., M = 92 
C 0.913043 
H 0.086956 

M = Molecular Weight 

Total C 
H 
CI 

= 0.754Ibs/lh of waste 
= 0.066 Ihs/lh of waste 
= 0.180 Ihs/lb of waste 

1.000 Ibs/lb of waste 

Chemical analysis summary 

0.007272 
0.043027 

0.188928 
0.093152 
0.013112 

0.553121 
0.052678 

The mass flow rates of the incinerator products (at 100% 
of theoretical air or the Theoretical Combustion Products, 
TCP) 

Elemental 
Analysis 

Weight 
Fraction 

Ibs/hr 
in feed 
---

Calculation of Incinerator Products 

Chemical analysis 

For C2CI., M = 237 
C = 2C/M 
CI 
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Ibs/lb 
of Compound 

0.101265 
0.898734 

Ibsllb 
of Waste 

0.004931 
0.043768 

C 
H 
0 
CI 
N 
S 
H2O 
ash 

Calculation of oxygen needs 

C + O2 -> CO2 

0.754 
0.066 
0.000 
0.180 

1.000 

O2 = C*32112 = 2.67*C = 2.67 X 1810 = 
H left over after Cl's reaction = HLO 

HLO = H - C1I3S.5 = 145.75Ibs/hr 
H2 + 0.502 -> H20 

O2 = HLO*0.S*32/2 = 145.75 x 8 
S + O2--> S02 

Bound O2 

Theoretical oxygen = TO = 
Theoretical nitrogen = 

TN = TO x 3.76 x 28/32 

Theoretical dry air = TO + TN = TDA = 

1810 
158 

0 
432 

0 
0 
0 
0 

---
2400 

48271bs/hr 

1166 
o 
o 

S993Ihs/hr 

19718 

25711 

At 70°F dry bulh temperature and 80% relative humidity, 
the humidity ratio or # H20 /# dry air = 0.0127 (From the 
Psychrometric Chart in Gordon & Sonntag) 

H20 in combustion air = 0.0127 x 25711 = 

Actual theoretical air = ATA = TDA + its H20 = 
Theoretical reactants = TR ' 

= ATA + feed 

Theoretical combustion products (TCP) 
CO2 = C*44/12 = 1810 x 44/12 = 
S02 = S*64/32 = 
H20 = HLO*18/2 = 145.75 x 9 = 
N2 = TN = 
HCI = CI*36.5/35.5 = 432 x 36.5/35.5 = 
Unburned carbon = 
H20 in feed = 
Ash in feed = 
H20 from the combustion air = 

: . TCP = 

327 

26038 
28438 Ibs/hr 

66371bslhr 
o 

1312 
19718 

444 
o 
o 
o 

327 

28438 Ibslhr 
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CONCLUSION 

Incineration has been shown to be one of the best treat
ment technologies for hazardous/toxic waste destruction. 
Both Harne and non-Harne mode studies indicate that most 
organic wastes can be destroyed to greater than 99.99% 
destmction efficiency if the incinerator is operated under 
optimum conditions. However, the fact that these opti
mum conditions do not always exist and the excursions 
from these optimum conditions often result in the forma
tion of products of incomplete combustion (PICs) has led 
to increased concern over incineration operations. At the 
same time, the increased need for and regulation of incin
eration has intensified efforts to understand and predict 
what happens during the combustion of organic wastes. 
Specific terminology has evolved over the years to char
acterize the incineration process. This paper discusses 
that terminology and some basic principles regarding in
cineration. 
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Factors governing the occurrence of trace amounts of residual organic 
substance emissions (ROSEs) in fun-scale incinerators are not fully 

understood. Pilot-scale spray combustion experiments involving some liquid 
chlorinated hydrocarbons (CHCs) and their dilute mixtures with 
hydrocarbons (HC) were undertaken at the USEPA's Center Hill 

Laboratory. Individual droplet-burning characteristics of CHCs and HCs 
were also studied at the University of California, Davis on a more 

fundamental level to isolate and identify potentially important phenomena. 
The practical implications of the experimental observations on 
incinerability ranking, formation of ROSEs, and strategies for 

reducing ROSEs are discussed. 

INTRODUCTION 

Waste incineration can be conceptualized as a two-stage 
process (see Figure 1). In the Harne zone, very high tem
peratures (near adiabatic), extremely rapid reactions, and 
high concentrations of reactive species (radicals) charac
teristic of Hames, convert reactants introduced with the 
fuel/waste mixture on relatively short time scales 
«0.1 second). In the post Harne, high temperature, ther
mal decomposition zone (characterized by slower reac
tion rates, lower concentrations of reactive species, but 
longer residence times of the order of 1 second), appre
ciable conversion of reactants persists. Several possible 
reasons for the failure of a liquid injection combustor to 
completely destroy organic compounds have been set 
fOith [10]. 

In spray combustion incinerators, a possible expla
nation for the escape of some reactants from the Harne 
zone can be described by the "rogue droplet" hypothesis 
[14]. According to the hypothesis, the inertia of an over
size droplet of fuel/waste carries the droplet out of the 
fuel-rich core of the Harne zone before it completely evap
orates. In such a circumstance, the oversize droplet may 
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or may not be ignited as it passes through the Hame. Hav
ing exited the primary Hame, its behavior might then cor
respond to that of an isolated gasifying droplet. The telm 
"gasifying" is used to encompass the evaporation of the 
droplet with or withont accompaniment by a rapid exo
thermic reaction, e.g. a flame. It is known that individual 
droplets that have been ignited can also spontaneously 
extinguish in a cooler post-flame environment before 
complete consumption of the reactants [9,12]. In such 
cases, only one ont of a multitude of droplets need escape 
the Hame to account for the low levels of residual organic 
substance emissions· (ROSEs) ohselved in poorly ope rat-

• The term "residual organic suhstance emissions" (ROSEs) is 
heing used to this paper to refer to those organic compounds 
which are in the feed, e.g. principal organic hazardous constit
uents (POHCs), hut not completely destroyed hy the comhustion 
process, those compounds which are possihly rcfimued or newly 
li,rmed in the incinerator (hut not limited to the USEPA defini
tion of product of incomplete comhustion, PIC, which requires 
appearance in "Appendix VIII"), and those compounds which 
represent products other than inorganic combustion products 
such as CO, CO2 H20, HCl, or C12. 
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ing incinerators. On the supposition that the conceptual 
models described above are realistic representations of 
physical processes that occur during the initial phases of 
spray combustion, a study was undertaken of hoth single 
droplet and spray combustion of oversize droplets . One 
goal was to determine whether a correspondence could 
be ohtained between spray atomization titilure in a tur
bulent flame reactor (TFR) and single droplet burning re
sults. A second goal was to determine whether a "Hame" 
ranking scale of incinerahility, hased on droplet hurning 
characteristics (burning-rate and/or Hame extinction), 
might be developed to complement the University of 
Dayton Research Institute's (UDRl) non-flame, gas-phase 
thermal stability (TS) ranking [5]. The logic in applying 
such rankings would be that those compounds highly 
ranked on both scales would be diflicult to destroy in liq
uid-injection incinerators. TherefilTe they would be suit
able surrogate compounds to be used in testing the ability 
of an incinerator to destroy the POHCs of a waste. 

DESCRIPTION OF RESEARCH CONDUCTED 

The research program was carried out under Coopera
tive Agreement with the U.S. Environmental Protection 
Agency (USEPA) at its Center Hill Laboratory (CHL) in 
Cincinnati, Ohio and under Califi)rnia Air Resources 
Board (CARB) sponsorship at the University of California, 
Davis (UCD). The CHL study involved spray combustion 
of mixtures of chlorinated hydrocarbons (CHC) in a pilot
scale turbulent flame reactor (TFR) while those at UCD 
consisted of measurements of isolated droplet burning in 
a labscale, laminar flow combustor. Details of the experi
mental procedures have been presented elsewhere 
[3, 4, 18,20, 24]. This paper relates the results of the two 
studies to one another. A brief synopsis of the apparatus 
used and experiments follows. 

DESCRIPTION OF OVERSIZE SPRAY EXPERIMENTS 

The primary goal of the experiments performed at the 
CHL was to determine the relative destruction efliciency 
(DE) under simulated atomization failure conditions 
(oversize droplets) of five compounds: 1-chloropentane 

fl.me front Ix'lncllon 

futl-rlch vlporrutlon lone 1I .. ltylnll over.ln 
,,",pie! 

Figure 1. Conceptual diagram of incinerator illustrating penetration of an 
oversize droplet through the flame and nonflome zones during spray 

atomizotion failure condition. Adapted from Chong et aI., 19880. 

(CP), 1,l,2,2-tetrachloroethane (TECA), trichloroethene 
(TCE), tetrachloroethene (PERC), and 1,2,4-trichlo
robenzene (TCB). These surrogate POHCs were burned 
as pairs and blended with heptane (HEPT) to determine 
relative DE. To reduce variability in stoichiometry, the 
mixtures were concocted such that equimolar amounts of 
each POHC were blended with HEPT to yield an overall 
H:CI ratio of 100:1 (about 5.3% by weight CI). The com
position of the "cocktails" is shown in Table 1. In order to 
maintain the thermal environment in the TFR as close to 
the same as possible, identical fuel feed rate, stoichiome
try, and turbulent mixing (swirl setting) were used. A 1.5 
gph, Delavan WDA 60° ·hollow-cone nozzle operated at 
40 psig was used to produce the oversized droplets, 
whereas a 1.0 gph, WDA 90° hollow-cone nozzle operated 
at 120 psig was used for nominally "optimum" droplet 
atomization. 

Kramlich, et al. [11] have perfolmed cold-How, Iight
scattering measurements of droplet size distribution with 
similar nozzles and demonstrated that oversize droplets 
could be produced by reducing the pressure supplied to a 
nozzle. No measurements were made of droplet size dis-

TABLE 1. POHC PROPERTIES ANIl MIXTURE COMPOSITIONS 

Compound 

CP 
l,l,2,2-TECA 
1,2,4-TCB 
PERC 
TCE 
HEPT 

h.p. 
[0C] 

107.8 
146.0 
231.5 
121.0 
87.0 
98.4 

Mixture 

CP:TECA:HEPT 
TECA:TCB:HEPT 
PERC:TCB:HEPT 
TCE:TCB:HEPT 

CP-(.'hIOnlpt'lltIUl(' 
PF.RC-tetrn(;hlowt'tht'lIt' 
TECA- tetmchlun)c th:uw 
TCK-trichluwhen7.tmt· 
TCE-trichl()nlctht.' llt' 
IIEPT-ht'ptunc (tt·chllkall(mdt·) 

density 
[glllll) 

0.882 
1.590 
1.454 
1.623 
1.464 
0.684 

C 

1.00 
1.00 
1.0() 
1.00 
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M.w. 

106.6 
167.9 
181.5 
165.8 
131.4 
100.2 

Catotns 
per mule 

5 
2 
6 
2 
2 
7 

AverC\ge composition 

H 

2.27 
2.24 
2.24 
2.23 

Cl 

0.023 
(l.I)22 
0.022 
(l.I)22 

Hatoms 
permu1e 

11 
2 
3 
() 

1 
16 

Clcollc. 
wt.% 

5.3% 
5.3% 
5.3% 
5.3% 

Clatoll1s 
per mole 

1 
4 
3 
4 
3 
o 
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TABI.E 2. SUMMARY OF TEST CONDITIONS OVERSIZE DROP STUDY 

Pressure Fuel Flow 
Test Mix [psig] [mils] 

HEPT 40 0.92 
CP:TECA:HEPT 40 0.92 

HEPT 40 0.92 
TECA:TCB:HEPT 40 0.92 

HEPT 40 0.91 
PERC:TCB:HEPT 40 0.Y1 

HEPT 40 0 .93 
TCE:TCB:HEPT 40 0.93 

HEPT' 120 0.Y9 
TCE:TCB:HEPT* 120 0.99 

... Optimum Iltomizatiun pressure. 

tribution in this study. However, it was evident ii·om the 
flame pattern (much longer and lazier in appearance) and 
from observation of the spray during cold fuel-/lowrate 
measurements that considerably larger droplets were 
present. The conditions for the tests are summarized in 
Table 2. Combustion gases were sampled for the POHes 
by drawing known volumes of combustion effluents over 
muiti-sorbent tuhes. Gas chromatography with /lame ion
ization detection (GC/FID) was the primary means of 
quantitation of the desorhed samples. Two sorhent tuhe 
samples were also analyzed by mass spectrometry on a 
chromatograph equipped with an identical analytical col
umn. By careful matching of identified peaks and reten
tion times, certain ROSEs were also tentatively identified 
and quantified relative to the internal standard. 

o 

o 

o 

Mixing 
cell 

o o 

Strobe 

~ 

CO (a> 0% (), Temp 
S.H. [ppm] Swirl ['C] 

1.22 702 1.1 
1.27 969 1.1 4119 

1.22 426 1.1 
1.26 1l1l6 1.1 4112 

1.22 405 1.1 
1.25 787 1.1 504 

1.26 5112 1.1 
1.26 1175 1.0 476 

1.111 27 1.1 
1.20 40 1.1 507 

DESCRIPTION OF SINGLE DROPLET EXPERIMENTS 

There were four major goals to the study carried out at 
UCD: 1) to quantify single droplet gasification character
istics such as hurning rate, vaporization rate, and extinc
tion diameter, for a variety of pure and multicomponent 
mixtures ofCHCs and HCs; 2) to determine lilCtors which 
govern the extinction of the /lame surrounding a burning 
droplet, e.g. the role of chlorine containing species or 
bulk heating value effects; 3) to determine if droplet ex
tinction could account for the DE of POHCs ohserved in 
filII and pilot-scale studies; 4) to investigate the develop
ment of a single droplet incinerability ranking methodol
ogy which could complement existing incinerability 
ranking methodologies. 

o 

Droplet generator 

Burner 

Reactor 

Sampling 
probe 

Droplet generation 
and camero synch
ronization circuit 

Figure 2. Schematic diagram of droplet combustion system. Adopted from Sorbo et aI., 1988b. 
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Figure 3. Example of a typical droplet gasification profile. Adapted from Sorbo et 01., 19880. 

The experimental apparatus used, shown in Figure 2, 
was a laminar down-flow reactor. Individual droplets of 
fi.lel/POHC mixtures were injected into the post combus
tion region of a laminar flat-flame burner. The monodis
perse droplets were created by a droplet generator based 
on the ink-jet printing technique [1]. A square wave pulse 
was applied to a cylindrical piezoelectric crystal causing 
it to contract and force the liquid through a glass nozzle. 
The droplet size and spacing were controlled by the fre
quency, pulse width, and voltage on the droplet genera
tion circuit and the nozzle size. The droplets, with diame
ters varying between 200 and 300 .... m and droplet 
Reynolds numbers of about 1, were injected into a cham
ber, heated by combustion products of a methane/02iN2 
flat-flame burner. The burner was operated to produce 
two different environments: 1. an oxidizing environment 
with an O2 concentration of about 18 . .5% (21% O2 dry 
basis), and 2. an "inert" environment with no oxygen. 
The size history of the droplets was determined by lise of 
photomicrography. Liquid-phase samples of the droplets 
were obtained IIsing a sample probe inserted into the re
actor. 

Measurements of droplet diameter squared, 0 2, were 
plotted versus time to yield a droplet gasification profile. 
A hypothetical profile with arbitrary units is shown Fig
ure 3. The example profile consists of a non-linear pre
heat region, a linear steady burning region, and a linear 
vaporization region. In the preheat region, a droplet un
dergoes heating and an increasing rate of vaporization, 
filllowed by fi.lel vapor ignition. After ignition, the gasi
fication rate increases until a steady-state condition is 
reached. The steady-burning region is characterized by a 
linear gasification profile. 

A theory developed in the 19.50s [7,8] called the "0-
squared law" (D2-law) describes the steady-state behav
ior of droplet gasification. Droplet gasification is never 
truly steady-state because the droplet is continually los
ing mass and its diameter is shrinking. A quasi-steady 
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state assumption can still be made, since the characteris
tic time for changes in the liquid phase occur about 1,000 
times slower than those in the gas phase. The gasification 
profile in the vaporization region of Figure 3 is also lin
ear. Thus, droplet vaporization and droplet gasification 
can be thought of as similar processes occurring at differ
ent rates, but described by the same D2-law. In the burn
ing region of the gaSification profile the droplet surface 
experiences heat transfer from the flame, which causes a 
higher gasification rate. In the vaporization region, there 
is no flame surrounding the droplet. The lower ambient 
temperature results in a slower rate of heat transfer and a 
flatter gasification profile. 

Liquid-phase sampling of droplets at various stages of 
their gasification history was also carried out. Mixtures of 
TECAlheptane, TECAInonane, and TECAlhexadecane 
were sampled to provide a lower, equal, and higher vola
tility component in comparison to the surrogate POHC, 
TECA. The samples were subsequently analyzed by 
GC/FID . These measurements provided insights into the 
effects of volatility differentials. 

Selected Results 

A complete description of all test results from the CHL 
and UCD studies is not given here in the interests of 
brevity. Our purpose is to highlight those results which 
may have significance to the actual testing or operation of· 
liquid-injection combustors burning wastes. 

Oversize Spray Results 

Clear diflerences in the DE of the fuel/POHC cocktails 
were observed. The differences were smaller for the most 
refractory compounds TCB and PERC, but were several 
orders-of~magnitude between the most and least refrac
tory POHCs tested, TCB and CP, respectively. A relative 
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TABLE 3. COMPAHISON OF OBSERVED POHC DE WITH VARIOUS RANKING METHODS 

Relative Rank based upon: 

Compound Penetration TFR R* TSHi02' TSLo02' TFMKLoO' 

TCB 1.0E + ()() 4 3 1 
(64/272) (12/23) (1143) 

PERC 6.0E - 01 2 1 1 2 2 
(11/272) (2/23) 

TCE 3.8E - 02 3 3 2 3 3 
(22/272) (9123) 

TECA 7.6E - 02 4 2 4 4 4# 
(16/272) (21123)' (6/43)' 

CP 9.3E - 04 5 5 NA NA 4# 
(NA) (NA) (NA) 

HEPT 5.2E - 04 6 6 NA NA 6## 

• Values in parcntht:'ses nre the nmks reported in the refcrenl'e SOUf'(:e:; helow and the totaillumhcr ufcolUpuullIls fl.mked hy the sou ret'. A raukillJ!: fi)t 1,1.2.2-TECA W<lS no' ~iven, 
hut it was asslIllled that I, I,l-tril.:hloroethanc would yield CI similar mllkill~ hecause of a connutlll thcfm,L1 decomposition path WilY, i.e .• moleclLlnr clilllini_tioll of Ilel. In the case of 
the TFMKl.o02 nmking, the methodulugy descrihed in the reference was 'lpplied. 

if- A low energy d(~l'()mpositi{)n pathway fi,f molecular e limination of He) exists for llOth TECA lmd CPo TECA and CP com nlso IK! nttaekcd l,y (;1-.\10111 nhstmctiun of II. No at
tempt was made to detennine the lilstcst route of attuck, so u relative order is not nssigned fill' these two coml)()umls. 

## Ileptane is subject to Cl-atom attack nnder the fuel-rich COIlditiol1 which was used us th(~ hasis !Clr this mnkinjll;. 
Relerellc('s-

II •. ---{CARB. I H1I6) 
TslliOz-{Dellingcr, 19&%) ohserved TH!) 
Tsl..uO:r-(TnyloT, J!l87) 
TFMKL()OrlTsall~, 1982; 1988) 

ranking of compounds was constructed from the observed 
absolute penetrations (Pt = 1 - DE). (No physical signif
icance should be attached to the numerical values of the 
relative Pt repOlted.) The ranking is shown in Table 3 
along with a ranking based on heat-of~combustion (He), 
gas phase thermal stability high O2 environment 
(TSHi02), low O2 environment (TSLo02), and theoretical 
Harne mode kinetics (TFMK). The observed order of dif
ficulty of destruction was TCB > PERC> TCE > TECA 
>CP> HEPT. 

A relatively small number of chlorine atoms in compar
ison to hydrogen atoms in the mixture, 1:100 (5.3% Cl by 
weight), can produce noticeable effects on the combus
tion process, as evidenced by increased CO production 
(several hundred ppm above heptane alone-see Fig
ure 4). This difference in CO production is believed to 
have resulted primarily from chemical effects since the 
reduced specific energy of the POHC/heptane mixtures 
caused ovemll exhaust temperature decreases of only 10 
to 15°C. The corresponding change in theoretical adiaba-

Increase In CO from Heptane to POHC Mix 
At Constant Heat Release Rate 

500.0 -r-------------------------------, 

450.0 

E ! 400.0 

.. 350.0 
'0 
II .. 300.0 • u 
x • 
N 250.0 
0 

e 
200.0 

0 
0 

.'! 150.0 
a 
a 
~ 100.0 

~ 
50.0 

0.0 
CP:T£CA:HEPT TECA:TCB:HEPT PERC:TCB:HEPT TCE:TCB:HEPT 

IZZl Increase in [CO] 
POHC:HEPT Mixture 

!SSJ 0 optimum pressure 

Figure 4. Increase in [CO] abaye baseline heptane [CO] corrected ta 0% excess air during simulated atomization failure for four test mixtures and during 
optimum atomization for one test mixture. Adapted from Chang et 01., 1988b. 
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TABLE 4. SELECTED PIC SUMMARY 

CCIFID Relative Area COllnt 

POHC Mix DCM CHCI, EDC 

CP:TECA:HEPT 0.61 O.M 0.55 
TECA:TCB:HEPT 0.14 0.36 0.33 
PERC:TCB:HEPT 0.12 1.36 0.35 
TCE:TCB:HEPT NA NA NA 
HEPT* 0.04 0.67 0.44 
TCE:TCB:HEPT* 0.05 

• Optimum nozzle ntomizntiun preSSlln.' 

l>CM-dkhlorometlumc 
CIICb-trichlormueth.mt' 
EIJC---dichlorodlmnc 
RZ-lwllzene 

0.87 

CCI..-tetmchlnrt)n~th;Ule (minor t'UlIstitUt'tlt or unresulved }It·.tk) 
TOL-tolllf>nl' 
Cl..llZ--tnc)IltlChIIHl,I>ellzel)(" 

0.42 

tic Harne temperature, assuming the same amount of air 
supplied to the POHC/fuel mix as for fuel alone, was cal
culated to be less than 35°C. It was qualitatively noted 
that the fonnation of soot was increased at this level of 
chlorine content in the waste as well. 

By using a retention time correlation constructed from 
comparison of GC/FID and GC/MS analyses it was possi
ble to tentatively identify some peaks observed in the 
chromatograms. The concentrations of selected products 
of incomplete combustion (PIC), tabulated as GC/FID 
area of the PIC normalized by area of the internal stand
ard bromoHuorobenzene (BFB), is shown in Table 4. 
When burning TECA-containing mixtures, a chromato
graphic peak assigned to TCE was clearly present. The 

BZ+ 
CCI, TCE TOL CIBZ 

44.63 2.52 0.62 1.29 
22.91 1.41 0.33 l.O9 
14.20 0.15 0.28 0.78 
21.29 0.33 NA 1.37 

3.26 0.04 0.17 N.D. 
2.68 0.02 0.26 N.D. 

ratio of TCE to TECA in those cases ranged from about 
1.5 to 2.5. TCE concentrations were observed at levels 
about an order-of-magnitude lower when TCE was a 
POHC in the mixture and TECA was absent. Fonnation 
of PICs that are specific to certain POHCs does appear to 
occur in the oversize droplet model. On the other hand, 
benzene was observed in every POHC mix was well as in 
the HEPT-only sample. Benzene was apparently formed 
from one or more of the components of the fuel, possibly 
irom cyclic alkanes present in abundance in the technical 
grade heptane. Whenever substantial amounts of ben
zene were fonned, a smaller amount of chlorobenzene 
was observed, independent of the POHCs contained in 
the mixture. No chlorobenzene was observed when burn-

co VS Benzene (+ Carbon Tetrachloride) 
Normalized by BfB Area Count 
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Figure 5. Relative increase in benzene concentration as a function of [CO) corrected to 0% excess air under optimum and simulated atomization failure. 
Adopted frono Chang et 01., 1988b. 
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Figure 6. Gasification rate constants for n-alkane and l-chloroalkane 
droplet studies. Adapted from Sorbo et 01., 1986b. 

ing heptane alone. This was interpreted to mean that 
common recombination chemistry was probably occur
ring, e.g. substitution of a hydrogen atom on a ring by a 
chlorine atom. 

With the limited data available, concentrations ofPICs 
were compared with CO concentrations . .A consistent re
lationship was observed for CO and benzene and is 
shown in Figure 5. This suggests that the residual levels 
of CO and benzene observed in the exhaust gases were 
related through a common physical mechanism, poor 
atomization, in conjunction with a common chemical 
mechanism, interference of CO oxidation by chlorinated 
species. The surrogate POHC mixture that yielded 
the highest benzene level (CP:TECA:HEPT) was not the 
most difficult to destroy, but rather, relatively the easiest. 

SINGLE DROPLET RESULTS 

The first series of experiments examined the eflects of 
substitution of a single chlorine atom on the isolated 
droplet gasification of alkanes. A graphical summary of 
burning and vaporization rates of n-alkanes and mono
chloroalkanes is presented in Figure 6. For monochlo
roalkanes, a slight increase in Ke for C5 to C7 was ob
served and the burning rate for the Cs to C7 

Clto H Mole Ratio 
0.0 0.5 1.0 1.52.0 

~1.1 
C2H2C14 ' C9H20 '" e 

.§. 
x: 0.9 a 
i Oxidizing environment .. 
1;; 
c 
8 0.7 

~ 
0: 
c 
~ 0;5 Inert environment 
u 
'" iii .. 
0 0.3 
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Figure 7. Effect of TECA concentration on gasification rate of equal vola
tility mixtures of TECAInonane. Adapted from Sorbo et 01., 1988b. 
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monochlorinated alkanes was less than similar values for 
n-alkanes. However, the occurrence of one atom of chlo
rine substituted on an alkane molecule of 5 carbons or 
longer did not cause early Harne extinction under the con
ditions tested. For a carbon number of S or greater, both 
the n-alkane and monochlorinated alkanes had similar 
burning rates. Furthermore, the vaporization rate results 
filr both the n-alkanes and the monochloroalkanes were 
between 0.5 and 0.6 mm2/s. 

The next series of droplet experiments involved the 
gasification of equal volatility mixtures ofTECA and non
ane. Figure 7 compares the burning rate constant, ~:, filr 
TECAlnonane mixtures of various concentrations. The 
curve can be divided into two distinct regions, a burning 
rate plateau with a relatively constant ~: filr TECAI 
nonane mixtures between 0% and 75%, and a region in 
which the droplets are not burning, TECAlnonane mix
tures >90%. It is significant that a mixture of 75% TECA 
by volume (Ke = 0.85 mm2/s) burns almost as rapidly as 
pure nonane (~: = 0.96 mm2/s) despite a very large dif~ 
ference in mixture heating value; 2.80 kcal/g (LHV) for 
the 75% TECAlnonane mixture versus 11.41 kcal/g filr 
pure nonane. This apparent anomaly can be understood 
by recognizing that the calculation of heating value of a 
highly chlorinated molecule (CI:H > l:ll), in air, nor
mally assumes formation of some molecular chlorine. 
However, in a system such as the one used, an excess of 
hydrogen atoms was present in the form of water vapor 
from combustion of methane. Therefore, hydrogen chlo
ride was formed. Furthermore, the Cl atoms oxidized hy
drogen atoms in the fuel/waste molecules to HCI, thereby 
reducing the stoichiometric requirement for oxygen. Fol
lowing this reasoning, the theoretical adiabatic Harne 
temperature of a highly chlorinated mixture of CHC and 
HC undergoes a relatively small change when compared 
to the HC alone as can be demonstrated by thermochem
ical calculations. 

A possible exception would be the use of coke or low 
volatility coal as the primary file!, in which case excessive 
amounts of chlorine would result in Cl2 in the effiuent. In 
practical liquid-injection incinerators, an excess of hydro
gen to chlorine will normally be present as long as the 
fuel/waste mixture has been adequately blended. This is 
one reason why the heat of combustion, H,., incinerability 
ranking does not correlate with observed DE. 

For mixtures containing greater than 75% TECA, the 
burning rate dropped rapidly to the vaporization rate with 
increasing concentration ofTECA. Despite the relatively 
rapid burning rate of the 75% TECAlnonane mixture, 
early droplet extinction was noted when the ambient 
temperature was in the range of 1,O()()OC or lower 
(Dext = ll7 ± 9 !Lm). For an 80% TECA mixture, Harne 
extinction occurred at a droplet diameter of about 190!Lm 
compared to less than 50 !Lm for pure nonane. Hence the 
mass of unburned fuel was about an order of magnitude 
greater. The decrease in burning rate could be due to a 
heat of combustion effect and/or a kinetic efiect. Our cur
rent thinking is that the burning rate is governed by the 
heat of com bustion of the mixture to first order, whereas 
the extinction of the Harne may be a kinetic effect, which 
is species dependent. It is interesting to note that the 
CI/H mole ratios were 0.66, 0.79, 0.96, and 1.19 for the 75, 
SO, 85, and 90% TECA mixtures respectively (21 % O2 dry 
basis). While these results exhibit a weak oxygen depend
ence, they suggest that for TECAlnonane mixtures, drop
let combustion was inhibited when the CI/H mole ratio 
becomes larger than unity. 

Mixtures ofTECA and n-alkanes (TECAlalkanes) were 
also examined to determine the effect of volatility differ
ential on the burning ofTECA in droplet form. To facili
tate the comparison of the effects of mixture volatility on 
gasification rate, the average Ke's of TECAlalkane mix-
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Figure 8. EHect of volatility diHerences on burning rates of TECAln
alkane mixtures. Adapted from Sorbo et 01., 1988b. 

hIres are contrasted with the average ~:' s of n-alkanes in 
Figure 8. The 1(,. for the TECNalkane mixture increases 
with increasing number of carbon atoms in tbe added al
kane. By comparing the relatively Hat n-alkane burning
rate curve to the steeper TECNalkane burning-rate 
curve, we conclude that the increase in the TECNalkane 
Imrning-rate with increasing alkane chain length was not 
due to diflerences in the burning-rates of the alkanes 
added to TECA. 

Based on the work of Randolph, et al. LIS] and Makino 
and Law [13], the change in the TECNalkane burning 
curve is hypothesized to be the result of differential dis
tillation processes, liquid-phase diffusional resistance, 
and gasification rate. To verify this hypothesis, liquid
phase droplet sampling of TECNHEPT, TECA/nonane, 
and TECAlhexadecane mixtures was conducted. Drop
lets were sampled at various stages in their lifetimes and 
analyzed by gas chromatography. The results, presented 
in Figure 9, show the variation of TECA droplet con
centration as a fimction of non-dimensional D2-time (1 -
(Ds/DEO)'), where Dso is the ignition diameter. The 
TECAIHEPT curve rises to 100% TECA very rapidly. 
The TECNhexadecane curve drops off steadily through
out the droplet lifetime, until a rapid drop occurs near 
Hame extinction. The TECAlnonane curve shows a slight 
rise in the TECA concentration fi'om 85% to 90% during 

120 

0.2 0.4 0.6 0.8 1.0 

Figure 9. Sampling history of droplets initially containing 85% TECA {by 
volumel in an oxidizing environment. Adapted from Sorbo et 01., 1988b. 
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the sample period. Because the TECNnonane mixture 
was an equal volatility mixture, it was not expected that 
the TECNnonane mixture would change significantly. 
Non-ideal solution behavior of the TECA-nonane mix
tures is a probable explanation for the observed results . 

The sampling results presented in Figure 9 are in 
agreement with the cun-ent state of understanding that 
multi component droplet gasification is controlled by liq
uid-phase mass diffusion, droplet surface regression rate 
(gasification rate), and volatility differential between 
components [13, 15]. After the start of gasification, much 
of the volatile component in the surface layer is preferen
tially gasified because of the short diffusion distance to 
the surface of the droplet. Subsequent behavior depends 
on the surface regression or gasification rate. If the sur
face regresses rapidly, then the volatile component in the 
droplet interior remains trapped because of tbe relatively 
slow rate of mass diffusion. Therefore, for fast gasification 
rates or slow liquid phase diffusion, a "diffusion limit" is 
approached. However, for a slower rate of surface re
gression or gasification, there is more time to transport 
volatile components to the droplet surface. Thus, the 
droplet continually loses the more volatile component. In 
the limit of zero surface regression rate, the volatile com
ponents have an infinite amount of time to reach the sur
face, independent of the liquid-phase diffusion, and a 
"distillation limit" is approached. 

To more clearly evaluate the effect of gasification rate 
on the history ofTECA/HEPT droplets, a mixture of 50% 
TECA in HEPT droplets was sampled in an oxidizing en
vironment. The mixture burned well (~: = 0.86 mm2/s, 
but had a rather large extinction diameter of 158 fLm. The 
results showed that the concentration in the TECN 
HEPT droplets did change throughout the droplet life
time. When TECA/HEPT droplets were injected into the 
chamber, the higher volatility heptane rapidly left the 
droplet. Theref()re, the droplet became enriched with the 
non-burning TECA and, ultimately, burning was inhib
ited. As the droplet diameter became smaller, Harne ex
tinction was more likely due to a reduced droplet diame
ter and a decreased chemical reaction rate resulting from 
tbe enrichment ofTECA in the droplet. Both of these ef
fects increased the extinction Damkohler number [12] 
and extinction was promoted. 

Upon injection ofTECNhexadecane droplets into the 
combustion chamber, TECA was preferentially gasified 
resulting in enrichment of the droplet with the rapidly 
burning hexadecane. The gasification of large quantities 
of TECA early in the TECNhexadecane droplet lifetime 
explained the observed ignition delay of TECAlhexa
de cane droplets. The enrichment of the droplet with 
hexadecane further explains why the burning-rate of a 
TECNhexadecane droplet was almost as large as the 
burning-rate of the pure hexadecane droplet over the 
range of compositions tested. At the end of the lifetime of 
a TECNhexadecane droplet, it had become enriched 
with hexadecane, which delayed extinction and pro
moted more complete burnout of the droplet. Thus for tbe 
mixtures tested, TECNHEPT, TECA/nonane and TECA/ 
hexadecane, droplet composition curves confirmed tbe 
results of Randolph, et al. [15], that the more volatile com
ponent left the droplet preferentially. These results con
firm that batch-distillation processes, and not liquid 
phase diflusional resistance, governed the burning of 
TECA/alkane droplets. This effect may be impOltant in 
f(Jrmulating blending strategies for hazardous waste in
cineration. That is, to reduce the adverse affects associ
ated with production of oversize droplets in a spray com
bustor, a higher and a lower volatility alkane could be 
blended to promote the ignition and complete burnout of 
any oversize droplet in the combustion cbamber. 
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Figure 10. EHect of PERC concentrotion on gasification rate of PERC! 
octane. Adapted from Sorbo et 01 .• 1988b. 

To burn droplets of PERC, it must be mixed with a fuel 
that burns weI!. In order to control the gas phase mixture 
composition and eliminate differential volatility effects, 
octane (OCT) was blended with PERC to form an equal 
volatility mixture. Gasification rates were plotted as a 
function of volume percent PERC and presented in Fig
ure 10. The shape of the oxidizing branch of Figure 10 is 
similar in shape to the TECAInonane gasification rate 
constant curve shown in Figure 7 with the following ex
ceptions: a) PERC/OCT mixtures burned strongly under 
the same ambient conditions until a critical concentration 
of 88% PERC was reached, while the critical TECA con
centration was 75% by volume, b) the Cl/H ratios at the 
critical PERC and TECA concentrations were 2.5 and 
0.66, respectively, and c) the heats of combustion at the 
critical PERC and TECA concentrations were 1.79 and 
3.13 kcal/g, respectively. These observations suggest that 
PERC and TECA behave differently from one another in 
an oxidizing Harne environment. A hypothesis for the dif
ference in behavior in Hames for PERC and TECA is 
formulated below. 

PERC molecules are difficult to thermally decompose 
[21]. Thus PERC molecules can approach the Harne zone, 
from the fuel-side, quite closely before they begin to de
compose. Once decomposition begins, the chlorine spe-

des liberated can scavenge H radicals and inhibit Harne 
propagation as illustrated in equations (a), (b), and (c): 

RCl + H -> R + HCl 

Clz + H -> HCl + Cl 

HCI + H-> H2 + Cl 

(a) 

(b) 

(c) 

However, at high temperatures in, or very near the Harne, 
chain branching reactions (d), (e), and (0 dominate the 
radical scavenging reactions. 

H + O2 -> OH + 0 

0+ Hz -> OH + H 

o + H20 -> OH + OH 

(d) 

(e) 

(I) 

Thus, once in the Harne, the high Hame temperatures 
(adiabatic Harne temperahue of about 2300 K) are suffi
cient to destroy PERC efficiently. 

In contrast, TECA, like all chloroalkanes (except 
perchlorinated alkanes), is subject to an endothermic de
composition reaction via a four-center elimination of HCl 
molecules [16,22] at a relatively low temperature. (The 
four-center elimination reaction can occur when there are 
adjacent Cl and H atoms which do not share the same car
bon atom. The products of this reaction are a chlorinated 
ethene and HC!.) The molecular elimination reaction re
quires about 20 kcal/mol and has been calculated to occur 
at temperahll'es as low as 373 K [27]. If we follow the 
TECA molecule as it leaves the droplet surface, it is sub
ject to an endothermic decomposition early in its gas
phase history. This breakdown could inhibit the Harne in 
two ways: a) by cooling down the reactants, thereby slow
ing down the rate of reaction, or b) scavenging H radicals 
with HCl the primary decomposition product [see Equa
tion (c)]. Crude calculations of Hel concentration profiles 
in the Hame and back-diffusing toward the droplet surface 
appear to rule out the second possibility. 

The final group of compounds examined were the 
chlorobenzenes: monochlorobenzene (MCB), 1,2-dichlo
robenzene (DCB), and 1,2,4-trichlorobenzene (TCB). A 
summary of the chlorobenzenes droplet gasification re
sults is presented in Table 5. The Kc results indicate 
fairly strong burning with the expected decrease in Kc 
with increasing chlorine substitution of the benzene ring. 
The Hames observed for these droplets were very sooty, 
so much so that a soot trail could be seen in the wake of 
the droplet. The extinction diameters for both MCB and 
DCB were at the limit of the optical system's ability to 
distinguish the droplet from the background. The extinc
tion diameter ofTCB droplets was larger, at 70 J.l.m . 

TABLE 5. SUMMARY OF CHLOHOBENZENE DHOPLET GASIFICATION RESULTS 

CIIH HHV 
Compound (mole ratio) (kcallg) 

chlorohenzenc 0.2 6.60 

1,2-dichlorobcnzene 0.5 4.57 

1,2,4-trichlorobenzene 1.0 3.40 

MOD -'= minimum ohserved diameter, micmmeters. 
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Kc 
(mm'!s) 

0.92 
(J.89 
0.90 

0.90 ± .02 
0.85 
0.85 
0.86 

0.85 ± .01 
0.78 
0.79 

0.79 ± .01 

Kv 
(mIll2!s) 

0.50 
0.50 

Dext 
(I'm) 

70 

MOD 
(I'm) 

46 
43 
38 

35 
29 
43 

96 
36 

168 
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Figure II. H-atom concentration ratio (with and without presence 01 
chlorine) as a function 01 temperoture and stoichiometric ratio. 

DISCUSSION 

Our spray studies showed that even in low concentra
tions, CHCs measurably increased CO and benzene con
centrations above the baseline resulting from oversize 
droplets of HEPT alone. However, the CHCs produced 
minimal effects on droplet burning rate when mixed with 
HEPT until relatively high concentrations were reached. 
It is difficult to reconcile the increased CO, benzene and 
POHC penetration with reduced efficiency of in-Hame 
processes. Flame extinction or post-Hame thermal decom
position may better explain the observations. The droplet 
experiments suggest that volatility differentials could 
have led to an increasing concentration of POHCs in the 
oversize droplets (at least one POHC in each mixture had 
a boiling point substantially greater than heptane). As 
mentioned previously, such increases in the liquid-phase 
could lead to earlier Hame extinction because of endo
thermic decomposition reactions, i.e. HCI elimination, or 
inhibition of chain-branching reactions, i.e. H-atom scav
enging. (H-atoms are needed to regenerate OH radicals 
which in turn are needed to oxidize CO and benzene. It is 
well documented that H-atom formation can be the rate
limiting step in OH formation.) 

The equilibrium H-atom concentration for the fuel/ 
POHC composition in the TFR has been computed for 
the system in order to illustrate the possible eflect of 
chlorine on H-atom concentration. The ratio is shown in 
Figure 11 as a fimction of stoichiometric air-to-fuel ratio 
(S.R.) and temperature. There is a narrow region near 
S.R. = 1.0 in which the presence of chlorine reduces 
H-atom concentration up to an order of magnitude com
pared to chlorine's absence as the temperature falls 
below about 1,300 K. At higher temperatures, or higher or 
lower S.R., H-atom concentration was not appreciably af~ 
fected by the presence of chlorine. Thus, if oversize drop
lets penetrated the Hame region and extinction occurred 
as hypothesized, H-atom scanvenging could explain the 
increased level of CO and benzene observed. As a practi
cal consequence, the droplet resnlts suggest that 
blending of easily burned filels of lesser volatility than 
the CHCs present in a waste may lead to reduction of 
flame extinction residues and improved DE in thermally 
quenched systems. 
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A limited comparison of "incinerability rankings" is 
presented in Table 3 for the oversize droplet results ob
tained in the TFR. It shows that the "best" agreement 
was obtained with low O2 rankings, in agreement with an 
earlier comparison with field test data [5]. Nevertheless, 
excess oxygen was supplied in the primary combustion 
air to the TFR (S.R. = 1.25). As hypothesized below, the 
finding of correlation under low oxygen.conditions is con
sistent with the occurrence of oversize droplet residues in 
the TFR. 

When a Hame extinguished around a droplet, the re
maining fuel/waste mixture continued to vaporize. The 
dimensions of the droplet and the time scale associ'lted 
with completion of this process indicate that a "fuel
rich," microscopic cloud of vapor formed. The vapor 
cloud underwent thermal decomposition while oxygen 
from the ambient gas diffused into it, because the cloud 
was much smaller than the length scale of micro-scale tur
bulence. The TFR acted as a strongly "quenched" system 
because of its water-cooled walls, thus by the time oxygen 
diffused into the "micro-cloud," thermal degradation re
actions of the refractory CHCs had slowed considerably. 
Therefore the DE was dominated by the thermal degra
dation of the POHCs remaining in the droplet residue 
ulo-ler oxygen-deficient conditions. The reader should 
recognize that in an incinerator with refractory-lined 
walls, the temperature in the post-Hame region may be 
sufficiently high such that thermal degradation continues 
even after oxygen has diffused into the "micro-cloud." 

Although pure 1,2,4-TCB was capable of self~sustained 
droplet burning, unlike TECA or PERC, TCB was ranked 
more highly as a difncult to destroy CHC under low O2 
conditions on the bases of its thermal stability (TSlo02), 

slow kinetics of reaction (TFMK), and slow burning rate. 
It has also been observed to yield the lowest DE of sev
eral compounds in full-scale POHC mixture tests [2]. Its 
high boiling temperature ensures that it is among the last 
species to gasify from droplets. The above results estab
lish the utility ofTCB in surrogate POHC mixtures. It has 
the drawback (or advantage) that it could also be a precur
sor of2,3,7,8-TCDD. Thus ifit is to be used in an inciner
ator test, the unit should have a demonstrated capability 
of high DE for other compounds. 

The TCB example points out a difficulty with the use of 
pure liquid droplet burning characteristics to rank incin
erability. Pure compounds having a high degree of chlori
nation are difficult to burn or will not sustain combustion 
at all. In order to sustain combustion these compounds 
must be burned in mixtures. To avoid the complications 
of compounds concentrating in the liquid-phase, equal 
volatility mixtures must be burned. Thus we conclude 
that a practical Hame-ranking of incinerability based upon 
pure compound droplet burning characteristics is not fea
sible. 

CONCLUSION 

This study determined the relative DE of 5 CHCs for 
the case of spray' atomization failure (oversize droplet 
production) in a thermally quenched TFR. The observed 
compound incinerability was consistent with rankings 
based upon low oxygen conditions, even though an ex
cess of oxygen was present in the system on average. Sin
gle droplet burning experiments have illuminated plausi
ble mechanisms for degraded POHC DE. We observed 
that many pure CHCs could burn alone, and that the ad
dition of small amounts of vigorously burning filels to the 
CHCs could greatly enhance their burning. 

As a practical matter, the studies suggest that with ap
propriate blending of fuels, improved DE should be ob-
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tained even li)r relatively high concentrations of CHCs. 
Furthermore, the droplet experiments indicate the possi
bility lin' increased liquid-phase concentration oflow vol
atility CHCs in gasifying droplets. In such cases, ignition 
and extinction may be more sensitive to the manner of in
troduction of excess air than lor conventional HC fuels. 

Experiments are currently underway to determine the 
composition of gases immediately following Harne extinc
tion and in the atmosphere surrounding isolated burning 
droplets. With such data, it should be possible to conclu
sively determine the efficiency of Harne processes in 
bringing about high CHC DE. Furthermore, it should 
also be possible to isolate whether post-Harne thermal de
composition or Hame extinction governs the composition 
of the "micro-cloud" produced by droplet residues. 
Lastly, spray combustion of trinary mixtures of POHCs 
and high and low 'volatility HCs are being undertaken 
with oversize droplets to test the droplet hurnout hy
pothesis. 

Future experiments which should be conducted in
clude examining the elfect of ambient oxygen concentra
tion on the ignition of the droplets as they emerge from a 
Hame. The single droplet studies suggested that as con
centration of a CHC in a droplet increases, ignition be
comes more difficult. Similarly, the effect of ambient tem
perature on Harne extinction of droplets needs to be 
characterized. There were indications in the single drop
let studies oflarger extinction diameters as ambient tem
peratures dropped, while for vigorously burning filels, 
e.g., a normal alkane, the ambient temperature played lit
tle or no role in Harne extinction. It may be that complete 
combustion of difficult to burn lilels like CHCs is sensi
tive to the manner of introduction of excess air, in real in
cinerators as well on a lab-scale. 
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Industrial Sludge Waste Incineration 

Calvin R. Brunner 
CH2M Hill, P.O. Box 4400, Reston, VA 22090 

A fluidized bed incinerator was instaUed to handle sludge disposal. 
Construction and the permit process is discussed. 

INTRODUCTION 

Primary and waste activated sludge are generated at an 
industrial on-site wastewater treatment plant. The manu
facturing facility produces plastics additives, catalysts, 
surfactants, and animal feed intermediates. Since the 
early 1970s, the plant had been disposing ofits wastes in 
its own landfill on the plant site. Concerned with the 
adequacy of this method of disposal for the future, the de
cision was made to incinerate the sludges. Spent solvents 
with a relatively high heating value, which are also gen
erated at the plant, would be fired in the incinerator to 
produce the heat required for incineration of the sludge 
cake. In late 1985, after evaluating several types of sludge 
burning systems, it was decided to purchase a fluidized 
bed incinerator. This case study documents the success
ful eHorts to obtain permits and construction. The incin
erator is currently in operation, disposing of the desig
nated waste streams. 

WASTE STREAMS 

Sludge and liquid wastes are generated at the waste
water treatment plant and at other locations in the facility. 
Three waste streams are defined: spent waste solvents, 

loIvtflt 
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Unloedln, 
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high solids sludge, and low solids sludge with character
istics as follows: 

• Spent waste solvents with heating values in the 
range of 12,000 to 17,000 Btu/lb; predominantly or
ganic with trace amounts of sulfur and less than 1% 
solids content. 

• High solids sludge-predominantly activated sludge 
from the secondary treatment of plant wastewater; 
thickened sludge is conditioned with lime and alum 
and filtered by a plate and frame press to approxi
mately 35% solids. 

• Low solids sludge having similar conditioning as 
high solids, except filtration by a vacuum filter, 
yielding approximately 16% solids. 

In an effort to reduce ash generation and increase in
cinerator operating efficiency, plant trials are now in 
progress to determine suitable polymer conditioning 
chemicals to replace lime and alum conditioning, which 
L'(mtrihutes to increased ash loads and higher energy con
sumption. 

WASTE GENERATION 

Two to four times a week, solvents are hrought by tank 
truck to the incinerator facility and are stored in a solvent 

IoIvtflt 
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Figure I. Solvent feed to incinerator. 
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Figure 2. High solids sludge feed to incinerator. 

storage tank provided with a recirculation pump and 
heaters, as shown in Figure 1. The solvents tend to be vis
cous at ambient temperature, particularly in winter 
months. To address this, steam heaters control solvent 
temperature to reduce viscosity to below 750 SSU, allow
ing smooth pumping to the incinerator. The recirculation 
pump encourages mixing and uniform heating of the sol
vent and reduces the tendency of entrained solids to 
settle. 

High solids sludge originates in the secondary waste
water treatment system. Thickened secondary sludge sol
ids are conditioned with lime and alum and directed to a 
plate and frame press that de waters the sludge to a 35% 
solids consistency. This press is a batch device, generat
ing sludge 20 minutes on a 2-hour batch cycle. An incin
erator requires a consistent flow to operate properly to 
avoid temperature swings and minimize the need for op
erator attention. As shown in Figure 2, high solids sludge 
is collected in a storage silo, which holds up to a one-day 
accumulation of sludge. It receives sludge on a cyclical 
basis, but discharges to the incinerator at a uniform rate. 

Low solids sludge is usually primary wastewater treat
ment sludge, conditioned with both lime and alum. One 
of two vacuum filters (one is operating, the other is a 
spare) generates a 16% solids cake. This stream is contin
uoiIs and is fed directly to the incinerator, shown in Fig
ure 3. 

HIGH SOLIDS FEED 

Sludge cake from the plate and frame press is dropped 
onto a belt conveyor that feeds a series of drag chain con
veyors. A major concern during the selection of this 
equipment was the transfer of sludge through the con
veyors without a sludge buildup on the walls or severe 
caking or adhesion between the flights and the conveyor. 
Therefore, drag-chain conveyors with thin tubular flights 
were used. The flights have relatively little surface area, 
which helps prevent adhesion of sludge. An additional 

C.ndltloned-----.. \ 
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feature of the conveyor design is the internal lining of 
basalt. Basalt tends to prevent adhesion of sludge and will 
encourage the smooth transfer of sludge along conveyor 
surfaces, minimizing wear (erosion). 

A major component of the high solids sludge-feed sys
tem is the sludge silo. The silo is fed at the top by a drag
chain conveyor. Sludge accumulates within the silo until 
it is discharged by an extractor arm (a thin, long, metal 
bar), which rotates slowly over a single longitudinal 
opening. The movement of the arm encourages the 
sludge to drop into the opening. This opening feeds the 
silo extractor screw that drops sludge cake into the incin
erator feed conveyor, another drag-chain conveyor. The 
extractor screw is turned by a variable speed drive that is 
controlled to move faster when more sludge is desired or 
slower when less is needed. 

Another area of concern during design was the poten
tial for sludge to build up and cake within the silo. For ex
ample, if the sludge accumulated in the hopper for 48 
hours, would it harden to the point that it could not be re
moved by the extractor? It was found, by accident, that 
sludge can be retained in the silo for several days without 
adverse effects. 

The facility design includes an alternate discharge at 
the opposite end of the silo extractor screw, which is re
versible. If the sludge is not to be incinerated for a pro
tracted period of time, it can be discharged to a container 
for eventual reinsertion into the system. This system is 
also used for calibration checks of the extractor screw. 

Concern with the caking of the sludge leaving the silo 
and incinerator feed conveyor resulted in provision of a 
cake breaker at the incinerator feed. This is a slow speed 
breaker with dual shafts, each turning a set of thin fingers . 
Sludge is reduced to uniform size by this equipment, 
eliminating any clumps. 

INCINERATOR 

The incinerator is a fluid-bed furnace system, shown in 
Figure 4. The healt of the fllrnace is the reactor, a vertical 
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Figure 3. Law solids sludge feed to incinerator. 

164 August, 1989 Environmental Progress (Vol, 8, No_ 3) 



Figure 4. Fluid bed incinerator. 

refractory-lined chamber approximately 9 feet outside di
ameter and 35 feet high. This unit is designed to inciner
ate 4,000 Ib per hour of high solids (35%) sludge, with a 
heat input of 225,000 Btu per hour per square foot of bed 
area. Flue gas exits the top of the incinerator at approxi
mately 1,600°F and is cooled to approximately 1,OOO°F 
through a gas-to-air heat exchanger. Air entering the cold 
side of the heat exchanger is heated from near ambient 
temperature to approximately l,lOO°F. The heated air 
stream is directed to the lower chamber of the filfnace, 
the windbox. A precombustion chamber at the entrance of 
the windbox raises the temperature of the entering air at 
startup, until the temperature at the hot side of the heat 
exchanger is hot enough to bring the air temperature to 
llOO°F. 

From the windbox, the heated air stream passes up
ward through openings (hlyeres) in a refractory grate 
(tuyere plate) that supports a sand bed, which is 18 to 24 
inches deep at rest. Upon fluidization, the sand bed ex
pands in volume by 30 to 60%. 

The injection of hot air into the sand bed creates a high 
degree of turbulence and the top of the bed appears as a 
fluid in motion. With the high temperature of the air and 
the intense turbulence, moisture in sludge introduced 
into the bed will evaporate practically instantaneously. 
Combustion will occur w'ith less than 50% excess air at 
design load, which is an indication of the good burning 
efficiency of this unit. 

Off-gas from the bed will pass into the volume above 
the bed, the freeboard, which is normally maintained at a 
temperature of 1 ,600°F. Residual organics in the gas 
stream will be destroyed at this temperature based on a 
residence time in excess of 5 seconds. 

Residual solids, including ash, will be elutriated in the 
gas stream exiting the reactor. Along with the ash load, 
some sand from the bed will also be carried by the gas. A 
critical concern with bed operation is the possibility of 
agglomeration. If the feed contains materials with a rela
tively low melting point (sucb as salts), sand particles can 
grow in size and eventually seize the bed, preventing air 
How and forcing shutdown. Sludge is generated in the 
plant from many different sources, and the presence of 
salts is always a possibility. To identify and control this 
potential problem, periodic size analyses of sand samples 
are made. If the sand particles show an increase in mean 
diameter, agglomeration may be developing. To control 
inorganic buildup (or sand agglomeration) routine (con-
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tinuous) bed tapping and clean sand makeup may be nec
essary. 

A Huidizing air blower provides the air required to 
maintain fluidization of the sand bed. The blower is sized 
to provide sufficient pressure to overcome the resistance 
of the air side of the gas-to-air heat exchanger, the wind
hox, the sand bed, and associated ducts and dampers. 

An induced draft (ID) fan maintains a negative pressure 
within the reactor freeboard. It is sized to draw hot com
bustion gases through the furnace (the freeboard), the gas 
side of the gas-to-air heat exchanger, the scruhber, and as
sociated flues and dampers . The discharge of the ID fan is 
through the cyclone demister, the stack, and into the at
mosphere. 

The scrubber is of radial design and scrubs Hue gas ex
iting the heat exchanger with plant process water. No ad
ditives (such as lime or caustic) are used in the scrubber 
system. The saturated gas stream is cooled below 200°F, 
and entrained water droplets are removed in the cyclone 
demister downstream of the scrubber. 

The water/ash slurry discharge leaving the scrubber is 
discharged to the surface impoundment on the plant site 
that is permitted for hazardous waste disposal . 

WASTE BURNING 

The moisture content of the sludge is too high to allow 
autogenous burning. Waste solvent maintains the re
quired furnace temperature after the furnace is brought to 
operating temperature. Natural gas is used for startup and 
to supplement the heat required to maintain required 
combustion temperatures if sufficient solvent is not 
available. 

The system is designed to burn either high solids 
sludge or low solids sludge at any time, not both feeds at 
once. Solvent is used as a fllel for either sludge feed or it 
can be fired by itself. If fired without sludge, the tempera
tures generated will probably exceed the 1,600°F maxi
mum temperature limitation in the freehoard. A water 
spray in the freehoard, indicated in Figure 4, is used to 
control temperature. 

Solvent and natural gas are injected within the bed. 
Low solids sludge feed is introduced into the fi'eeboard, 
and high solids sludge feed is dropped into the fllrnace 
immediately above the bed. 
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REGULATORY ACTIVITY 

The operation of the incinerator is regulated by two en
vironmental pennits: state air and hazardous waste. The 
air permit requires that air emissions from the incinerator 
be maintained below regulated limits. The hazardous 
waste pennit, issued under the aegis of RCRA, requires 
that inspection and operating records be maintained for 
the life of the facility, that training programs in the opera
tion of the facility be implemented, and that certain oper
ating conditions be maintained. These pennits were is
sued after the filings were complete and a public hearing 
was held, subject to performance of a successful emis
sions test. 

Startup and Training 

Hazards and Operability (HAZOP) reviews were con
ducted at the end of the design phase in 1985 and again in 
the closing period of construction in November 1986, 
along with an operational readiness review. These re
views were performed to detennine the ranges of safe op
eration of the incinerator facility and the proper response 
to conditions outside normal operating ranges. Construc
tion was completed on the incinerator in December 1986. 
The startup and checkout procedures began with curing 
of the refractory, followed by a detailed and rigorous 
check of the instrumentation and control systems. 

Waste was first fed to the incinerator in January 1987, 
and commissioning and operational testing were com
pleted over the next four months. This time was spent in 
on-the-job training for operators, testing the control sys
tem and all setpoints, and defining the operational ranges 
of the process. 
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The trial burn, wbich is required as part of the hazard
ous waste management pennitting process, was con
ducted in May 1987. The results of the trial burn demon
strated a destruction and removal efficiency (DRE) of 
99.99% fi)r the principal organic hazardous constituent, 
which is toluene. 

Operator training is required as part of RCRA permit
ting requirements. All incinerator operators and super
visory personnel must receive fi)rmal training in the oper
ation of the equipment and in safety procedures. Operator 
training began in November 1986 and was completed as 
the incinerator was ready to go on line. An examination 
was included in each training session to add credibility to 
the program and to impress upon the operators the impor
tance of formal training. These training sessions were re
corded on videotape for the future training of new em
ployees, for retraining of operators who have been away 
from the facility for six months or more, and for annual 
retraining of operators at the facility. 

CONCLUSION 

A solution to a potential waste disposal problem was 
identified and implemented. Landfills are becoming ob
solete in all parts of the country. Incineration, which had 
been seen as an expensive alternative, has now become a 
reasonable answer to the disposal of these industrial 
wastes. 
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Chemical Demilitarization: Disposing of the 
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This country's aging stockpik of chemical warfare munitions require safe 
and economical disposal. These munitions present a unique chaUenge for 
demilitarization, since handling of both explosives and toxic material is 

required. The first fuU-scak munitions disposal facility is presently 
undergoing testing and systemization on Johnston Island. The technology 

developed for incorporation into the Johnston AtoU Chemical Agent 
Disposal System maximizes the use of automated equipment, provides the 

containment necessary to protect the worker and environment, and 
thermally destroy., both the toxic flU and explosives from the munitions. 

INTRODUCTION 

This country's policy on chemical warfare (CW) can be 
stated succinctly. The objectives of the U.S. CW policy 
are to eliminate the threat of chemical warfare by achiev
ing a complete and verifiable ban on chemical weapons; 
and until such a ban is obtained, to deter the use of chem
ical weapons against the U.S. or its allies. A necessary ad
junct to this policy is the maintenance of a credible retal
iatory stockpile. Although manufacturing of unitary CW 
munitions was halted in the late 1960's, large quantities 
of these items remain stored in ammunition magazines at 
eight US Army installations. In 1986, the U.S. Congress 
mandated that the unitary chemical stockpile (less 10%) 
be destroyed as part of a modernization effort for the en
tire U.S. chemical capability. 

The munition types that make up this stockpile include 
bombs, rockets, land mines, spray tanks, cartridges, pro
jectiles, and bulk containers. Disposal of these munitions 
presents a unique challenge, since these items may con
tain both energetic materials (explosive components) and 
an extremely toxic fill (chemical agent). Not all CW muni
tions are explosively configured; many munitions are 
stored separately from the explosive components. The 
special hazards associated with chemical demilitarization 
operations require considerable safeguards in order to 
dispose of this material in a safe and environmentally ac
ceptable manner. In response to these requirements, the 
Army has developed methods and procedures on the 
leading edge of technology for hazardous waste disposal. 

The munitions and bulk containers are each filled with 
one of the following lethal chemical agents: GB, VX, or 
mustard. These lethal chemical agents are liquids at room 
temperature and are not corrosive. The agents do not exist 
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in the munitions or bulk containers as pure compounds; 
they are stabilized with various compounds to prevent 
acid formation. The Army believes it is reasonable to pre
sume that none of the agent decomposition products due 
to aging, degradation, or decontamination will be more 
difficult to destroy by incineration than the agents, and 
that the decomposition products are less hazardous than 
pure agents. 

CW munitions presently in storage were not designed 
to facilitate their eventual disposal ; early disposal efforts 
were primarily accomplished by burial at sea, the last 
being Operation Chase X, in August 1970. Rising world
wide environmental concern led the Department of Army 
(DA) to commission a study by the National Academy of 
Sciences (NAS) to investigate disposal alternatives for 
CW munitions. The NAS concluded: " ... that all such 
agents and munitions will require eventual disposal and 
that dumping at sea should be avoided. Therefore, a sys
tematic study of optimal methods of disposal on appro
priate military installations, involving no hazards to the 
general population and no pollution of the environment, 
should be undertaken. Appropriately, large disposal facil
ities should be a required counterpart to existing stocks 
and planned manufacturing operations. As the first step in 
this direction, we suggest the constntction of facilities for 
gradual demilitarization and detoxification" [1]. The NAS 
recommendations for chemical demilitarization were 
supplemented by DA guidance to insure absolute safety 
and security rather than cost or time, maximum protection 
for operating personnel, absolute assurance of total con
tainment of agent, and collection of incontroveltible data 
to support personnel safety, security, and community 
safeguard. 
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Figure 1. JACADS-process flow diagram. 

The first full-scale destru(:tion facility, called the John
ston Atoll Chemical Agent Disposal System (jACADS), is 
currently undergoing equipment testing and systemi
zation. The facility was built on Johnston Island, one of 
four small land bodies that make up Johnston Atoll (JA), 
located 717 nautical miles west southwest of Honolulu, 
Hawaii. JA is an unincorporated U.S . possession under 
joint management by the Defense Nuclear Agency (DNA) 
and the Department of Interior (DOl). Johnston Island, 
the largest body in the Atoll, is approximately 2 miles 
long and 112 mile wide, and covers 630 acres. The Atoll is 
both a wildlife refuge monitoed by the Fish and Wildlife 
Service, and a contingency site maintained by DNA for 
resumption of above-ground nuclear testing. 

The CW stocks stored at JA came originally from 
Okinawa in 1971 as a result of their prohibition from 
being returned to the United States by Public Law 
91-672. When the Army initiated planning in March 1981 
for disposal of the obsolete munitions on JA, environmen
tal considerations were given priority. A public meeting 
was held in Honolulu in March 1983 and a final EIS pub
lished in November 1983. Of the viable alternatives, con-

stnlCtion of a state-of-the-art disposal facility on JA was 
determined to offer tbe best solution. The technology se
lected was that demonstrated by the Chemical Agent Mu
nitions Disposal System (CAMDS) prototype facility lo
cated at Tooele Army Depot, Utah. The key elements of 
this technology are illustrated in Figure 1; they served as 
the basis for the design of the JACADS process and fa
cility. 

MUNITIONS 

Chemical munitions are maintained in storage in a vari
ety of configurations; some include fuzes, explosive 
burster charges, and propellant. Lethal chemical agents 
currently available felr military application include mus
tard and nerve agents. Table 1 illustrates the various mu
nitions that the JACADS disposal process will handle. 

TOXIC AGENTS 

Chemical warfare agents are extremely toxic com
pounds that produce lethal or incapacitating ellects on 

TABI.E 1. U.S. CUEMICAL WARFARE MUNITIONS 

Designation Description Fill Explosives Propellant Fuze 

M55 11501m rocket 1O.71b GB 3.21h 19.31b Yes 
or 1O.21b VX 

M23 Land Mine 1O.51b VX 0.91h None Yes 
M2IM2AI 4.2" Cartridge" 6.0 Ib HlHD O.141h O.61b Yes 
M60 105nll11 Ca.tridge" 3.0 Ih HlHD 0.261b 2.lIlb Yes 
M360 10501111 Cartridge" 1.611. eB l.llb 2.lIlb Yes 
MIlO 15501111 Projectile 11 .71h HlHO 0.1I31h None No 
MI04 155111111 Projectile 11.71h HD 0.1I3 1h None No 
MI21AI 155111111 Projectile 6.5 Ih GB Of VX 2.451h None No 
M122A1 155n1l11 Projectile 6.51bGB 2.451h None No 
M426 8" Projectile 14.51h GM or VX 7.01h None No 
MC-I 750lb Bomb 220 Ib GB None None No 
MK-94 500 Ib bomb 1081b GB None None No 
TC Ton Container 1600 Ib GBNx/H None None No 
TMU-28 Spray tank 13561b VX None None No 

·A pn,jeL'til~ , hursh.'l', fuze, cartri(ht~ l'asing, prc)pellallt, and prilllt'r cU1nprisc a cartridge . 
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TABLE 2. PllYSICAL & CllEMICAL PIlOPEIITIES OF CW AGENTS 

Chemical Name 

C0l11mOn Name 
Molecular Wt 
Liquid Density (4'C) 
Freezing Point (0C) 
Vapor Pressure 
at 20°C (mm Hg) 
Boiling Poirit (OF) 
Heat or Vaporization 
(BTU/LB) 
Flash Point (OF) 
Heat of Combustion 
(BTU/LB-HHV) 
Liquid Specific Heat 
(BTU/LBI"F) 
Vapor Density 
(Relative to Air) 
Decomposition 
Temp. (0C) 
LD.,,) (mg-min/m') 
Chemical Fonnul" 

GB 

Isopropyl methyl 
phosphono Huoridate 

Sarin 
140.1 
1.09 
-56 
2.2 

316.0 
144.0 

8,709 

0.416 

4.8 

400-560 

100 
CH,P(O)(F)OCH(CH.,)2 

VX 

O-ethyl 5-(2-diiso
propylaminoethyl) 
methyl phosphono-

thiolate 

267.4 
1.006 
-39 

.0007 

568.0 
141.0 

318.0 
13,148 

0.484 

9.2 

700-800 

CH3P(:O)(OC,H,,)SC2H4 
N(iso---C"H7)2 

HD 

Bis(2-chloro
ethyl) sulfide 

Distilled Mustard 
159.1 
1.27 
14 

.072 

423.0 
169.0 

221.0 
7336 

0.333 

5.5 

149-177 

1500 
(CICH,CH),S 

• ExposlIre is prinmrily vi<l .~kin pl'll(~tration. Ml'diulll J(·thal dose is 2 .5 m~ (equivalent ot 0 .. '56 m~ intravenous dose). 

man, depending upon the degree of exposure. Excluded 
from this definition are riot control agents, chemical herb
icides, and smoke and flame materials. Table 2 provides 
data on the toxic agents. 

The term nerve agent refers to two groups of highly 
toxic chemical compounds that are generally organic es
ters of substituted phosphoric acid. Nerve agents affect 
body functions by inhibiting cholinesterase enzymes, 
permitting accumulation of acetylcholine and subsequent 
paralysis. Two general categories of nerve agents are cur
rently stockpiled: G agents and V agents. 

The G agent used in munitions is GB (Sarin); it is a liq
uid under ordinary atmospheric conditions, with a rela
tively high vapor pressure. GB is colorless and odorless . 
It is readily absorbed into the body by inhalation, by in
gestion, and through the skin and eyes without producing 
any irritation prior to onset of symptoms. It hydrolyzes 
slowly in water at neutral or slightly acidic pH, and rap
idly under strong alkaline or acidic conditions. 

Other nerve agent munitions are filled with VX. This 
agent is amber in color and odorless. A liquid at normal 
ambient temperatures, it has an extremely low vapor 

1..100------------ 31.1' MILLIMETERS MAX. __________ -1 

PROPELLINO CHAROE 

as OAS 
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CARTRIOOE 
M3eO 

ROTAAYBANO 

w 

Figure 2. Cartridge, 105 millimeter: agent GB, M360. 
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pressure. Consequently, it is dispersed as an aerosol, and 
exposure is primarily via skin penetration. The toxicity of 
VX is 3--10 times that of GB. Exposure to either nerve 
agent can result in death within minutes. 

Blister agents, such as mustard, are systemic poisons, 
attacking the eyes and lungs and blistering the skin as the 
result of either liquid or vapor contact. Most blister agents 
cause little or no pain on contact. Symptoms of exposure 
do not usually appear for several hours. Mustard blister 
agents include Levinstein Mustard (H), and Distilled 
Mustard (HD). Pure mustard is a colorless, oily liquid; 
impurities impart a characteristic garlic odor. It is suffi
ciently volatile to present a vapor hazard in warm 
weather. 

DEMILIT ARIZA TIOH CRITERIA 

As was shown in Table 1, each agent is contained in a 
variety of munitions. Figure 2 illustrates a typical chemi
cal filled munition, an M360 cartridge. A projectile, 
burster, fuze, cartridge casing, propellant, and primer 
comprise a cartridge. Disposal poses Significant chal
lenges for the following reasons: 
1. Safe disassembly of the explosives. 
2. Disposal of tbe removed explosive components and 

propellants. 
3. Accessing the agent cavity. 
4. Disposal of the toxic agent. 
5. Disposal of the munition bodies. 
6. Disposal of the process generated wastes. 
In addition to these considerations, the Army has estab-

I FEED t CHUTE 

BEARING 
LUBE OIL 
SYSTEM 

KILN 
DRIVE 

ROTARY KILN 

SHROUD 

• EQUIPMENT FURNISHED BY BOLIDEN AlLIS INC. 

Ii shed criteria for the storage, transportation, and disposal 
of CW material. These criteria address the filllowing 
areas, and inHuence selection of disposal alternatives: 
1. Restrictions on total quantity of explosives within the 

process building. 
2. Agent emission limitations. 
3. Process effiuent standards. 
4. Personnel safety requirements. 

The overriding f~lCility design criteria is agent contain
ment [2]. By maintaining negative pressure within all pro
cessing areas, air How is always from areas of lesser con
tamination potential to areas of greater potential; this 
scheme results in agent containment filr all processing 
steps. The resulting ventilation air is scruhhed by redun
dant High Efficiency Particulate Air (HEPA) and charcoal 
filters. These filters are designed to prevent the release of 
detectable agent to the atmosphere. Containment of both 
the overpressure and fragments resulting fi'om an acci
dental detonation is provided for those process steps in
volving explosively configured munitions. This total con
tainment is accomplished by use of a reinforced concrete 
structure contained within the building. Blast valves and 
containment dampers isolate this structure from the rest 
of the building in the event of an accidental detonation. 

CAMDS 

In September 1979, the Chemical Agent/Munitions 
Disposal System (CAMDS) at Tooele Army Depot, Utah, 
became operational. This $67 million dollar prototype 
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Figure 3. DFS Kiln system. 
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plant serves as a test facility to evaluate various processes 
for possible incorporation into future large-scale .produc
tion demilitarization facilities. To support the develop
ment of the process design for JACADS, the Anny initi
ated a comprehensive testing program at CAMDS in 
1982. Results of this program, and experience gained dur
ing actual disposal operations in the late 1970's, assisted 
with development of the JACADS design criteria. 

PROCESS TECHNOLOGY 

The specific process steps and equipment required for 
demilitarization are dependent upon the munition type. 
Generically, all munition types fall into one of three 
categories: 
Rockets and Mines. These thin-walled munitions are pro
cessed without removal of their explosive components, 
except for a small booster in the M23 mine. 
Projectiles and Cartridges. Removal of explosives from 
these heavy-walled munitions is the first processing step. 
Bulk Items. This category includes bombs, spray tanks, 
and ton containers; they do not contain explosives in their 
storage configurations. 
For all three munition categories, the demilitarization 
process involves two distinct operations: preparation for 
thermal treatment, followed by thennal processing. Agent 
destmction is accomplished by incineration. Figure 1 il
lustrates the JACADS processing steps. 

The JACADS facility has been designed with the capa
bility to process all three munition categories. The pri
mary process building comprises 73,000 sq ft on two lev
els. The second Hoor houses the equipment required for 
preparation of the munition for thennal processing. Mu
nition processing is accomplished by machines designed 
and built for specific chemical demilitarization opera
tions. This equipment includes the rocket shear machine 
for shearing rockets and explosives, the projectile/mortar 
disassembly machine for removing explosive components 
by reversing the assembly process, the multipurpose 
demil machine for draining agent from projectiles, and 
the bulk drain station for punching and draining bombs, 
ton containers, and spray tanks. 

The process's four furnaces are located on the ground 
level, facilitating gravity feed of munition components 
into the furnaces. The four process furnaces: the liquid 
incinerator (LIC), the deactivation furnace system (DFS), 
the metal parts furnace (MPF), and the dunnage incinera
tor (DUN) are the heart of the demilitarization operation. 
All furnaces and afterburners are fired with propane filr 

TABLE 3. AGENT INCINERATOR DESTRUCTION REQUIREMENTS 
(200% EXCESS AIR) 

Agent 

GB 
VX 
H 

Discharge Std (mg/m") 

0.0003 
0.0003 
0.03 

Required 
Destruction Efficiency (%) 

99.999999 
99.999999 
99.99995 

warmup, and use JP-5 fuel oil during operations. The fol
lowing sections discuss the design and the role of each of 
these furnaces in the disposal process. 

Liquid Incinerator (LlC) 

In the design of an agent incinerator, the overriding cri
teria is destmction efficiency [3]. Table 3 illustrates the 
degree of destruction required for each agent. Test results 
from past and current disposal systems verify the capabil
ity to meet these values. 

Chemical agent, drained as a liquid from all munitions 
and pumped to intermediate holding tanks, is incinerated 
in the LIC. Design criteria for the LIC are tabulated in 
Table 4. 

Agent pumped from the intennediate holding tanks is 
atomized by a spray nozzle into the primary chamber of 
the two-chamber furnace. The resultant combustion 

TABLE 4. LIC DESIGN CRITERIA 

Primary Secondary 
Chamber Chamber 

Chamber Temperature (OF) 2,700 2,000 
Agent Destruction Time (Sec.) 0.42 
Flue Gas Residence Time (Sec.) 0.90 2.06 
Agent Mean Droplet Size (u) 50 
No.ofbumers 1 2 
GB Rate (LB/HR) 1,050 
VX Rate (LB/HR) 700 
H/HD Rate (LB/HR) 1,330 
Decontamination Solutions' (LB/HR) 2,000 
Salt Collection Efficiency (%) 99 
GB Heat Release (BTU/HR) 9,145,O()O 
VX Heat Release (BTUlHR) 9,204,000 
H/HD Heat Release (BTUIHR) 9,757,000 
JP-5 Fuel Heat Release (BTUIHR) 2,500,000 4,800,000 

* When processin~ GM, 9!l5% H20 and (),5% NaOH; when processing VX or 110. 
97.5% H20 and 2.5% Nne!. 

TABLE 5. DFS DESICN CHln:nIA 

Chamber Temperature (OF) 
Munition Residence Time (Min.) 
Flue Gas Residence Time (Sec.) 
Rockets per Hour 
Mines per Hour 
Bursters/Fuzes per Hour 
Kiln Speed (RPM) 
No. of Burners 
Explosives Heat Release (BTU/HR) 
Propellant Heat Release (BTUlHR) 
JP-5 Fuel Heat Release (BTUlHR) 
Heating Load (KW) 
Conveyor Speed (FPM) 

* Measured at the hUnlt.'r t·nd . 
• * I.B/II H of scrap met;ll. 
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Rotary 
Kiln 

1,000' 
12 (in 1 RPM 

40 
59 

400 
0.5-2.0 

1 
416,000 

2,474,000 
10,000,000 

Heated Discharge 
Conveyor 

1,000 
15 @! I,OOO°F 

1,340" 
690" 

150 
1.4-2.8 

Afterburner 

2,000 

0.5 

2 

16,000,000 
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products are further incinerated in the secondary cham
ber (fume burner). In addition, spent decontamination so
lution is injected into the system to eompletely burn any 
organic constituents present and reduce the solution to 
molten salt and water vapor. Molten salt is removed from 
the system for ultimate disposal. T-Thermal Inc. fur
nished the Lie equipment, but certain proprietary 
aspeets of the design preclude the inclusion of a Lie 
schematic here. 

Deactivation Fumoce System (DFS) 

Disposal of the munitions' explosive and propellant 
eomponents is accomplished by incineration in the DFS 
kiln . Table 5 summarizes the DFS design criteria. 
Bursters and rocket propellants are preprocessed through 
a mechanical shear. This shear reduces the size of the ma
terial and exposes additional surface area to facilitate con
trolled combustion rather than detonation. Fuzes, booster 
pellets, and supplementary eharges are fed to the furnace 
intaet. 

The deactivation furnace consists of a 310 stainless 
steel rotary kiln, eontrolled at I,OOO°F at the burner end, 
and a heated discharge conveyor, operated at I,OOO°F. 
Figure 3 illustrates the DFS. Residence time of the explo
sives inside the kiln is at least 12 minutes-sufficient to 
allow complete burning of all energetiC! material. Upon 
exiting the kiln, the non-eombustible eomponents travel 
on the heated discharge conveyor for an additional 15 
minutes to insure eomplete thermal decontamination of 
any residual agent. The D FS is eapable of proeessing ap
proximately 150 lbs/hr of explosives. 

The exhaust of the deactivation furnace exits through a 
blast attenuation duct prior to entry into an afterburner. 
The DFS afterburner has been designed to the same cri
teria as the LIe secondary chamber (fume burner) [4]. 

,--

2 BURNERS 

r--

The deactivation furnace room was designed to provide 
containment of all fragments, overpressure, and agent in 
the event of an accidental detonation during the incinera
tion proeess. 

Metal Parts Furnace (MPF) 

In addition to the agent and explosives, the munition 
metal parts constitute a third category of hazardous waste. 
Metal that has been in contact with liquid agent has been 
shown to release agent vapors when subjected to elevated 
temperatures, even after the metal has been chemically 
decontaminated. For this reason, all metal parts are ther
mally decontaminated to a criteria of 15 minutes at 
1,000°F prior to discharge from the process areas. Metal 
parts from projectiles and bulk items are processed 
through a separate metal parts furnace (MPF) for thermal 
decontamination. The throughput rates of this furnace are 
a function of the munition types, as shown in Table 6. 
This roller hearth type furna(.'e is designed to process 
metal parts through the nllnace on reusable 3 feet x 10 
feet trays with a residence time of approximately 60 min
utes [5]. Figure 4 is a schematic of the MPF. In addition to 
the decontamination of metal parts, this furnace has been 
designed to incinerate a residual agent "heel" of 5% by 

TABLE 6. MPF MUNITION AVEIlAGE PROCESSING RATES 

Munition Type No.lHour Lbs/Hour (Metal) 

105 mm Projectile 352 23,200 
4.2" Mortar 352 16,000 
155 mm Projectile 181 25,800 
8" Projectile 97 27,500 
Bomb 7 9,900 
Ton Container 2 6,100 
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weight of the agent fill of' each munition. Exhaust gases 
from the MPF are incinerated in an afterburner. Table 7 
shows the design criteria for the MPF. 

Dunnage Incinerator (DUN) 

The fourth furnace system within the JACADS facility 
is the dunnage incinerator (DUN). Table 8 summarizes 
the DUN design criteria. Tbis incinerator is designed to 
burn all process dunnage, including agent contaminated 
wood, wooden pallets impregnated with PCP preserva
tives, contaminated protective clothing, and other pack
aging materials. In addition, the DUN thermally decon
taminates mine drums. The DUN is illustrated in Figure 
5. The primary chamber is a refractory lined furnace oper
ated at approximately 1,600°F when processing combusti
bles in the starved air mode. A ram feeder pushes materi
als into the furnace, simultaneously discharging ash from 
the opposite end. An afterburner assures complete incin
eration of all hydrocarbons. The incinerator has a 
throughput rate of approximately 1,000 Ibslhour of com
bustible dunnage. 

POLLUTION ABATEMENT SYSTEMS 

Each furnace system has an independent pollution 
abatement system designed to scrub the products of com
bustion. The primary products of combustion are shown 
in Table 9. In addition, impurities in the agents result in 
trace quantities of heavy metals in the furnace exhaust. 

Figure 6 illustrates the basic pollution abatement sy~
tern; similar systems are utilized for three of the four pro
cess furnaces (DFS, LIC, and MPF). The incinerators 
were designed for compliance with applicable RCRA re-

r1 r1 

TABLE 7. MPF DESIGN CRITERIA 

Primary 
Chamber Alierburner 

Chamber Temperature ('F)6 
Flue Gas Residence Time (Sec.) 
Munition Residence Time (Min.) 
No. of Burners 
JP-5 Fuel Heat Release (BTU/HR) 
Water Injection (GPM) 
Conveyor Speed (FPM)" 

• 14(Kr'F when proct'ssing ton (:unbliners 

1,600* 

60 
10 

15,142,000 
4.8 
20.6 

.. Two speed mntor-osl'illatinn speed is 10.3 FPM. 

2,000 
0.5 

2 
6,432,000 

quirements. The exhaust of the afterburner is drawn 
through the pollution abatement system by an induced 
draft fan. The quench tower reduces the afterburner ex
haust to approximately 180°F and results in adiabatic sat
uration of the effluent stream. A caustic-brine solution at a 
pH of 8 is used as a quench media to assure neutralization 

TABLE 8. DUN DESIGN CRITERIA 

Cbamber Temperature ('F) 
Waste Material Residence Time (Min.) 
Flue Gas Residence Time (Sec.) 
Waste Feed Rates 

Wood (LB/HR) 
Metal (Mine Drums pel' Hour) 

No. of Burners 
Wood Heat-Release (BTU/HR) 
JP-5 Fuel Heat Release (BTu/HR) 

Primary 
Chamber Afterburner 

1,600 
60 

1,000 
24 
4 

8,OOO,O()O 
1,000,()OO 

2,000 

2.0 

4 

IO,OOO,O()() 
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Figure 5. Dunnage furnace system. 
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of any acid gases. The high energy venturi is a variable 
throat venturi with an approximate 40-inch we pressure 
drop designed to provide 99% efficiency in removal of 
particulate larger than 0.5 microns. The counterflow caus
tic packed-bed scrubber uses stainless steel pall rings to 
scrub the remaining acid gases. Mist eliminators are used 
primarily for removal of PzOs, and also to entrain partiClI
late not removed by the venturi. The mist eliminators 
have been designed with a counterflow acid wash to pre
vent plugging by small particulate metal oxides and are 
washed at regular intervals. 

The DUN pollution abatement system utilizes only a 
quench tower and baghouse to remove particulates from 
the furnace flue gas before it is discharged to atmosphere. 
RCRA pelformance standards that must be met are: 
1. Incinerator destruction and removal efficiency for 

each principal organic hazardous constituent, 99.99% 
2. HCL emissions, 99% removal efficiency or below 4 

LBS/HR. 
3. Particulate matter discharge, not greater than 180 

mg/m'. 

Brine Disposal 

Liquid effluent from the pollution abatement system is 
discarded when the specific gravity reaches a 1.08-1.15 
range, depending upon the agent being processed. Ex
cess water is evaporated from this effluent by the use of 
an evaporator and double drum dryers, yielding a waste 
salt suitable for storage in a RCRA hazardous landfill. 

CONTROL SYSTEM 

While the four incinerators are the heart of the demili
tarization system, the control system is the brain. With the 
exception of the munition input and residue removal 
steps, the demilitarization operation is totally automated 

and is run by operators in the control room utilizing the 
central control system (CON). 

The CON is capable of controlling operations of se
quential (material handling), continuous (pollution 
llbatement system), or hybird (fllfnace system) processes. 
It fllrnishes operator interface to control operations 
through shared displays and animated graphics, as well as 
providing alarm and computer malfunction annunciation 
and recording. It will also provide a high availability 
through redundant I/O and data processors, including pe
riodic management reports through the data acquisition 
computer. The CON temporarily holds all plant informa
tion (over 8,000 data points) for the previous 10 minutes, 
and has the ability to store up to 60 minutes of data per
manently. 

Control hardware consists of 17 individual programma
ble logic controllers (PLCs), 8 operator interfaces (Ad
visor Screens), a local area network (Data Highways), and 
the process data computer (PDAR). A data concentrator 
(Network Manager) is used to improve response time. 
The controllers are Allen-Bradley PLC-3 units program
med using ladder logic. Each controller is a stand-alone 
unit that can operate without benefit of the data concen
trator or operator interference. In practice, however, a 
loss of communication with the network manager will ini
tiate a controlled shutdown sequence . 

The operator interface to the process is the AlIen-Brad
ley Advisor Screen system. Two data highways service 
the eight advisor consoles. Half are on one and half on the 

TABLE 9. AGENT PHOJ)UGTS OF COMBUSTION 

Agent 

GB 
VX 
Mustard 

Products of Combustion 

Co.2, H2O., P2o." HF, NO, 
NO, P20S, 502, CO2, H20 
CU2, 502, HC], H20 NO, 

P~~~~~S----~-r----------______________________ ~ ____ -r __ ~ ____ -' 
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Figure 6. Typical pollution abatement system. 
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Figure 7. Demilitarization protective ensemble (OPE). 

other. This provides redundancy as well as improving re
sponse time between the advisors and the network man
ager. Programs to manipulate process variables are 
written in an English language type of programming lan
guage called GRAFIX. 

The process data and reporting computer (PDAR) col
lects a snapshot of all plant process data every 2.5 seconds 
and stores these snapshots for 10 minutes. It can retrieve 
the data as needed in a Sequence of Events Report. The 
PDAR also produces periodic management reports for 
ACAMS, process excursions, plant emissions excursions 
(SOX, NOX), and equipment malfunctions. Data in re
ports can be accessed via a telephone link with any com
puter running DECNET. Control room operators are also 
provided with closed circuit television to filcilitate moni
toring of the process flow. Additionally, observation cor
ridors sun-ound the process area, allowing for direct view
ing of these areas. 

LIFE SUPPORT SYSTEM 

Although the demilitarization equipment has been de
signed to preclude the requirement filr operators in the 
process area, personnel entry is required to aflect mainte
nance or repairs. Maintenance personnel entering agent 
process areas are protected from exposure to chemical 
agents by the Demilitarization Protective Ensemble 
(DPE) shown in Figure 7. This air-supplied protective 
suit was developed specifically fi)r chemical demilitari
zation operations. In addition to the air supply umbilical, 
the NIOSH approved suit is provided with a backup self
contained respirator for emergency egress in the event of 
a loss of supply air. 

In use, the worker is heat-sealed into the disposable 
chlorinated polyethylene suit and a helium leak test is 
performed to insure a complete seal. Personnel entry into 
toxic areas requires at least two individuals and visual 
contact must be maintained between the workers in any 
one area. DPE workers can communicate with the control 
room and other personnel via a radio communications 
system. 

Environmental Progress (Vol. 8, No.3) 

TABLE 10. ALLOWABLE WORK AREA AGENT CONCENTRATIONS' 

GB 
VX 
H 

• Time Weighted Average 

.0001 mg/ma 

.OOOOl mg/m' 
.003mg/m' 

In the noncontaminated areas of the filcility, each 
worker carries a protective gas mask that can be donned 
in the event of an agent alarm or process upset. The dif
ferential pressures within the facility have been designed 
to prevent migration of agent into noncontaminated work 
areas. These differential room pressures are constantly 
monitored by the CON. 

MONITORS 

All work areas, the control room, and the furnace and 
filter exhausts are continually monitored for agent during 
operations. The primary agent monitor used is the Auto
mated Continuous Agent Monitoring System (ACAMS) 
developed for demilitarization operations. The ACAMS is 
an online automated gas chromatograph capable of speci
fic identification of the chemical agents at concentrations 
less than the allowable work area limits established by 
the DA Surgeon General, and concun-ed in by the De
partment of Health and Human Services. These values 
are shown in Table 10. 

Data from the air monitors provide a permanent record 
of plant emissions, as well as a record of the potential for 
exposure of personnel to agents. Additionally, routine 
medical examination of plant personnel is used to moni
tor indications of agent exposure. 

CONCLUSION 

Since the termination of ocean disposal in uno, the 
Army has safely disposed of over 15,000,000 pounds of 
CW agents. The results of these operations plus the pro
cedures and equipment developed by the Army at 
CAMDS and JACADS demonstrate that disposal of even 
the most hazardous waste can be accomplished safely 
with minimal risk to the workforce and negligible impact 
on the environment. The JACADS demilitarization facil
ity is presently scheduled to begin toxic operations in late 
1989. 
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Destroying Hazardous Waste On Site
Avoiding Incineration 

Terry R. Galloway 
Thermolytica Corp., 5327 Jacuzzi Street, Richmond, CA 94804 

Conventional rotary kiln incineration technology is contrasted with the new 
Thermolytica steam gasification technology from the outlook of the small 
generator. Technical performance, on-site compatibility, environmental 

safety, and economics, are discussed from the viewpoint of the small 
generator together. 

INTRODUCTION 

A common practice today is for the generator to contract 
with a waste hauler to pick up solidified drummed waste 
and deposit it with a landfill operator. Federally man
dated liquid restrictions at landfills are forcing the gener
ator to increasingly use adsorhents in the drums. Even 
this practice is becoming more restrictive and eventually, 
will not be allowed. Increasingly burdensome restric
tions on landfills are just beginning to convince genera
tors to examine other alternatives, particularly on-site 
waste destruction. This paper describes the alternative of 
the Thermolytica" detoxifier, or TLD and contrasts it 
with conventional incinerators. 

The key features in the TLD technology are the use of 
the atmospheric pressure, steam-hydrocarbon gaSification 
chemistry using non-combustible mixtures in a unique 
chemical reactor design that provides the right tur
bulence, temperature, and residence time to get over 
99.99% destruction; a process unit operation and piping 
system that provides the optimal technical requirements 
for this chemistry, safety features, and energy recovery; 
and a waste feed evaporator that receives the waste input 
and provides the right gas chemistry conditions' and vapor 
streams for steam-hydrocarbon gasification destruction. 
For more details, the reader is referred to previous puhli
cations [1-5]. 

In this paper, the new TLD non-combustion technol
ogy is contrasted with that in conventional incineration. 
The key points are summarized below: 

Present Incinerator 
Technology 

• Explosive Mixtures 

• Oxygen-Hydrocarbon 
Combustion 
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Thermolytica 
Detoxifier 

• Non-explosive 
Mixtures 

• Steam-Hydrocarbon 
Gasification 

• Exothermic 
Chemistry 

• Positive Feed 
Pressure 

• Waste Handling 

• No Leak 
Detection 

• Physically Large 
Units 

• Usually Off-site 

• Risk Levels Around 
5 X 10-5 

BACKGROUND 

• Endothermic 
Chemistry 

• Negative Feed 
Pressure 

• No Waste 
Handling 

• On-line Leak 
Detection 

• Physically Small 
Units 

• Compact, On-site 
Unit 

• Risk Levels Around 
1 X lO- 7 

The TLD consists of a steam gasification convertor, 
hereafter call~d SGC, and one or more waste feed evapo
rators, hereafter called WFE, as is shown in Fig. 1. The 
SGC is four feet by six feet by seven and one-half feet and 
l~ses ~tandard industrial electric power, and the WFE is 
four feet by five feet by six and one-half feet. The WFE 
receives waste either by pumping from large tanks or re
ceiving drums of waste directly. The WFE then produces 
a hot vaporized gas stream of the waste that is hlended 
with inert carrier gases and then fed into the SGC. 

The unit operates on a new chemical process that does 
not lise air in any open Harne combustion (as incinemtors 
d~J), but carries out hazardous waste destruction by very 
hIgh tempemture (approaching l,650°C or 3,OOO°F) steam 
gasification chemistry. For typical organic wastes, vent 
gases are mostly carbon dioxide and water. Destruction 
levels exceed 99.99% fiJr even the most refractory or
ganics. The TLD has a capacity of one to five drums per 
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Figure 1. The steam gasification converter and waste feed evaporator 
uses standard industrial electric power and the WFE is 4' x 5' x 6.5. 
The WFE receives waste either by pumping from large tanks or receiving 
drums of waste directly. The WFE then produces a hot vaporized gas 
stream of the waste which is blended with inert carrier gases and then fed 

into the SGC. 

day, 'depending on the waste. The unit is small enough to 
fit on any industrial and business site. This simplifies per
mitting, eliminates waste transportation, and greatly re
duces risk and liability. The TLD can take drummed sol
vent and organic-containing waste directly without 
having to remove the waste from the drum. The drum is 
heated in a special enclosure (called "waste feed evapo
rator," WFE) to vaporize the organics and feed the sys
tem. Larger volume waste tanks can also be pump-fed to 
the system. 

PROBLEMS WITH CONVENTIONAL INCINERATION 

Conventional incinerators are usually of the rotary kiln 
type, where natural gas or fuel-oil-fired Harne combustion 
is generated at one end of the rotating, brick-lined cylin
der. Liquid waste is normally introduced at the location 
of the Harne and is subjected to a variety of effects: mix
ing, convection, vaporization, radiation, aerosol and solid 
particulate formation, PIC formation, etc. [6-8]. The resi
dence time for which the waste is actually in the Harne re
gion may be much less than one second, in fact, the resi
dence time may be as short as 10 milliseconds. The 
majority of valuable residence time for the waste is con
sumed in getting the liquid waste heated and vaporized 
to the high-temperature vapor state, at which point the ac
tual destruction chemistry can just begin. The t.!estruction 
processes cannot begin until the waste components are in 
the vapor state and up to temperature. 

Once the waste has reached the high-temperature 
vapor state, there is an induction time before the destruc
tion combustion chemistry actually takes place, further 
consuming valuable residence time. Then, as part of this 
destruction combustion chemistry, products of incom
plete combustion, or PICs, are formed, sometimes on the 
particulate material that is formed in the original combus
tion chemistry process. These PICs are formed after the 
combustion chemistry has occurred and therefore takes 
place, in sequence, later in time after even more valuable 
residence time is consumed. Finally, these PICs need to 
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undergo combustion destruction, but usually there is very 
little remaining high-temperature residence time. PIC 
destruction kinetics are slow, especially when halogen
ated aromatic hydrocarbons are involved. This scenario of 
the incinerator destruction combustion process helps one 
understand why it is so difficult to get PIC destruction to 
occur satisfactorily before the combustion gases carry the 
unconverted waste out of the hot Hame region into the 
much colder (i.e., I,OOO°F) stack gas region downstream. 
In these colder and cooling spent combustion gases any 
further waste destruction chemistry is quickly quenched 
and the unfavorable thermodynamic equilibria are frozen 
by slowed kinetics. 

A NEW STEAM GASIFICATION APPROACH 
Chemistry 

The TLD detoxification chemistry does not involve 
combustion. The hydrocarbons of the waste are first evap
orated in a separate waste feed evaporator process unit, 
called the WFE. The waste does not leave the WFE until 
it is completely vaporized. Within the WFE the hydrocar
bon vapors are first exposed to superheated steam. In the 
WFE, steam gasification chemistry starts to occur at tem
peratures from 700 to I,100°F. The steam gaSification of 
the hydrocarbon forms CO, CO2, H20, H2, and a small 
amount of CH.. The main chemical reactions are as 
follows : 

C3,H6, + 5x H20E~AT2x CO 

+ (4x + 3y)H2+ xC02 + xH20 

2CO + O2 -> 2C02 + HEAT 

2H2 + O2 -> 2H20 + HEAT 

C + H20-> CO + H2 + HEAT 

C + CO2 -> 2CO + HEAT 

C + H2 -> CH. 

H2 + CO2;: H20 + CO 

Although the steam gasification chemistry has just 
started in the WFE, it continues to very-near completion 
as the gas temperature increases along its path through 
the system into the main reactor. The residence time of 
one second in the nearly isothennal main reactor is en
tirely at elevated temperature; not the only hrief exposure 
to high temperatures as in the incinerator Hame region. 

This TLD chemistry approach avoids using up valuable 
residence time in getting the waste to vaporize, going 
throl,lgh induction delay, through slow combustion kinet
ics, PIC formation delays, and finally PIC destruction be
fore this gas is cooled following the Hame region, as in in
cinerators. Also, the TLD main chemical reactor is heated 
electrically, so that the gases are free of the combustion
produced particulates so typical of incinerators that ad
sorb the PICs and carry them out of the incinerator. 

As a result, the TLD achieves high destruction levels 
over 99.99% and has such low risk levels that locations in 
an urban and residential setting are acceptable by the 
public and environmental groups. The TLD has three 
levels of safe ty features in the control system design that 
insure a very high level of safety (United States Patents 
applied for) that is not found in the industry today. The 
TLD operates at high temperatures well above 1,8OO"F 
up to 3,OOO°F and does not use air, or Hame, or combus
tion of the hydrocarbon liquid hazardous waste. As a re
sult, it avoids the troublesome NOx emissions, and the 
oxygen-radical catalyzed fonnation of products of incom
plete combustion (PIC's) [6]. 
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Waste Feed Evaporator 
• Waste can be drum fed or pumped from tanks 
• Vaporization heat supplied by hot reactor gases 
• Closed-loop process between Evaporator & Converter 

Waste Contairunent 
• Dry, solid residue remains in 

disposable drum 
• Minimal handling of wastes 
• CO2 purged to ensure safety 

.• Double cQntainment to prevent 
leaks or spills 

CO Converter 
• Detoxified gases oxidized to CO2 and H20 

• Vent gases exceed all air emission standards 

Steam Gasification Reactor 
• Complete destruction of organic vapors 
• Operates under negative pressure 
• Electrically heated; no air, fuel or flame 

Adsorber Beds 
• Activated carbon removes 

trace organics and metals 
• Selexsorb removes any 

halogens 

Process Controls 
• Fully automated operation 
• Continuous monitoring of all 

process variables 
• Ensures efficient. reliable 

operation 

• Efficient heat recovery for economical operation 

• Excess heat is recirculated to the Evaporator 

Figure 2. Shows a schematic of the important operational features. Shown at the lower left, the stream "Vapor" is pulled into the SGC under a slight 
vacuum. The vaporization of the hazardous waste occurs in an Autoclave or Viscous Feed Evaporator, shown in Figure 2. After the SGC removes the 
wastes, hot gas is generated and fed out to the vaporizers to pick up more hazardous wastes. A small vent stream of clean gas is released to maintain 
pressure balance. The system is fully automatic, so that the waste handler simply places the waste in the autaclave, selects the waste type, and presses 

the "on" button. 

P,acess 

Figure 2 shows a schematic of the impOltant opera
tional features. Shown at the lower left, the stream 
"Vapor" is pulled into the sec under a slight vacuum. 
The vaporization of the hazardous waste occurs in an 
Autodave or Waste Feed Evaporator, shown in FigllTe 2. 
After the sec removes the wastes, hot gas is generated 
and led out to the vaporizers to pkk up more hazardous 
wastes. A small vent stream of dean gas is released to 
maintain pressllTe halance. The system is fully automatk, 
so that the waste handler simply places the waste in the 
autodave, selects the waste type, and presses the "on" 
hutton. 

Safety Contral Systems 

The TLD has a unique control system that achieves the 
low risk required lor an on-site waste destruction applica
tion. The operation is highly automated through the ap
plication of the latest computer technology-<listributed 
process eontrollers, fail-sale circuitry logic, redundancy, 
on-line process modeling, error checking, ete. 

Operator errors are minimized in the TLD system hy 
only allowing certain actions to be taken in a menu
driven system. The TLD can be monitored li'om an ofl~ 
site SUppOlt center where alarm conditions can be iden
tified and tracked 'and where critkal operating data can be 
archived. 

In normal operation, the TLD automatkally monitors 
key operating parameters, such as temperatllTe of the 
core, bed, vessel walls, gas in, gas out, process chemistry, 
flow rates of TLD leed, adsorption tower capacity, verit 
composition, pH levels, and hazardous materials in leed 
tanks, to ensure that these parameters htll within narrow 
predetermined ranges. If they exceed the alarm limits, 
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the process controller notifies the operator and the sup
POlt center is contacted. If the problem is not corrected 
within 5 minutes, then the TLD automatically shuts 
down. 

There are special salety features to the TLD's process
ing from multiple tank or drum leeds that are appropriate 
to on-site operations. To avoid operator error or deliber
ate abuse, such as placing unexpected hazardous materi
als into a tank filT processing under conditions not "previ
ously approved" for such materials, these tanks have their 
composition "chemistry checked." The TLD processing 
conditions must be pre approved before operation as part 
of the DOHS/EPA pennit. 

A special waste detoxification approval control system, 
herealter called wasteDAC, has been created to provide 
and manage this safety control. The wasteDAC system 
provides a dedicated memory or fingerprint of the chemi
cal and operating characteristics of the waste so that it 
checks the waste in each drum and checks against errors 
of waste identification in the customer's plant. The 
wasteDAC system also helps prevent incompatible 
wastes fi'om being mixed. 

ECONOMICS 

The basis for comparing economiC issues between the 
TLD and incinerators are as fi)llows. Operating the TLD 
at high temperature (approaching l,650°C or 3,()()()OF) 
with steam gasification chemistry, the vent gases involve 
carbon dioxide and water filT most organic wastes; thus, 
no downstream environmental controls are necessary. 
Destruction levels exceed 99.99% for even the most re
fi'actory organics. For these conditions the TLD has a ca
pacity of 1 to 5 drums per day, depending on the waste. 
The unit is small enough to fit on any industrial and busi-
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Figure 3. Disposal costs for generotors of liquid hazordous wastes. 

ness site; this minimizes the cost of in~hllation and per
mitting, eliminates waste transportation, and greatly re
duces risk and liability. The TLD can take drummed 
solvent and organic containing waste directly without 
having to remove the waste from the drum. The drum is 
heated in a special enclosure (called "autoclave") to va
porize the organics into the TLD. Larger volume waste 
tanks can also be pump-fed to the system. 

Rapidly escalating costs of available alternatives to haz
ardous waste disposal are being felt by the small genera
tor. Typical cost increases experienced by the generators 
of liquid hazardous wastes are shown in Figure 3. The in
creases are nearly exponential. 

There are a variety of factors that have caused this in
crease. They are as follows : 
1. Landfill regulation and phase-out 
2. Liability insurance 
3. Legal fees 
4. Permitting 
5. Solidification 
6. Manifesting 
7. Repackaging into smaller drums 
8. Analytical requirements 

The rising cost oflandfill disposal is the result of a large 
increase in landfill ground water monitoring, costs of well 
boring, landfill lining installation and replacement, in
creased legal, insurance, and permitting costs, increased 
analytical and administrative costs, and finally, more care 
and concern for detail everywhere. 

The cost of liability insurance and environmental im
pairment insurance, if available at all, has sky-rocketed. 
For example, for a $2 million dollar insurance coverage, 
an annual premium in excess of $250,000 is typical. This 
has resulted from increased toxic tort litigation and in
creased settlement costs, which has forced insurance 
companies to increase premiums to cover unpredictable 
settlements in the future. The legal defense costs spiral 
upward in direct proportion to the damage settlements. 

Environmental Progress (Val. 8, No.3) 

The regulatory burden on the small generator has be
come expensive. For the small generator in politically ac
tive urban communities, there are dozens of regulatory 
agencies, each claiming jurisdiction over the small gener
ator operations. In many cases, there is direct conflict he
tween the agencies-local, county, state, and lederal. The 
whole arena further pulls into the Iray the environmental 
action groups. Each seems to encourage the other to 
create new and deeper layers of bureaucracy and regula
tory hurdles that must be passed. 

To comply with the RCRA mandated liquids ban in 
landfills, the small generator uses increased amounts of 
adsorbents and other materials to solidify the waste and to 
immobilize any Iree liquids. The difficulty is that the ad
dition of large adsorbent quantities to the waste further 
increases the volume lor disposal. Technically, the liq
uids are still present in the waste, and Irequently still can 
interact with the environment harmfully. Manifesting the 
waste I(lr the hauler requires increasing care and records 
detail. Also, landfill disposal is no longer acceptable lor a 
large fraction of the small generator's waste, and other 
disposal methods, such as incineration, must be used. 
This requires different sizes and type of containers. 
Repackaging into small 15 gallon drums for incineration 
is becoming common. All of this handling is expensive 
and risky, frequently increasing the cost to dispose of the 
original drum of waste to over $400 per drum. Each of 
these different disposal methods require a variety of dif~ 
lerent analytical services and documentation bet<lre the 
waste will be accepted by the hauler. 

Risk of Small Gen_r Ongoing Uability 

The small generator's concern over ongoing liability 
stems principally from : 1. on-site spills from storage, han
dling, and transport of waste, 2. improper manifesting, 
mislabeling or lost labels, 3. combining incompatible 
wastes, 4. drum corrosion and leakage, 5. constantly 
changing regulations, and 6. "toxic torts." 

The small generator's liability from on-site spills Irom 
storage, handling, and transport of waste result Irom the 
fear of soil and groundwater contamination. The cost of 
decontamination of the soil or groundwater can be ex
tremely large, particularly if groundwater aquifers are mi
grating off the generator's property. 

The manifesting process is also an area of risk for the 
small generator. It is through this regulatory operation 
that the written record of the generator and the waste is 
first made and becomes available for abuse. There is also 
the whole problem of improper manifesting, mislabeling, 
or labels that become detached or removed from the 
waste. Waste without any labels must be reanalyzed again 
at costs from $200 to $600 per drum. The whole cost of 
manifesting is Significant for the small generator, from 
even the paperwork standpoint. The cost of errors or man
ifest problems more than doubles the cost in actual 
practice. 

Combining incompatible wastes together can produce 
flammable or explosive mixtures, toxic gases, corrosive 
systems, and all combinations of these undesirable ef~ 
fects. Also, the use of drums to contain and hold hazard
ous waste is a dated and outmoded practice that grew out 
of garbage can and dump mentality. These potential risks 
must be factored into a generator's evaluation of storage 
and handling options. To further complicate the matter 
the small generator is being subjected to a barrage of new 
and changing regulations through the news media, 
technical publications, meetings, etc. 

The regulations change in response to public aware
ness, public whim, and the latest hazardous waste crisis 
headlining the current media. Regulations are also con-
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side red an opportunity area for politicians to get the 
needed notoriety and public attention. The situation with 
landfills is similarly affected. Even highway trans
portation of hazardous waste, as shown recently, can be 
blocked by local government and political action. 

Finally, different agencies frequently have conflicting 
regulatory requirements. A good illustration is the differ
ence between a federal RCRA and a California State 
waste. EPA has defined a RCRA waste to be either a 
listed waste, consisting of a specific list of compounds, or 
a waste mixture characteristic of a particular industry 
type. A California State waste is defined by a specific list 
of chemical compounds, established by their quantified 
health and environmental effects. There are many cases 
where a waste may be either a RCRA or a state waste or 
both, but the correspondence is not simple. Further com
plicating this waste identification problem is the matter 
that both classifications are constantly changing. One day 
the small generator may be destroying a state waste and 
meeting regulatory requirements, and the next day the 
waste may be considered a RCRA waste with entirely dif
ferent standards and permits required. 

THE GROWING NUMBER OF SMALL GENERATORS 

Under the 1984 RCRA HSWA Amendments, EPA de
fines a "small generator" as anyone who generates over 
100 kg (220 lbs) per month but less than 1,000 kg (2,200 
lbs) per month. This act alone multiplies by ten times the 
number of businesses that are under RCRA EPA regula
tion. If a widespread waste pickup service were to be in
stituted to each of these small generators, the number of 
truck-hauling vehicle-miles-traveled would be multi
plied by ten times, as would be the number of accidents 
and spills. Obviously, hauling to a centralized treatment 
facility or even a landfill, if there is capacity remaining, is 
not the solution. 

The large number of small generators across the U.S. 
are now constrained to the 90-day RCRA limitations for 
the storage of hazardous waste. This is intended for 
drums of waste, but is difficult to insure for large tanks of 
waste with new material constantly being added to the 
tanh. There is an ever-increasing liability associated 
with allowing the hazardous waste inventory to build up 
on the small generator's site. Many small generators have 
been switching waste storage from drums to tanks in 
order to reduce their liability. 

TERMINATING LIABILITY WITH ON-SITE TREATMENT 

The one sure way of terminating the small generator's 
liability is to never prepare a "manifest" needed for the 
waste hauler transpOlting the waste to the landfill or cen
tral treatment site. What is needed is no manifest to create 
the public record that initiates this spiralling liability 
problem from the start. The troublesome manifest is com
pletely avoided when the waste is destroyed on-site by 
on-site treatment. Here is where the pessimism ends and 
the refreshing new direction can begin. Many large cor
porations have "seen the light" and made the decision to 
terminate their hazardous waste liability on-site by de
struction of hazardous waste by on-site treatment. 

There are two kinds of on-site treatment approaches 1. 
fixed site, permanent installation for on-site treatment 
and 2. regular visits of a transportable treatment unit to 
tbe site. The first topic has been discussed above and in 
earlier publications [1-5]. The second approach is the 
transpOltable treatment unit, hereafter called the TIU, 
which is the method of choice for the small generator 
with volumes under about 2 drums per day. 
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Advantages af a Transpartable Treatment Unit 

A Panel Van as a TIU is ideal since it is small, econom
ical, and compatible on the highway. This results in a 
very greatly reduced exposure to accidents. A TTU van 
can be set up for waste treatment and moved off-site in 
less than one day. Simple utility connections allow the 
TIU van to move in and out quickly. The best situation is 
to have the TTU van be totally self~sufficient, with as 
many of these utility services supplied on the van. For 
small volume treatment tasks, the TTU van can have its 
own electrical power generator, cellular telephone, in
strument air compressor, and small supply of water. 

Direct communication between the TTU van and a 
Support Center allows a professional staff of trained and 
experienced operating people to monitor the perform
ance of the TTU while it is operating on-site. This ap
proach reduces the requirement of having a large and ex
pensive staff. A support center should be equipped with a 
sophisticated array of computer diagnostic and preventa
tive maintenance analysis tools that will allow a detailed 
examination of the TTU's performance. 

Waste variety and capacity should cover the range of in
terest for the small generator. There is a full range of 
wastes from organic solvents to laboratory solid waste that 
can be processed. Economic payout in two years or less 
should be possible with the range of wastes of interest to 
the small generator. Typically, the costs must be from 
one-half to one-tenth of the costs of waste pickup and dis
posal at landfill sites. 

Risk Minimization 

The public demands that any regulatory agency evalua
tion of a new hazardous waste treatment technology in
clude a thorough consideration of the risks, voluntary and 
involuntary, to which the public is to be exposed as well 
as the benefits to the public. There are many similarities 
between nuclear power generation technology with its 
uranium ore mining, power generation to spent fuel han
dling, and hazardous waste treatment technology in the 
eyes of the public as well as the regulatory community. 
The public fears about nuclear power are shared witb 
concerns about risks to their health and the environment 
fi'om hazardou.s wastes. Hazardous waste and nuclear ma
terials both produce insidious, silent and invisible effects 
over which the public feels they have no control. Their 
concern is over both acute effects from spills and acci
dents and over chronic eflects from long-term exposures 
from contaminated air and groundwater and from the food 
chain. 

The nuclear industry strive to define this risk/benefit 
balance through a concept called "ALARA." This acro
nym stands for "As Low As Reasonably Achievable." This 
concept is implemented by examining the cost tradeoffs 
between the incremental costs from applying new or ad
ditional technology and the savings of human lives due to 
reduction in death from cancer or other accidents. 

The implementation of ALARA is straightforward and 
can be completely apolitical. First, the technologist pro
poses some new piece of technology to reduce the risk of 
hazardous waste-induced cancer deaths. The cost of this 
new technology is compared against dollar savings over 
the lives saved from the incremental risk reduction re
sulting from the application of this new technology. 

A numerical example serves to illustrate ALARA. Sup
pose a new technology costs $250,000 and reduces the 
customer's annual per capita risk to the surrounding pub
lic from 1 x 10-4 to below 1 x 10-6• Further, suppose the 
population exposed originally was 100,000; while after 
the new technology is installed, only 10,000 people are 
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exposed. Thus, originally there is calculated 10 cancer 
deaths, while after the new technology is installed this is 
greatly reduced to only 0.01 cancer death. This is a thou
sand-fold reduction in risk. Taking the value of human 
life (as per the insurance underwriters) at $200,000, the 
original 10 cancer deaths per year would justify an expen
diture of $2 million dollars. Spending only $250,000 to 
get this risk improvement is obviously an excellent trade
off under the ALARA criterion. 

We can also examine under ALARA the advisability of 
doing more. After the $250,000 new technology is in
stalled, the 0.01 cancer death result only provides ajusti
fication for expending another $2,000. Perhaps the only 
improvement that could be made for this small amount 
might be additional activated carbon beds changed out 
more often. 

The following example illustrates the ALARA concept. 
Is the goal risk level of 1 x 10-6 low enough? To answer 
thi~, the everyday risks to which the populace subjects it
self either voluntarily or involuntarily must be con
sidered to place the issue in context. Table 1 provides 
some typical risks. 

Some discussion on Table 1 is in order in comparing 
hazardous waste treatment technologies. A particularly 
interesting comparison was made by the EPA [14] in their 
comparative study of the dioxin emissions from different 
hazardous waste combustion technologies. The dioxin 
emissions (PCDD and PCDF) are about 1,000 times 
worse for municipal waste incinerators, boilers co-firing 
waste, and copper smelting furnaces than for the rotary 
kiln incinerator. It would be impossible to site any of 
these three technologies in the present regulatory climate 
where air toxics emissions are considered. In fact, in Cali
fornia and several other states, where new air toxics risk 
analyses are required by the permitting air districts, even 
the latest technology rotary kiln incinerators have not 
been sited after rather heroic efforts on the parts of large 
Fortune 500 companies. 

To achieve the particularly low levels of risk that are 
acceptable to the public (i.e., 1 x 10-6), the first major 
change away from incinerator problems is to guarantee 
that no flammable or explosive hydrocarbon mixtures 
with air are ever present. Of course, this completely pre
cludes using any kind of combustion of fuel-air mixtures 
so essential to the operation of an incinerator, boiler, fur
nace, etc. The TLD detoxifier uses no flame, no air, no 
combustion, no explosive mixtures. A risk comparison 
with a rotary kiln incinerator is made in Table 1. 

The next area involves hazardous waste feed technol
ogy. Incinerators typically pump waste into the furnace 
section or feed small and combustible fiber drums. These 
operations are risky and prone to occupational worker ex
posures. The TLD takes the hazardous waste directly in 
sealed drums in a proprietary "evaporator"-there is no 
waste handling or open drums. This waste feed evapora
tor will also take continuously fed liquid waste pulled 
into it under negative pressure from an external tank. All 
waste streams within the TLD are under a negative pres
sure, thus preventing pressure-driven leaks to the out
side. In addition, oxygen is used as a tracer for leaks. If 
any leaks do develop, the on-line and continuous oxygen 
detectors instantly detect this, even at very low levels, 
and take safety action. 

On-line monitoring of the carcinogenic products of in
complete combustion PICs) released from commercial in
cinerators has been demanded by the public, but both in
cinerator manufacturers and EPA insist the technology is 
not yet available. As an interim measure in incinerators, 
elevated carbon monoxide levels are used to suggest 
PIes, but they are not measured. Computer and process 
control interfacing is together with the ne(''essary software 
for the TLD to utilize a photoionization detector (PID) as 
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TABLE 1. COMPARISON OF EVERYDAY RISKS TO TIlE PUBLIC 

(Public Mortality in deaths/year per capita) 

Ref. 

Coal-based 
Power Generation 

Nuclear-based 
Power Generation 

Coal Mining-
Black Lung Disease 

Coal Mining-
Accidents 

Motor Vehicle 
AL"Cidents 

Truck Driving 
Accidents 

Falls 
Home Accidents 
Home Radon 

Exposure (5 pCiII) 
7 Tablespoons 

Peanut Butter/year 
3 Cigarettes 

per year 
1 Saccharin-based 

Diet Soda/day 
1 Day Visit to 

Denver per year 
1 Chest X-ray 

per year 
Hazardous Waste 

Landlill Failure 
Conventional Rotary 

Incinerator 
Breathing Diesel 

Exhaust 
Benzene from 

Gasoline Evaporation 
TLD detoxilier-

worst case 

16.74 x 10-' 

0.18 x 10-' 

B.O x 10-3 

1.3 x 10-:' 

2.2 x 10-4 

1.0 x 10-4 

7.7 x 10-5 

1.2 x 10-' 
1.0 X 10-3 

3.5 x 10-' 

7.0 x 10-' 

B.O x 10-4 

1.0 x 10-· 

3.5 x 10-4 

1.0 x 10-4 

5.0 x 10-' 

1.0 x 10-" 

1.0 x 10-' 

1.3 x 10-7 

9 

9 

10 

10 

10 

10 

10 
10 
II 

12 

12 

12 

12 

II 

13 

The Srst two items from Ripon [9], assume the puhli(' is equally ex})()sed to iI single 
!O(K) MWe power pla.nt. The second six items from Hutt [W) use coni mininJt dnta {)l'. 

clipationai worker risk, rather than public, f()r comparison purposes. Remaining items 
from estimlltes made by the Iluthor Ilnd the air quality distrid. 

a PIC monitor for the TLD converter feed stream and 
vent stream. The application of the PID is very different 
from the conventional chromatograph detector and re
quires significantly new instrumentation. 

The PID, as an integral part of the TLD operation 
brings new technology forward for continuous monitoring 
of PICs. The PID can detect organic compounds that are 
of particular concern to industrial toxicologists. For exam
ple, the PID in the TLD is tuned to 10.2 electron volts of 
ultraviolet energy to selectively discriminate between 
harmless organics, such as light aliphatics, carbon oxides, 
etc., and the more toxic aromatic organics, about which 
the public is particularly concerned. Not only does the 
PID monitor the PICs that might be in the vent stream at 
extremely low parts per billion levels, but it will also 
allow the control system to compute the Destruction and 
Removal Efficiency (DRE). This allows a near real-time 
and on-line assessment of the proper operation of the 
TLD for the EPA-required 99.99% DRE. 

THE NEW GENERATION OF PROCESS CONTROL 

There are public-demanded assurances that the equip
ment will be operated correctly and safely and without 
any releases to the environment. These strong demands 
derive from the rather poor public image of incinerators 
based on their actual performance. Incinerator problems, 
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however, have not been just equipment failures but oper
ator error as well. The kinds of operator error are similar 
to those experienced in classic chemical plants, 
refineries, nuclear power, etc. 

The classic philosophy for process control used in the 
last generation of chemical plants and nuclear power 
plants has involved the "control room operator" at every 
critical step. Even early attempts at closed-loop computer 
process control in the 1960's using very large mainframes, 
such as CDC-6600 and IBM 360 Model 80's, always had 
the operator "in the loop." The computer hardware was 
not sufficiently developed or sufficiently reliable to do 
anything else. The computer simply assisted the operator 
with fast computation of heat and mass balances, process 
modeling, economics, operational optimization, etc. In 
the 1970's when micro-electronics began to make com
puterized process control a fresh field, little or no new 
plants were being built to incorporate this new thinking. 
Only now the chemical and nuclear industry admits that 
to secure public acceptance, the new generation process 
control thinking must be a fundamental and integral part 
of the design from the very beginning [15]. In the hazard
ous waste field, new facilities are being constructed. 
There is an opportunity to apply this fresh process control 
thinking. In fact, anything less would not be accepted by 
the public. 

Today the technical quality of the available labor force 
is inconsistent. Operator error, in even the most routine 
functions, sometimes happens. Many companies must es
sentially retain their new hires from high school level. 
This is expensive and seriously slows up the develop
ment and training of a competent plant operating labor 
force. 

The new approach to computer process control no 
longer places the plant control operator in the critical 
loop. In fact, the hardware performance is more reliable 
than is the human process control workforce. The overall 
reliability in hazardous waste treatment process control is 
paramount, particularly in the eyes of the public, having 
been badly biased by recent chemical (Bhopal) and nu
clear plant (Three-Mile Island and Chernobyl) failures. 

The TLD makes complete use of this new, highly reli
able computer process control. The application of triply
redundant process hardware essentially removes com
puter failure as a concern. Distributed microprocessor 
control modules, capable of safely shutting down a given 
process unit in the TLD, are used throughout the system. 

In fact, "ruggedized and hardened" electronic systems 
are used that have been designed for high reliability and 
fault-tolerant operation. The operator never touches a 
valve or a switch in the TLD. The operator only asks the 
process control system what must be done. The process 
controllers accept these instructions and take all required 
actions. Finally, there are specially trained professionals 
at the support center, looking over the shoulder of the op
erator and watching for any questionable acts 24 hours 
per day. 

THE ON-LINE SUPPORT CENTER 

The above described philosophy operates the support 
center. The operator is given the reassurance that some
one is looking on and guiding every critical decision step. 
The support center, in fact, can talk to the operator at each 
site, can closely and more intimately examine critically 
what the operator is doing, can apply sophisticated com
puter modeling to analyze the TLD operation, and if ab
solutely needed, operate the TLD remotely. 

The support center will track each operating com
ponent within the TLD to maintain a current projected 
lifetime limit to trigger preventative maintenance re
placement. Cyclic failure models for each component are 
maintained at the support center. The use of these models 
prevents almost completely any in-service component 
failures. These models also are integrated into preventa
tive maintenance service scheduling to minimize travel 
costs, time delays, and manpower as well as to guaranty 
in-stock service parts, and optimize operational strategy. 
The support center also has a battery of more powerful 
computer process models to assist quickly the processing 
of difficult waste streams and provide an expert systems 
data base that can be brought into play instantly. In this 
way, the support center offers real expertise to each TLD 
user. 

Performance 

The results presented in Table 2 have been obtained 
from operating the full-size TLD at a range of tempera
tures and feed concentrations. Other specific TLD con
figurations, gas feed and liquid feed to synthetic feed sys
tems have been tested at commercial scale. All 
detoxification performance data (shown in the column la-

TABLE 2. TLD PERFORMANCE DATA 

Component TLDCore SYNFeed TLD Exit TLD Exit DRE 
(POHC) OF % ppb org. ppm Co Level, % 

Acetone 2100 9 37 4500 99.9963 
Acetone 2100 10 14 5000 99.9976 
Acetone 2100 26 11400 99.9980 
Acetone 2100 40 11700 99.9951 
Acetone 2100 55 12078 99.9949 
Carbon Tetrachloride 2100 33 21 99.9952' 
Chloroform 2100 33 7.8 99.9992' 
Isopropanol 2100 16.4 3.7 5000 >99.9990 
Isopropanol 2100 19 11700 >99.9978 
Isopropanol 2100 19 6 4500 >99.9994 
Isopropanol 2100 19 12078 99.9977 
Methanol 2100 10 11700 99.9972 
Methanol 2100 35 11500 >99.9996 
Methanol 2100 100 11100 >99.9996 
Methylene Chloride 2100 33 16 99.9978' 
Methyl Isobutyl Ketone 1800 25 <10 >99.99' 
Xylene 2100 0.8 4500 >99.9815 

• These results were obtai.ned from tests conducted on TLD #1001, a prototype unit that was operated at Hercules, CA. 
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beled "DRE, pohc," (with DRE standing for Destruction 
and Removal Efficiency of principal organic hazardous 
constituents, pohcs) were based on the reduction be
tween the quantity in the feed drum or tank and the quan
tity leaving the TLD. The process configuration tested 
was a series of runs utilizing a vaporizer feeding the TLD 
convertor. TLD configurations have processed a variety 
of samples of liquid hazardous mixtures containing a 
combination of heavy metals as solid suspension, an 
acidic aqueous phase, mixtures of solvents paints 
photographic emulsions, photoresist, detergents: etc. ' 

The performance evaluation program (PEP) for the 
TLD is equivalent to the "trial bum" plan required for in
cinerators. The purpose of the PEP, is to utilize a syn
thetic feed mixture of regulatory agency recommended 
surrogates at the 0.5% concentration level added to two 
different solvent matrices as follows: 

Iso-propyl Alcohol: This is a pure, commercial, indus
trial grade of iso-propyl that is run in drum quantity. 

Standard Solvent: This synfeed stream is a mixture of 
xylene (1%), acetone (70%), isopropyl alcohol (19%), 
methanol (9%), and butanol (1%). This test simulates a 
waste stream produced from washing and cleaning opera
tions in the wafer fabrication and other production areas. 

Halocarbon in Methanol: This is a drum of commercial, 
industrial methanol with 0.5% level each of tetrachloro
ethylene and dichlorobenzene added. 

Halocarbon in Toluene: This is a drum of commercial, 
industrial toluene with 0.5% level of tetrachloroethylene 
and dichlorobenzene added. 

Halocarbon Solvent: This synfeed stream is a mixture 
of acetone (68%), isopropyl alcohol (19%), methanol (9%), 
xylene (1%), butanol (1%), Freon 113 (TF) (1%), and 
Trichloroethane (TCA) (1%). This test simulates a waste 
stream produced from various solvent collection opera
tions where typical solvents have become contaminated 
with TF and TCA. 

Pump Oil: This synfeed stream is vacuum pump oil 
with xylene (1%), toluene (1%), isopropyl alcohol (1%), 
and TCA (1%). This test simulates pump oil collected 
from wafer fabrication and other production areas. The oil 
is from vacuum pumps that pull vapor streams off of pro
duction operations. 

Solid Waste: This synfeed stream is a collection of plas
tic gloves, lab-wipes, vacuum pump oil filters, and other 
paper and plastic products all combined into a 5 gallon 
pail placed into the 55-gallon drum in the autoclave. This 
test simulates the typical laboratory waste collected from 
industrial laboratory areas. 

ENVIRONMENTAL EMISSIONS 

The following discusses the topical subject area re
quired under the RCRA guidelines for a "trial bum" for 
incinerators, which had to be modified to cover the PEP 
for the TLD. 

eo.stitw.ts Sampled/Monitored 
Oxygen ond Corbon Dioxide Emissions 

As described above, oxygen is monitored in both feed 
and vent streams. The oxygen levels are important in pre
dicting conditions that might lead to PIC formation possi
bly even dioxin. Oxygen is also used to monitor the her
metic integrity of the process piping and vessels that 
might be compromised by leaks. Carbon dioxide is not 
monitored, since it is produced and controlled by the wa
ter-gas shift reaction being controlled by CO and water 
vapor concentrations. 
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Total Hydrocarbon. Emission. 

The major volatile hydrocarbon emissions are methane 
at about one-third of the CO emissions, or about 8 to 100 
ppm, depending on the character of the organic synfeed. 
The methane level is so low, that further quantification 
does not appear justified. Total combustibles were occa
sionally measured with a Teledyne Max-5 combustion 
analyzer and found to be below about 100 ppm. This 
would include any hydrogen gas that was not completely 
converted to water in the CO converter. Heavier volatile 
hydrocarbons are monitored as described below. 

Carbon Monoxide Emissions 

The CO in the process vent was controlled by the 
amount of air being fed to the catalytic CO converter. 
With only the air into the converter being fed from the 
turbine labyrinth seal, typically the CO levels in the pro
cess vent were around 9,500 ppm, which, upon dilution 
with air being drawn through the TLD by the exhaust fan 
yields a calculated 93 ppm at the stack. These stack 
values are being confirmed by a portable Teledyne Max-5 
Combustion Monitor. This is a removal of 97% of the CO. 
When additional air was added to the CO converter, the 
TLD stack CO levels were then reduced from 93 to 
around 23 ppm. This amounts to a CO removal.of99.3%. 
During test 46, the DOHS Industrial Hygienist brought a 
portable and sensitive CO monitor to measure the CO 
around the outside of the TLD at 5 ppm and inside the 
TLD enclosure at 15 ppm. These are orders of magnitude 
below safe OSHA workplace limit values. 

For the purposes of comparison, the San Francisco Bay 
Area AQMD mass emission level under Rule 8 for hydro
carbon processors would be 550 lbs/day and Rule 2 for 
miscellaneous operations would be 15 lbs/day to trigger a 
major source review and CO permit requirement. For 
comparison, the typical pre-1968 automobile (Le., VW) 
has highway cruiSing emissions around 250lbs/day, 
whereas a new larger American vehicle meeting EPA 
standards has a cruise emissions limit of 238 lbs/day and 
an idle limit of 49.6 Ibs/day. Thus, by comparison the typ
ical TLD emissions of from 4 to 20 lbs/day seems to be 
completely acceptable. 

In Table 2 the CO emissions from the TLD process 
vent inside the TLD enclosure have been presented as 
mass emission rates in lbs/day, and the CO being released 
to the environment via the roof fan after dilution with the 
air being circulated through the inside of the TLD enclo
sure is shown in the last column labeled "stack." These 
CO levels are very low and considered very acceptable 
for a roof-top emission. Typically, the TLD will use a 
BAAQMD-recommended "up-blast" roof-top fan (Le., 
such as manufactured by Chelsea) that achieves very high 
levels of mixing and dilution for roof-top safety. CO levels 
inside the duct above the TLD enclosure were measured 
with the Teledyne Max-5 monitOr and found to reach a 
maximum of about 300 ppm. After mixing within the duct 
and fan housing, CO concentrations of around 23 to 100 
ppm are experienced. 

Particulate Motter (PM) E .. luions 

Particulate matter concentrations are being determined 
by means of a heated absolute (2 micron) filter, manufac
tured by Balston. This unit has a pre-dried and quantita
tively weighed cylindrical cartridge that is removed after 
an extensive time period (i.e., 4-8 weeks). From the inte
grated volumetric lIowrates through the filter, the mass 
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concentration of particulate emission will be computed 
and reported. 

Hal .... n Chloride. 

These halogen chlorides are being measured continu
ously, when appropriate, by a total halogen chloride cell 
in the analytical system. There is also a cell that is specific 
to fluorides, so that if there are freon or TF solvents con
taining fluorine-containing organics that can be detected 
real-time. 

Total Organic Hallel .. 

When appropriate, organic halides will be measured by 
Tenax sorbent tube traps provided that there are halogens 
present in the feed in amounts greater than 2.5%. 

Monitoring POHC. and PIC. with Sorbent Trap. 

The emissions of the heavier (non-methane) volatile 
hydrocarbons are so low that NIOSH methods with opti
mized high sensitivity, developed for industrial hygiene 
for human inhalation protection, are being used to moni
tor TLD operation. The technique involves using the 
smallest size (Le., 140 mg) SKC dual-bed charcoal sorbent 
tube traps, through which is drawn an accurately moni
tored "slip-stream" quantity of vent gas. From the ratio of 
flow rates of full vent gas to the small "slip-stream" cap
tured by the sorbent trap, the quantity of heavier volatile 
hydrocarbon can be calculated. This is compared to the 
heavier volatile hydrocarbon being fed into the TLD in 
the synfeed (synthetic waste), to arrive at destruction and 
removal efficiency, DRE, see Table 2. 

A comparison of the above DRE results with PCB 
DRE's published in a review article [16] has been made 
in Figures 4 and 5. First, the TLD data fall right in the 
range of published data for 1.0 second residence time, 
slightly better DRE than oxygen-starved incinerators. 
TLD acetone data do not show the concentration depend
ence that incinerators do. 

In addition to the above techniques and results, work 
has been done with XAD2 Resin-containing sorbent tube 
traps from PIC determination. Samples of tests have been 
taken for Dioxin and Furan using the XAD2 resin sorbent 
sample traps. Results from one test have shown the 
Dioxin (specifically 2,3,7,8 TCDD) was not detected 
below the level of detection at 16 picograms. Another test 
showed that 2, 3, 7, 8 TCDD measurements were below 
the level of detection at 3.7 picograms. These results 
were used to compute the TLD risk levels discussed 
earlier. 

Samples of the original commercial solvents have been 
analyzed using advanced GC/MS techniques. The pur
pose of these tests were to look for any of the more gen
eral dioxin, furan, benzopyrene, anthracene, chlorophe
nol isomer classes that might show up as possible, incom
pletely destroyed POHCs that would otherwise be erro
neously determined as PICs formed in the TLD. It has 
been found by others working with incinerators that com
mercial feed chemicals are frequently contaminated with 
such complex organics. The GC/MS results show no de
tectible contaminants that could be confused with PICs. 

CONCLUSIONS 

New chemical process equipment that destroys hazard
ous waste in a small, automated package for on-site use 
has been developed that uses steam gaSification technol
ogy. This unit is called the TLD. It is aimed at the small 
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generator, particularly for the electronics, petrochemical, 
petroleum, and general manufacturing industries. The 
TLD's operating characteristics are: 

• Uses steam gasification chemistry to avoid combus
tion & oxygen. 

• Achieves destruction levels of 99.99% or more, con
sistent with literature. 

• Has better micromixing, temperature, and residence 
time than incinerators. 

• Is small enough to fit into abuilding's mechanical 
area. 

• Destroys organics in the solid, liquid, or vapor state. 
• Processes continuous waste feed streams. 
• Processes drummed wastes without removal from 

drums. 
• Operates high-temperature waste feed system for 

drum loading. 
• Utilizes advanced microprocessor controls for auto

mated operation. 
• Achieves low risk levels by unique chemistry and 

environmental controls. 
Performance data has been presented with examples of 

the unit's performance on a wide range of hazardous 
waste materials. The economics of operation are ex
tremely competitive with costs for landfill disposal, deep
well injection, regional incinerators, and rotary kilns. 
This TLD solution to on-site hazardous waste manage" 
ment is a new generation that has a promising future. 
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Public Impact on Technical Research: 
The Dissimilar Fates of Two Waste 

Gasification Projects 

Charles A. Wentz 
Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439 

and 

Terry R. Galloway 
Thermolytica Corporation, 5327 Jacuzzi Street, Richmond, CA 94809 

Gasification is an innovative process that offers considerable potential for 
highly efficient thermal ckstruction of hazardous wastes. To explore this 
potential, plans were mack to use gasification to ckstroy polychlorinated 
biphenyls (PCBs) in a demonstration project at the University of North 

Dakota Energy Research Center's pilot-plant lignite gasifier. The Center 
received the necessary state and feckral environmental permits in July 

1986. However, shortly after the permits were granted, public opposition 
to the PCB program developed. The state operating permit was revoked 

and the project was terminated. In contrast to the North Dakota 
experience, research conducted by the Thermolytica Corporation in 

California has resulted in commercialization of a gasification cktoxifier for 
hazardous waste ckstruction. The nature and dissimilar fates of the North 

Dakota and California projects are reviewed. 

INTRODUCTION 

Protection of human health and the environment is of par
amount concern in the field of hazardous waste manage
ment. In the case of hazardous organic compounds, this 
protection has traditionally been sought through isolation 
of the hazardous materials. Waste isolation has involved 
s1.)ch practices as disposal in landfills, surface impound
ments, and injection wells. However, it is now becoming 
apparent that thermal destruction of hazardous organic 
compounds is a preferable and achievable alternative to 
traditional isolation techniques. Thermal destruction in
volves exposing the hazardous materials to high tempera
tures in an oxidizing environment [1]. 

The toxicity and hazards of organic molecules usually 
are determined by their structures. To the extent that a 
thermal process can convert waste molecules to carbon 
dioxide, water, and inorganic substances, the potential 
hazards to public health and the environment are elimi
nated or reduced, and the volume of waste to be managed 

This researcl. UJ(JS not funded througl. Argonne Natio"," Laboratory. 
Dr. Wentz UJ(JS emp/oyed at the University of Nortl. Dakota Energy 
Research Center at the tilne tl.e gasification research discussed here 
was in progress. 
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is decreased. A beneficial side effect is that it may be pos
sible to recover energy or other useful by-products from 
thermal destruction systems. 

BACKGROUND 

Performonee Stondord. 

The U.S. Environmental Protection Agency (EPA) has 
developed performance standards for thermal-destruction 
systems under the Resource Conservation and Recovery 
Act (RCRA) of 1976 [2]. An incinerator for hazardous 
waste must achieve a destruction and removal efficiency 
(DRE) of at least 99.99% for each principal organic haz
ardous constituent (POHC). 

The pollution-control systems of hazardous-waste in
cinerators usually include a combustion gas quench and 
scrubber to cool, neutralize, and control particulate mat
ter in the hot gas. With poorly controlled thermal-destruc
tion conditions, some of the hazardous waste may decom
pose only partially to form products of incomplete 
combustion (PICs). When thermal-destruction facilities 
have high DREs for the identified POHCs, the air em is-
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sion concentration ofPICs is low and not of environmen
tal concern. 

The EPA also has developed perfonnance standards for 
the incineration of liquid PCBs under the Toxic Sub
stances Control Act of 1976 [3, 4]. An incinerator for liquid 
PCBs must meet the following criteria: 

• Maintenance of the introduced liquids for a 2-s dwell 
time at 1,200" ± l00"C and 3% excess oxygen in the 
stack gas; or 

• Maintenance of the introduced liquids for a 1.5-s 
dwell time at 1,600" ± l00"C and 2% excess oxygen 
in the stack gas. 

The EPA has interpreted these conditions to require a 
DRE of at least 99.9999% for liquid PCBs. An incinerator 
for non liquid PCBs, PCB articles, PCB equipment, or 
PCB containers must also attain a DRE of at least 
99.9999% [5]. 

Gasification Process 

High-temperature gasification can provide highly effi
cient destruction of hazardous waste. Oxygen, steam, and 
hazardous substances are injected into the gasifier, and 
combustion of the hazardous substance occurs at the 
point of introduction of the oxygen. The hazardous hydro
carbon is converted to carbon dioxide and water through 
oxidation. This oxidizing zone is like an incinerator, ex
cept the minimum temperature in this zone of the gasifier 
is 3,0OO-3,200"F, compared with a maximum temperature 
of less than 2,600"F in a conventional incinerator. 

Following the oxidizing zone is a reducing zone where 
the oxygen is consumed completely. The steam in the 
gasifier contacts the carbon source to create the reducing 
atmosphere, generating hydrogen and carbon monoxide. 
The combination of high-temperature oxidation followed 
by high-temperature reduction should ensure thermal de
struction of the hazardous waste. 

The rate of thermal destruction of any hazardous sub
stance is directly proportional to the destruction tempera
ture. Since pure oxygen is used, the destruction tempera
ture should reach 3,OOO"F within 1 s. The traditional 2-s 
residence time required by EPA for conventional PCB in
cinerators should be orders of magnitude longer than the 
time required for gasification to achieve similar DREs. 
The DREs achieved through gasification are significantly 
higher than those achieved in conventional incinerators 
and offer the opportunity to more thoroughly destroy haz
ardous wastes. These extremely high DREs should result 
ina more cost-effective process and provide greater pro
tection to human health and the environment. 

An additional merit of gasification could be the produc
tion oflarge volumes of hydrogen, carbon monoxide, and 
methane. Production and recovery of these valuable gasi
fication by-products represents a desirable environmental 
goal, compared with the production of carbon dioxide and 
water from conventional incineration processes. 

PCB Research 

The chemistry of the gasification of chlorinated hydro
carbons is similar to the gasification of coal. Chlorinated 
hydrocarbons such as trichlorobenzene and PCBs are gas
ified to produce carbon monoxide, hydrogen, and meth
ane, as well as hydrogen chloride. Hydrogen chloride 
must be recovered or removed through a neutralization 
process . 

When PCBs and other chlorinated hydrocarbons are in
cinerated, there is a potential to produce undesirable 
chlorinated dibenzo-p-dioxins and chlorinated diben
zofurans (CDF) [6]. Numerous possible isomers exist for 
both of these chemical substances [7]. The most toxic 
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chlorinated dibenzo-p-dioxin to guinea pigs is 2, 3, 7, 8-
tetrachloro dibenzo-p-dioxin (TCDD). The fonnation of 
TCDD and CDF can occur when chlorinated hydrocar
bons are subjected to temperatures of 500-1,25O"C. How
ever, only insignificant quantities, if any, of either CDF 
or TCDD could survive the nonnal operating tempera
tures of the gasifier. 

NORTH DAKOTA PROJECT 

Early Stag •• 

Recognizing the potential of the gasification process, 
Union Carbide Corporation contracted with the Univer
sity of North Dakota's Energy Research Center in Grand 
Forks to demonstrate the use of this technology to destroy 
PCBs in the Center's pilot-plant gasifier [8]. Once Union 
Carbide and the Energy Research Center agreed on the 
details of the experimental program, the Center applied 
for the necessary state and federal permits. The project 
was discussed with EPA Region VIII personnel, and their 
recommendations were followed in preparing the penn it 
application. The EPA application was filed April 28, 
1986, and the permit was granted July 2, 1986 [9]. 

North Dakota State Department of Health personnel 
were also informed of the proposed research, and their 
recommendations were followed in the preparation of the 
permit application submitted to that agency. On July 11, 
1986, the state issued a one-time approval for the PCB 
program at the Energy Research Center [10]. 

Shortly after the State Health Department and EPA 
permits were granted, a group of local citizens began a 
campaign in opposition to the PCB-destruction research 
program, and the local newspaper became involved in the 
issue. Several times a week, the newspaper featured sto
ries on PCBs and the potential risk of the gasification pro
gram. (Later, in January 1987, the paper changed its posi
tion and became supportive of the project.) 

In July 1986, the Energy Research Center began issu
ing informational press releases and holding public meet
ings to address the concerns expressed by local citizens 
and the news media. The PCB project came under in
tense public sCI:Utiny and remained in the news limelight 
for the duration of the program. 

Pilot Plant Modifications 

The pilot plant gasification unit at the Energy Research 
Center was modified, as shown in Figure 1, for the PCB 
thermal-destruction demonstration. A hydrocarbon liquid 
injection system was installed to feed PCB and surrogate 
liquid chemicals to the hottest zone of the gasifier. The 
steam and oxygen were to be injected in the same manner 
as during previous coal operations. Petroleum coke re
placed coal in the gaSifier to enhance the analytical reli
ability. Additional sampling points were added for the 
sensitive measurements that would demonstrate the ex
tremely high thennal-destruction efficiencies. The scrub
ber system was modified slightly to accommodate a caus
tic solution to remove hydrogen chloride. Several 
safeguards were added throughout the gasification system 
to ensure no unreasonable risk to human health or the en
vironment. Any condition that conceivably could lead to 
incomplete PCB thennal destruction would cause auto
matic shutoff of the PCB How. 

The hottest zone of the gasifier would be operating at 
3,OOO"F or higher, with a residence time of greater than 
1 s, followed by a second zone at 2,100°F for at least 1 s. 
Thermal-destruction efficiencies of 99.999999% were ex
pected for all chlorinated hydrocarbons. Verification re
quired a high degree of preciSion in the analytical tech-
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Figure 1, Gasification process for liquid chlorinoted hydrocarbons, 

niques, Standard EPA-developed controls would be used 
to monitor this research program, and additional, inter
nally developed analytical techniques would be em
ployed to ensure efficient and safe gasifier performance, 

Gas samples would be taken continuously at the 1O-foot 
level of the gasifier, and results would be available within 
20-30 minutes, These samples would determine the lev
els of PCB and other chlorinated hydrocarbon destruction 
efficiencies to at least 99.999999%. This sampling and on
site testing would quickly disclose any disruption in the 
thermal-destruction process for PCBs and other chlori
nated hydrocarbons. Analysis ofadditional samples of the 
off-gas taken by Battelle Columbus Division (Columbus, 
Ohio) would require a turnaround of between 10 days and 
2 weeks. Battelle would measure PCB destruction effi
ciencies to at least 99.999999% and possibly 
99.9999999%, as well as determine the presence of any 
trace amounts ofTCDD and CDF. 

Pilot Plant Testing 

The unit was tested to establish the general operability 
of the modifications made to the gaSifier, the scrubber, 
and other equipment. Once the gasifier performed satis
factorily using only coke, steam, and oxygen as feed
stocks, injection of liquid hydrocarbons began. A test ma
trix was designed consisting of a chlorinated hydrocarbon 
surrogate (trichlorobenzene) that would simulate PCBs. 

Use of surrogates in a stepwise test program is a stand
ard research procedure that allows research to proceed in 
a controlled manner permitting maximum data collection 
while minimizing the risk of operational and environ
mental problems. Before the trichlorobenzene was 
tested, however, a nonchlorinated hydrocarbon surrogate 
was needed to check the general operability of the liquid 
hydrocarbon injection system and the analytical pro
cedures. Toluene was selected as a suitable nonchlo
rinated hydrocarbon surrogate. Later virgin mineral oil 
was added to initiate startup operation on liquids. 

By November 1986, the opposing citizens and their at
torney were threatening to file a lawsuit to terminate the 
project. In the face of this public pressure, the State De
partmept of Health suspended their previously granted 
research permit, and the president of the University of 
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North Dakota halted the project pending a public 
hearing. 

In December 1986, the state and the university admin
istration agreed to allow a brief gasifier run with diesel 
fuel to test equipment modifications, particularly the new 
liquid injection system. Also, the test would afford the op
portunity to refine analytical sampling techniques and 
chemical analysis procedures. 

The initial startup was promising. During this initial 
testing, OREs in excess of 99.9999% were achieved for 
several alkane hydrocarbons in the fuel oil surrogate. The 
sensitivity of the analytical results with diesel fuel was 
limited by the similar origin of the petroleum coke, which 
contributed background hydrocarbons to the off-gas that 
were identical to the feed components of the diesel fuel 
being tested, As a result, it was believed (but could not be 
verified) that the OREs were well in excess of99.9999%. 

Project Termination 

The public hearing on the project was held in February 
1987 and lasted three days. It was carried live by the local 
radio station. During the hearing, the scientific merit of 
the project was not debated by those speaking in opposi
tion. Instead, the testimony opposing the permit was 
based on emotional issues, stressing the alleged risk of 
operating this project at an in-town campus location 
[11,12]. During the hearing, an expert witness concluded 
that this project was many orders of magnitude less risky 
than common, everyday activities of the general popula
tion [13]. 

On April 13, 1987, the State Department of Health re
voked its permit for the project, stating that the residen
tiallocation of the Energy Research Center should not be 
used for the PCB project or for any future research involv
ing hazardous materials. Later the president of the Uni
versity banned all hazardous waste research on the 
campus. 

THERMOL YTICA DETOXIFIER PROJECT 

At about the same time the gasification project was 
being pursued at the University of North Dakota, the 
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Figure 2. The thermolytica process for hazardous waste detoxification. 

Thermolytica Corporation was also studying gasification 
technology for destruction of hazardous waste. This re
search, performed in California and independent of the 
etlort in North Dakota, has resulted in the commerciali
zation of a gasification detoxifier, described in detail in 
another paper in this issue. 

The Thermolytica process unit (TLD), shown in Figure 
2, consists of an autoclave and detoxifier that are operated 
in series to ensure high DREs for hazardous waste de
struction. A drum containing the hazardous waste is 
placed in the autoclave and heated to as high as 1,050°F to 
volatilize the organic waste. The organic vapors then How 
to the detoxifier, where they come in contact with inject
ed steam and are destroyed by the gasification reactions. 

Typical detoxifier operating conditions are about 
2,100°F and a slight negative pressure. At 2,100°F the 
TLD has consistently demonstrated DREs in excess of 
99.99%, which is the RCRA regulatory requirement. 
DREs greater than 99.999% have also been measured at 
the 2,lOO°F temperature level, thereby demonstrating the 
feasibility of the engineering principles in the North Da
kota program, which was to operate at 3,OOO°F or greater. 

It should be noted that tests have now been performed 
on the TLD that substantiate the theory that no significant 
quantities of TCDD are produced in a high temperature 
gasification process for the destruction of chlorinated hy
drocarbons [14]. A mixture of toluene and xylene, contain
ing 0.5% perchloroethylene was gasified by the TLD with 
31% molar excess steam. Within the 0.2 part per trillion 
sensitivity limits of the EPA-recommended analytical 
process used, no detectable amounts of 2,3,7,8-TCDD 
were found in the TLD off-gas samples. Hydrocarbons 
that contain chlorine such as PCBs may produce TCDD 
in uncontrolled fires, and previously no data existed to re
fute the contention that high-temperature gasification 
processes might generate TCDD. Much of the opposition 
to the North Dakota program was focused upon the uncer
tainty of the fOlmation and survival of significant amounts 
ofTCDD in the 3,OOO°F gasification process. 

ROLE OF PUBLIC OPINION 

Several factors contributed to the successful develop
ment of the TLD in California. A major factor was that the 
project had the support of the area citizens, particularly 
the local Sierra Club. This support allowed the scientists 
and engineers to concentrate their efforts on the technical 
aspects of the research and development project. In con
trast, those involved in the North Dakota project found it 
necessary to divide their time between developing the 
project and defending it in the face of public and media 
opposition. 
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The attitudes of state agencies also were a factor in the 
different fates of the two projects. The State of California 
regulatory agencies that interacted on environmental 
matters were strongly supportive of the gasification con
cept for hazardous waste destruction. In fact, the Califor
nia Department of Health Services, Advanced Technol
ogy Section, awarded Thermolytica a grant to assist in the 
development of the market test units [15]. Both local citi
zens and California regulators recognized the need for re
search to improve upon existing processes for hazardous 
waste management. This degree of support was lacking 
filr the North Dakota project. 

To those involved in the project, the potential environ
mental and economic benefits of the PCB destruction 
demonstration program at North Dakota appeared to 
greatly outweigh the potential risks. The research in
volved small quantities of substances that would have 
been confined and treated to minimize any potential en
vironmental impact from accidental spills or discbarge 
during the operation. However, the ultimate permitting 
decision that ended the project seemingly was based not 
on the technical merits of the etlort, but on subjective 
perception and emotion. 

In contrast, within an atmosphere of general public and 
state agency support, the Thermolytica project was al
lowed to proceed on the basis of its technical merits. The 
result was the development of a highly promising com
mercial process for the destruction of hazardous waste. 

CONCLUSION 

These two cases demonstrate that meaningful progress 
can be made on the crucial issues Vf hazardous waste dis
posal when the all too prevalent "not-in-my-backyard" at
titude is replaced by public willingness to evaluate a 
project in terms of its technical merits and potential bene
fits , balanced against objective (not emotional) considera
tion of potential risks. Well-designed research is neces
sary to arrive at meaningful solutions to waste-disposal 
problems. If promising research studies (such as the 
North Dakota project) are smothered in a blanket of sub
jectivity, the environment will continue to be abused. 
The public and regulatory agenCies must become willing 
to accept constructive roles in efforts to solve these 
problems. 
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Innovative Thermal Destruction 
Technologies 
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Five innovative technologies for thermally destroying hazardous 
wastes were selected and are described. They are oxygen-enriched 
incineration, Westinghouse/O'Connor combustor, circulating bed 

combustion, infrared system, and plasma arc. Two important criteria used 
in selecting these technologies are that they are at least at the stage 

of pilot-scale demonstration and appear to be promising in 
terms of destruction effectiveness. 

INTRODUCTION 

The disposal of solid wastes is an environmental issue of 
the 19805 and will continue as long as waste is continu
ously produced. EPA's research data and industry's oper
ating experience indicate that incineration, when com
pared to the other alternative technologies, has the 
highest overall degree of destruction and control for the 
broadest range of various waste streams [1]. 

Incineration has been used for waste disposal for many 
decades. Major conventional incineration technologies 
used for various waste types are summarized in Table 1. 

One of EPA's functions in their RCRA and Superfund 
programs is to assist industty in developing innovative 
technologies for waste destruction. Their main activities 
in this area are described below. 

During 1980-1984, EPA's Hazardous Waste Engineer
ing Research Laboratory in CinCinnati, Ohio sponsored a 
research program under RCRA to evaluate the perform
ance of innovative thermal technologies for hazardous 
waste destruction. The program selected and tested the 
following six innovative technologies [2]: 

• Fluidized bed 
• Molten salt 
• Advanced electrical reactor 
• Plasma arc 
• Wet air oxidation 
• Supercritical water 

This paper describes selected innovative technologies 
supported either by EPA's RCRA and SARA programs or 
developed by industry since 1980. Two of the important 
criteria used in selecting these technologies are that they 
are (or had been) at least at the stage of pilot-scale demon
stration and appear to be promising in terms of destruc
tion eflectiveness. The technologies selected are listed in 
Table 2. 
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TECHNOLOGY DESCRIPTIONS 
Oxygen-Enriched Incineration 

Successful hazardous waste incineration requires an in
tensive, complete destruction/oxidation of waste mole
cules with oxygen. Current incinerators require about 
150% excess air to provide enough oxygen for oxidation, 
and require that the so-called 3-T factors (temperature, 
turbulence, and residence time) be adequate to ensure ef~ 
6cient destruction. Because 79% of air is nitrogen, the 
majority of any excess air used will not contribute to the 
effectiveness of incineration and will only result in extra 
energy required to raise the nitrogen to combustion tem
perature, and additional product gas handling and 
cleaning requirements. As a matter .of fact, two of the 
3-T's (turbulence and residence time) are essentially the 
physical parameters used to promote the contact of haz
ardous waste palticles with oxygen. Therefore, it seems 
logical that increased oxygen concentration should im
prove incineration or destruction efficiency. 

In 1987, under the sponsorship of EPA's Oflice of Re
search and Development, the Union Carbide Corporation 
(UCC) tested its oxygen-enrichment burner, the Linde 
Oxygen Combustion System (OCS), lin EPA's Mobile In
cineration System (MIS). The burn took place using the 
dioxin-contaminated solids and liquid waste located at 
the Denney Farm in McDowell, Missouri. EPA's MIS 
was built in 1981 [3]. It originally consisted of four heavy 
<:juty, over-the-road semi-trailers. They were: 

• Trailer 1: Rotary kiln (4.9 MMBtulhr, i.e., million 
Btulhr) 

• Trailer 2: Secondary combustion chamber (3.9 
MMBtulhr) 

• Trailer 3: Scrubber and air pollution controls (APC) 
• Trailer 4: Combustion and stack gas monitoring 

equipment 
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TABLE 1. WASTE TYPES AND THEIR CONVENTIONAL INCINERATION TECHNOLOGIES 

Waste Type Conventional Incineration Technologies 

Hazardous Waste • Rotary kilns 
• Liquid injection incinerators 

Biomedical Waste • Excess-air modular incinerators 
• Starved-air (two-stage) modular incinerators 

Municipal Waste • Mass-burning incinerators 
• Refuse-derived fuel (RDF)-burning incinerators 

Industrial Sludges • Multiple hearths 
• Fluidized heds 

Municipal Sludges • Multiple hearths 
• Fluidized beds 

The conventional air burner system was replaced by 
the Linde OCS. The Linde OCS consists of the patented 
"A" Burner, an oxygen flow control piping skid and a con
trol console [4-6]. The control console utilizes a program
mahle controller to optimally integrate all system com
ponents into a flexihle combustion package while 
providing for easy operator interfacing and safety inter
locking. The A Burner allows the use of up to 100% oxy
gen in place of air for incineration without creating high 
flame temperatures, high NO" poor mixing and non-un i
fonn heat distribution. However, for incinerators under 
even a slight vacuum, close to 100% oxygen enrichment 
would he very difficult to achieve due to the inevitable air 
infiltration. 

Operation ofthe modified MIS from early June to mid
Septemher 1987, reportedly confirmed that the system 
had achieved the following major research goals [4]: 
throughput increase, specific fuel savings over 60%, and 
kiln pufl reduction. Each of these achievements is de
scrihed below. 

Throughput increase: The maximum contaminated 
solid throughput of the Mobile Incineration System dur
ing its operation with air burners was designed to be 
2,000Iblbr. However, this maximum rate was not sustain
able. For example, the average throughput rate of four 
test runs in the spring of 1985 had been only 1,478 lblbr. 
With the Linde Oxygen Combustion System, the MIS 
achieved a sustainable soil throughput rate of 4,000 lblhr, 
as confirmed by a certified verification test. The compari
son of the two sustainable conditions is shown in Table 3. 

Fuel savings: Without oxygen enrichment, supplemen
tal fi.lel was added to provide the heat required to operate 
the rotary kiln at 1,500-1,600°F and the secondary com-

hustion chamber at about 2,100°F because the waste ma
terials did not bave a sufficient heating value to sustain 
self-combustion. Specific fuel savings of over 60% was 
achieved during operation of the EPA/MIS with the 
Linde system. This result can also be expressed as 50 
MMBtu saved per ton of oxygen used, as shown in Table 
3. 

The economics of using oxygen to save fuel, of course, 
depend on the relative cost of fuel and oxygen. With No.2 
fuel oil costing $0.70 per gallon (or $5.50 per million Btu) 
and a fuel savings of about 50 million Btu for every ton of 
oxygen used, the break even oxygen cost is $275 per ton of 
oxygen. The cost of oxygen depends on the method of ox
ygen generatiou, the size of the plant, and the location. 
For example, it ranges from about $50 per ton of oxygen 
produced by a large on-site facility to about $120 per ton 
for delivered liquid. 

Kiln puff reductions: When high-Btu wastes are fed 
into rotary kiln incinerators in an intermittent mode, the 
transient combustion behavior of these materials creates 
unsteady releases of combustible gases that may mo
mentarily deplete the oxygen supply to the incinerator. 
These temporary oxygen deficient conditions could cause 
the release of products of incomplete combustion (PICs) 
and often are called kiln "puffs" [7, 8]. 

In the field operation of the EPA/MIS, large quantities 
of plastic materials were burned periodically. These ma
terials were ramfed in the rotary kiln every 1-2 minutes. 
To respond to the transient oxygen demand for burning 
these materials, an oxygen feed-forward/feedback control 
logic was designed into the Linde system. Automatic 
water spray was used to modulate kiln temperature when 
required. 

TABLE 2. INNOVATIVE TECHNOLOGIES 

Process 

Oxygen-Enriched 
Incineration 

Westinghouse! 
O'Connor Comhustor 

Circulating-Bed 
Comhustor (CBC) 

Infrared System 

Plasma Arc 
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Key Feature 

High-temperature oxidation (I,S00-2,OOO'F). 
High-purity O2 is used as a replacement for com
Imstion air (gas Hows and N2-content are low). 

High-temperature oxidation (1,500-2,()()O'F). It 
reportedly can he used for both hazardous waste 
and municipal waste incinemtion. 

Low-tempemture oxidation (l,()()0-1,5()()'F). In
cineration coupled with simultaneous removal of 
products hy bed materials, which are generally 
lime or limestone p()wders~ 

High-temperature pyrolysis or oxidation (1,500-
2,()()()'F). It can he operated under starved-air or 
exc.."ess air conditions. 

High-tempemture pyrolysis (18,OOO'F). Plasma is 
an ionized gas How that breaks the hond of 
chemical compounds in a microsecond. 
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TABLE 3. EPA MOBILE INCINEIIATION SYSTEM, OXYGEN DEMONSTRATION SUMMAHY 

Contaminated Soil (Ihlhr) 
Firing Rate (MMBtulhr) 

Kiln 
SCC (Secondary Comhustion Cham her) 
Total 

Sped fie Fuel Use (MMBtu/Ton Soil) 
Pure Oxygen Input (Ihlhr) 

Kiln' 
SCC 
Total 

Specific Oxygen Consumption 
(Ton O,/Ton Soil) 

Fuel Savings (MMBtu/Ton O2) 

Kiln Superficial Velocity" (FtlSec) 
SCC Residence Time" (sec) 
Quenched Cas Flow 

(OSCFM) 

f. Aver-d~e offoliT mns. Maximum throughpnt was 20()() Ill/hr. 
·58% nrtntal oxygen entering the kiln (t:(llIival ent tn 4U% 02 elll'ichment) . 
... Cah:ulated dat.t. 

Before the implementation of this O2 control feature, 
the MIS had difficulty in burning these plastic materials 
smoothly, partly due to its relatively small capacity. Even 
though the normal excess oxygen level was high, occa
sional feeding-practice upsets caused puffs to occur as 
evidenced by the drop in the O2 concentration and the 
CO spikes. 

After the implementation of the oxygen control feature, 
the transient upset conditions associated with the release 
of the combustible gases were virtually eliminated in the 
operation of the MIS. 

Current status: Although Union Carbide Company 
(UCC) completed its burn evaluation with the MIS, EPA 
is continuing to use UCC's burner to test-burn other 
wastes. Test results relative to destruction and removal 
efficiency (DRE) may be available later. 

In addition to UCC's oxygen-enrichment tests, the 
American Combustion Company (ACC) also tested its Py
retron oxygen-enrichment burner at EPA's Combustion 
Research Facility (CRF) in Jefferson, Arkansas. Testing 
results are being evaluated at this writing. 

Technology advantages for oxygen enrichment are in
creased waste throughput and the gas residence time, the 
fuel consumption is lowered primarily due to the reduced 
sensible heat loss to the flue , the DRE should he im
proved, and pollution control of the reduced flue gas is 
less costly and more effective. The major technology dis
advantage is the cost of the oxygen supply. 

Westinghouse/O'Connor Combustor 

The heart of the system is the Westinghouse/O'Connor 
combustor, a water-cooled rotary barrel constructed of al
ternating longitudinal water tubes and flat perforated 
steel plates welded together to form the perimeter. The 
combustor is installed on a slight incline and is slowly ro
tated by a chain and roller drive. The perforations be
tween the water tubes provide conti'oIled distribution of 
combustion air, while the water cooled walls remove heat 
and protect the barrel from overheating. 

Waste is fed directly from the receiving area into the 
upper end of the tilted comhustor. As the waste tumbles 
down the length of the rotating barrel, it dries and then 
progressively burns. Ash dropping out of the lower end is 
about one-tenth of the original waste volume; remaining 
unburned material is mOl'e completely comhusted in an 
afterburner grate. 
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Tbe city of Panama City, Florida constructed two West
inghouse/O'Connor units at its Bay County Resource 
Management Facility to incinerate 510 tons per day of 
municipal solid waste (MSW) in 1987 [9]. Heat generated 
hy the combustion of waste produces steam to drive a tur
bine generator. 

All MSW received at the plant enters through an auto
matic gate system and is unloaded on the tipping floor. 
Large items are separated from the MSW; the large com
bustible items are processed through a shear shredder. 
The large noncombustible items are removed and stored 
temporarily for landfill disposal. After sorting, the MSW is 
then fed into the combustor to begin its incineration. The 
slightly inclined combustor barrel rotates slowly, caUSing 
the waste to tumble and advance as combustion proceeds. 
A forced-draft fan draws combustion make-up air from the 
tipping area to reduce odor and dust levels in the tipping 
hall and to prevent them from escaping the building. The 
ail' is preheated before entering the multiple zone wind
box located beneath each combustor barrel. 

Figure 1 shows the cross-section of the rotary com
bustor and the flow of underfire and overfire air into the 
combustor. The combustor barrel has a diameter of 10 
feet and is constructed by alternating steel tubes with car
bon steel perforated webs and welding them together. 
The steel webs have a width of 1-1I2 inches with 3/4-inch 
diameter holes used to bring in combustion air. The tubes 
direct cooling water through the outside wall of the com
bustor barrel which, upon heating, is delivered to the 
boiler through the rotary joint. Hot gases, produced dur
ing the combustion process, How from the combustor bar
rel through the boiler's radiant, superheater, and convec
tion sections. The combustion gases exiting the 
convection section pass through a heat exchanger that 
preheats the incoming combustion air. 

The Hue gases hom the air heater enter the electrostatic 
precipitator (ESP) to remove particulate matter before ex
iting the stack. The flue gas is drawn from the ESP by an 
induced-draft fan before being discharged to the atmos
phere through a separate flue in the common stack. 

Three types of ash by-products are produced by the 
process: Hy ash, siftings, and bottom ash. Fly ash is col
lected in hoppers under the convection, superheater, air 
heater, and ESP sections of each combustor/boiler train 
and is conveyed pneumatically to the bottom ash con
veyor. Siftings are collected underneath the combustor by 
the siftings conveyor and are transferred by an ash drag 
system to the bottom ash conveyor. Bottom ash falls from 
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Figure 1. Cross-section of the Westinghouse/O'Connor water-cooled 
rotary combustor. 

the rotary combustor onto a fixed afterburner grate lo
cated beneath the combustor outlet. The fly ash, siftings, 
and bottom ash mixture are water-quenched, dewatered, 
and removed by one of two redundant bottom ash drag 
conveyors into trucks, then disposed of in a landfill. 

Test results: Particulate emission was tested on the 
Panama City units from April 22 through June 5, 1987 [9]. 
The results indicate that both Units 1 and 2 are in com
pliance with the particulate and visual emissions levels 
required by the State of Florida Department of Environ
ment's PSD Regulations. The PSD (Prevention of Signif
icant Deterioration) Regulations require particulate mat
ter emissions to be less than 0.03 gr/dscf conected to 12% 
CO2 and limits plume opacity to no more than 10%. The 
particulate matter concentration levels at the design ca
pacity of 255 tons of MSW per day per unit averaged 
0.0193 gr/dscf at 12% CO2 for Unit 1 and 0.0243 gr/dscf at 
12% CO2 for Unit 2. The EPA Method 5 particulate mea
surements conducted for determining compliance are 
given in Table 4. The EPA Method 9 opacity measure
ments were consistently at or less than 10% for both units 
during the test runs. 

Gaseous emissions tests were also conducted during 
April through June, 1987 to determine the stack gas con
centration of S02, NO" and HC!. The testing was con
ducted to verify the emission factors used to project the 
annual emission rates in the PSD permit application. 
EPA Method 8 was used to determine S02 emissions. 
The average S02 concentration from nine tests performed 
on five days was 111 ppmdv corrected or 12% CO2 

[dv = dry volume]. A CEM (Continuous Emission Moni
tor) was used to measure NO, emissions over a nine-day 
test program. EPA Method 7 was also used to verify the 
NO, levels measured by the CEM during an eight-hour 
period by simultaneous sampling. The average of the NO, 
emissions data from the CEM and EPA Method 7 were 
180 and 157 ppmdv corrected to 12% CO2, respectively, 
for the eight-hour test. NO, emissions measured by the 
CEM during the 9-day test period were in the range of 
150 to 200 ppmdv with a maximum of 300 ppmdv during 
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boiler excursions. NIOSH Method 112B was used to de
termine HCI concentrations. Twenty samples were taken 
on seven different days with an average HCI concentra
tion of 467 ppmdv corrected to 12% CO2, 

Current status: Currently, there are 11 modular com
bustors in operation at 6 different facilities. Three facili
ties with a total of 7 combustors are under construction 
and Westinghouse has contracted to construct 4 more 
plants with a total of 14 combustors. This represents an 
aggregate processing capacity of more than 9000 tons of 
solid waste per day. It appears that the technology has 
good potential for the future [9]. 

The technology can handle a variety of wastes, includ
ing municipal wastes, hazardous wastes, and possibly 
even hospital wastes. It can burn liquids, semi-solids, sol
ids, sewage sludges, and residual oils or refinery bottoms. 

The technology can be quite flexible in that the indi
vidual modular units can be as large as 500 tons-per-day 
of MSW and, therefore, 4 units would allow for over 2,000 
tons-per-day capacity. The technology has a high energy 
recovery efficiency because the water tubes are used as 
an integral part of the reactor wall. Siftings from the com
bustion chambers may contain residuals that are not com
pletely incinerated, which could be a disadvantage. 

Circulating Bed Combustor (CBC) 

Conventional technologies for the thermal destruction 
of wastes are often faced with operation at high tempera
tures with relatively low throughputs and must use 
afterburners and scrubbers. Ogden Environmental Ser
vices, Inc. (OES) has developed a circulating bed com
bustor (CBC), which uses lower temperatures, compared 
to conventional rotary kiln or liquid injection incinera
tors, to obtain the same destruction efficiency as high
temperature processes and relatively higher throughputs 
at a lower thermal rating, reportedly eliminating the need 
for afterburners or scrubbers. 

The CBC uses high-velocity air to entrain circulating 
solids in a highly turbulent combustion loop. The com
bustion chamber is typically 30 ft high and has a 12-in.
thick ceramic liner. Solid feed is introduced into the com
bustor loop at the loop seal where it immediately contacts 
the hot recirculating solids stream exiting the hot cyclone. 
Liquid feeds are typically injected directly into the com
bustion zone of the CBC. Upon entering the CBC, haz
ardous materials are rapidly heated and continue to be ex
posed to high temperatures (1,450° to 1,600°F) throughout 
their stay in the CBC. Residence times in the combustor 
range from 2 seconds for gases to 30 minutes for larger 
feed materials «1.0 in .). The high combustion-air veloc
ity for circulating solids creates a uniform temperature 

TABLE 4. EMISSION COMPLIANCE TEST RESULTS FROM TilE BAY 
COUNTY RESOUIICE MANAGEMENT CENTER 

Flue 
Gas 
Flow 
kdsclln 

25.8 
27.9 
25.8 

Bay County Compliance Test Results-Unit 1 

Flue Particulate 
Gas Stack Steam Percent Matter 
Flow Temp Flow of Rated gr/dscf 
kacfm deg F klhlhr Capacity @ 12% CO. 

52.4 
55.1 
52.8 

425.0 
429.0 
427.0 

71.1 
66.5 
65.0 

104.5 
97.8 
95.6 

O.cn40 
0.0240 
0.0200 

Bay County Compliance Test Results-Unit 2 

27.7 52.6 429.0 69.7 102.5 0.0250 
28.4 58.1 449.0 62.7 92.2 0.0190 
29.2 59.0 451.0 62.3 91.6 0.0290 
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TABLE 5. CHEMICAL REACTIONS THAT OcCUR IN CBC COMBUSTION CHAMBER 

Reactants Intermediates Final Products 

CxHy + O. ----------------------- CO. + H.O 
(Hydrocarbons) 

(CxHy)Sz + o. ---------. SO. 
(Sulfur Compounds) " 

1I~ O. ------- CaSO.(s) 
(Gypsum) 

+ CO. 
/ 

-------------CaO + CaCO, 
(Limestone) "':------/ 

CaCIz(s) + H.O 
(salt) 

(CxHy)Clz ---------- 2 HCl 
(Chlorine Compounds) 

(+/- SOOF) around the combustion loop (combustion 
chamber, hot cyclone, return leg), reportedly resulting in 
extremely efficient combustion and eliminating the need 
for an afterburner. During operation, ash is periodically 
removed from the CBC by means of a water-cooled ash 
removal system. The hot gas leaving the cyclone is cooled 
in a flue gas cooler and particulates escaping the cyclone 
are collected in fabric filter baghouses. 

Table 5 shows the generic chemical reactions that take 
place in the CBC and enable the conversion of harmful 
acid gases to salts. The rapid comhustion and quick neu
tralization of acid gases within the combustion chamber 
effectively eliminates the need for high alloy combustor 
components or post-burner treatment units, such as wet 
or dry scrubbers, for acid gas capture. 

Cooling removes the thermal energy that is released 
during combustion reactions. Recovery of energy is ac
complished in both the combustor zone and the flue gas 
cooler. In the combustion cham her, the heat transfer is 
enhanced due to solid paJticie contact with the cooling 
tubes. Sensible heat is further removed from the flue gas 
with conventional heat exhcangers located between the 
cyclone and baghouse filters. Because acid-gas scrubbing 
takes place within the combustion chamber, the flue-gas 
coolers are not subjected to the high acid gas concentra
tions prevalent with conventional waste combustors. 

A two million Btulhr pilot plant was built in San Diego, 
California. Development and testing programs at this fa
cility have demonstrated the flexibility and effectiveness 
of the CBC in destroying a wide variety of hazardous 
wastes [11]. Table 6 lists key data from several waste test 
burns. The test results indicate that 99.99% DRE is 
readily attainable for many sludge-like and chemical 
wastes. 

In 1986, EPA's SITE program also selected OES's CBC 
for Superfund waste destruction testing. According to 
OES, its first unit (with a 36-inch diameter reactor), that is 
especially designed for Superfund waste cleanup, will be 

deployed to a Superfund site. However, no Superfund 
site has yet been selected. 

Advantages/disadvantages: The advantages of the CBC 
include the following: wastes can be combusted at lower 
temperatures than that of conventional incinerators, tem
peratures in the vessel are low enough to prevent forma
tion of significant amounts of NO" and the bed material 
acts as a scrubber to capture acid gas from the process, re
portedly creating a non-toxic solid residue. 

Potential disadvantages include the following: disposal 
of the supposedly inert residual bed material may repre
sent a problem, relatively large amounts of fine particu
late matter entrained in the exhaust gases may require 
elaborate pollution control devices, and waste feed parti
cle size must be controlled to maintain a uniform feed 
rate. 

Infrared Systems 

In general, an infrared system has the following major 
components: primary combustion chamber (PCC), sec
ondary combustion center (SCC), air pollution control 
equipment (APCE), and a process management and mon
itor control center. The electric-powered PCC utilizes a 
high-temperature-alloy wire-mesh belt for waste feed 
conveyance and is capable of achieving temperatures up 
to 1,8sooF by exposure to infrared radiant heat provided 
by horizontal rows of electric-powered silicon carbide 
rods located above the conveyor belt. The gas-fired SCC 
is capable of reaching temperatures of 2,300°F. It pro
vides residence time, turbulence, and supplemental 
energy, if required, to desh'oy gaseous volatiles emanat
ing from the waste. The APCE equipment includes an 
emissions control system where particulates are removed 
generally in a venturi section, acid vapor is neutralized in 
a packed tower scrubber, and an induced draft blower 
draws the cleaned gases from the scrubber into a free
standing exhaust stack. The Center contains all process 
and mechanical controls and monitors, including control 

TABLE 6. CIRCULATING BED TEST RESULTS ON CHEMICAL FEEDS 

Hel CatCh 
Waste Fonn DRE(%) Capture, % Ratio 

Carbon 
Tetrachloride Liquid 99.9992 flfl.3 2.2 

Freon Liquid 99.9995 !)fl.7 2.4 
Malathion Liquid > 99.9999 
Dichlorobenzene Sludge 99.999 9fl 1.7 
Aromatic Nitrile Tacky solid > 99.9lJ99 
Trichloroethane Liquid 99.9999 99 1.7 
PCB Liquid > 99.9999 

Nute: Result.~ were nhtuined in tests lit the Ogden En vi rCllIlIlt'ut .. llnc., pilot plant. 
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panels, emissions monitors, motor control units, and of
fice space. 

Beginning in the 1950s, Peak Oil Company operated a 
used oil processing facility at a site on Reeves Road in 
Brandon, Florida. Various liquid and sludge waste 
streams from the re-refining operation, which included 
toxic organics and heavy metals, were dumped into an ex
isting natural lagoon located on the property. The lagoon 
has some 7,000 tons (and approximately the same number 
of cubic yards) of material in it and is about one-quarter to 
one-half of an acre in size [12] . 

EPA's Region IV office in Atlanta initiated actions for a 
cleanup program. The Regional Office contracted with 
the firm of Haztech, Incorporated, an emergency re
sponse contractor, to proceed with the clean-up program. 
EPA's Hazardous Waste Engineering Research Labora
tory (HWERL) in Cincinnati, through its Superfund Inno
vative Technology Evaluation (SITE) program, also par
ticipated in the cleanup for this particular lagoon. The 
HWERL effort primarily involved on-site monitoring and 
the performance evaluation of the Infrared System. 

Initial efforts required that the lagoon be drained of 
water; the remaining sludge was mixed with sand, soil, 
and lime to form a waste/soil solid matrix that could be 
handled by earth-moving equipment. (The lime, in addi
tion to providing binder to the moisture-laden matrix, also 
counteracted and neutralized the acidic properties of the 
waste.) This approach greatly facilitated the use of the In
frared System (with a high-temperature afterburner). The 
SITE demonstration of this innovative incineration sys
tem was carried out between July 31, 1987 and August 5, 
1987. 

The waste/soil matrix was excavated from the lagoon 
area and screened with a power screen. This device effec
tively broke up the lumpy waste, blended and aerated the 
feed, and prepared it for further processing. The screen
ing system allowed the one inch and smaller clumps to be 
separated from the rock, roots, and other extraneous mate
rial found in the lagoon. From the power screen, the 
waste feed soil was weighed and conveyed to the infrared 
system. 

The infrared system was brought to the site in four indi
vidual units consisting of: a 67 -foot long electrically 
heated infrared primary chamber capable of gas tempera
tures up to 1,850°F; a 72-foot long gas-fired secondary 
combustion chamber (afterburner) capable of reaching 
temperatures of 2,300°F; an emissions control system 
with a 50-foot tall stack; and a process management and 
monitoring control center. 

Wastes were metered, spread to the proper width, lev
eled to optimum process thickness, and were ted into the 
PCC at a rate of 3.6 to 4.0 tons per hour in this nominal 
100 ton-per-day unit. The waste was exposed to infrared 
radiant heat provided by horizontal rows of electric
powered silicon carbide rods located above the conveyor 
belt. Typically, the waste was retained on the primary 
chamber conveyor belt for 18 to 19 minutes. The pro
cessed feed material dropped off the end of the belt into a 
discharge module and was quenched with water sprays 
prior to being discharged by the screw conveyor system 
to an outside receiving container. 

Exhaust gases from the primary combustion chamber 
were introduced into the secondary combustion chamber, 
which provided over 3.0 seconds of residence time, tur
bulence, and supplemental energy to destroy any gaseous 
organics from the primary furnace. The gases leaving the 
secondary combustion chamber were quenched, particu
lates were removed in a venturi section, and acid vapor 
was neutralized in a packed tower scmbber using a so
dium hydroxide solution. An induced-draft fan drew the 
cleaned gases from the scmbber into the exhaust stack 
which was equipped with sample ports. 
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TABLE 7. WASTE FEED SOLID MATRIX PROPERTIEHUNIT IS MICRO. 
GRAMS PER GRAM FEED, EXCEPT PERCENT SPECIFIED) 

PCB (total) 3.48 to 5.85 
Heptachlorobiphenyl 0.94 to 2.20 
Hexachlorobiphenyl 1.10 to 1.70 
Pentachlorobiphenyl 0.20 to 0.49 
Tetrachlorobiphenyl 0.40 to 0.83 
Trichlorobiphenyl 0.57 to 0.82 
Dichlorobiphenyl 0.12 to 0.19 
Ethyl benzene 0.08 to 0.14 
Methylene chloride 0.08 to 0.12 
Toluene 0.13 to 0.44 
Xylenes 0.26 to 0.78 
Lead 0.44 to 0.59 percent 
Antimony 2.1 to 3.6 
Arsenic 2.0 to 2.9 
Cadmium 3.9 to 4.6 
Chromium 20 to 24 
Copper 44 to 55 
Strontium 50 to 62 
Vanadium 7 to 11 
Zinc 950 to 1,100 
Moisture 14.2 to 16.6 percent 
Carhon 7.0 to 7.8 percent 
Sulfur 1.8 to 2.5 percent 
Chlorine less than 0.1 percent 
Ash 70 to 75 percellt 
Btu value (HHV) 1,640 to 2,065 Btu/lb 

During a series of three replicate test runs, samples of 
the solid waste feed, liquid streams, furnace ash, and 
stack gas emissions were obtained under rigorous, EPA
approved sampling protocols and quality assurance cri
teria. The most intricate sampling procedures involved 
the stack gas emissions collection. Sampling methods in
clude a Method 5 train for HCl and particulates, and a 
Source Assessment Sampling System (SASS) for PCBs, 
dioxins, furans and semi-volatile priority pollutants. A 
modified Method 5 train for soluble chromium, a Volatile 
Organic Sampling Train (VOST) for volatile priority pol
lutants, and various continuous emission monitors (for O2, 

CO2, CO, THC, and NO,) were employed. Ambient air 
monitoring stations were also deployed both upwind and 
downwind of the unit to monitor any air contamination 
from the operation of the unit beyond the defined site pe
rimeter [12]. 

Table 7 shows the typical range of organic and metallic 
contaminants in the waste feed excavated from the lagoon 
after the material was blended into a matrix with sand, 
soil and lime in order to facilitate its handling. The pri
mary organic of concern was the PCB, while the primary 
metal of concern was lead. Other characteristics, such as 
heating value and moisture, are also shown. 

Results: Table 8 shows that the unit successfully 
achieved a ORE in excess of99.99% for the PCB contami
nants, thus satisfying the required RCRA standard. TSCA 
regulations, which require 99.9999% ORE, were not ap
plicable since the contaminated material at the site con
tained less than 50 ppm of PCBs. Operational tempera
tures of approximately 1,900°F in the secondary 
combustion chamber and more than 3 seconds of resi
dence time, instead of the TSCA-mandated 2,200°F and 2 
seconds level, accounted tor the unit's satisfactory opera
tion in this situation. Residual PCBs in the ash were 
below the 1 ppm target level mandated by Region IV, 
thereby achieving one of the most important test objec
tives. 

As shown in Table 8, the Infrared System at the Peak 
Oil site demonstrated problems with particulate emis
sions and failed to meet the regulatory limit of 0.08 grains/ 
dscf at 7% O2 (by volume) on two of the 3 days they were 
measured. Emission control system modifications and 
maintenance before the second test mn appear to have 
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TABLE 8. STACK EMISSIONS DATA 

Palticu lates 
DRE for PCB GrainslDSCF HClin S02 in 

Date of Run (percent) 

811/87 99.99967 
8/2187 99.9988 
8/3/87 99.99972 
814187 99.99905 
8/4/87 
(Duplicate) 

been responsible for lowering particulate emissions and 
eventually meeting RCRA standards in the last two runs. 

Interpretation of the data indicates that the inability of 
the unit's emissions control system to meet particulate 
emissions requirements was probably due to the lead 
content in the waste feed and the subsequently high lead 
oxide loading in the feed to the emissions control 
equipment. 

The emissions of HCI and S02 are also shown in Table 
8. The HCI emissions were relatively low since the chlo
rine concentration in the waste feed was below the 0.1 
weight percent detection limit. An actual HCI removal ef~ 
ficiency could therefore not be determined. The more dif
ficult to remove S02 constituent was reduced by an aver
age of 99.1 weight percent. With sulfur at approximately 
2% in the waste feed or a sulfur input rate of about 150 
pounds per hour, S02 emissions were under 2.5 pounds 
per hour at a maximum measured rate of 1070 glhr. 

One of the objectives of this test program was to deter
mine the fate of heavy metal contaminants in the waste 
feed and whether any metals remaining in the ash were 
significantly reduced in concentration or would be stabil
ized in the ash residue and other solid effluents rendering 
the ash potentially suitable for delisting as a hazardous 
waste. The solid waste feed, furnace ash, and scrubber ef
Huent solids were subjected to both the current Toxicity 
Characteristic Leaching Procedure (TCLP) and the EP 
Toxicity leaching tests . 

The results on the waste feed for both TCLP and EP 
testing showed that the waste feed exceeded regulatory 
limits only for lead. The TCLP regulatory limit for lead of 
5.0 mg/l was exceeded in one sample of waste feed at 8.8 
mg/I, while other samples showed values of 2.5 to 3.5 
mg/1. However, the EP regulatory limit (also 5.0 mgil) was 
exceeded for lead in the waste feed by larger amounts, 
namely values of 24.0 to 29.0 mgil and one sample inves
tigation (though not within acceptable spike recovery 
limits) showed 57.0 mg/1. All other metals tested for their 
TCLP and EP values in the waste feed (eight metals total) 
were found to be below regulatory levels. 

@ 7%O2 g/hr g/hr 
----

0.1590 <0.8 27.24 
0.0939 8.6 1070.0 

(l.O768 2.9 22.0 
0,(1761 2.7 20.6 

For the ash residue, the results ofTCLP and EP testing 
are summarized in Table 9. Here, TCLP results were 
lower than regulatory limits in every case. However, the 
EP results again showed a regulatory limit exceedance for 
lead, which would probably prevent deli sting of the asb 
residue even tbough the other metals appeared well 
below their regulatory limits. 

Similarly, for the scrubber water efRuent solids, Table 
9 shows that again the EP testing values for lead would 
prevent the material's delisting, while other metals were 
found to pass the regulatory levels. Thus, the hoped-for 
result that lead and other heavy metals would somehow 
be inactivated by some process of conversion into non
leachable forms was not met (if EP test results are used 
and not the TCLP ones) [12]. 

TCLP testing for organic materials other than PCB was 
done on the waste feed, the ash residue, and the scrubber 
solid samples. The results, which involved testing for 
some 36 organic hazardous compounds, will be reported 
in EPA's upcoming final report. However, other than 
those compounds repOlted in Table 7 for the waste feed 
material, all 36 compounds were generaliy found to be ei
ther non-detectable or far below any TCLP regulatory 
levels. 

The largest mass release of metals measured in the 
stack emissions was that of lead. The specific amounts 
varied from a release of 2,000 grams per hour of lead for 
the first test run (on 811187) down to a range of780--1,OOO 
grams per hour in subsequent runs where changes were 
made to the operation of the pollution control system. It is 
interesting to note that the calculated net input feed rate 
of lead from the waste ranged between 17,000 to 19,000 
grams per hour for the test runs made. Thus, the amount 
of lead exiting the stack represented only about 11.2% of 
the feed rate of lead for the first run and between 4.2% to 
5.5% for subsequent runs. Also, it should be noted that 
lead (or lead compounds) represented 54% to 60% of the 
mass of palticies from the stack. 

In total, 30 different metals were sampled for and ana· 
Iyzed in the stack particulate material. Other than lead, 

TABLE 9. LEACHING TEST RESULTS 

Scrubber Scrubber 
EflIuent EflIuent 

Regulatory Ash Ash Solids Solids 
Level EPToxicity TCLPTest EPTest TCLPTest 

Metal mg/I avg. mg/I avg. mg/l avg. mg/I avg. mg/l 

Arsenic 5.0 0.020 0.007 ND < .22 
Barium 100 1.35 0.25 <.56 < .80 
Cadmium 1.0 0.98 0.008 0.5-1.9 <.22 
Chromium 5.0 0.57 0.037 <.65 <.08 
Lead 5.0 31 0.011 3.1-40.0 .12-.38 
Mercury 0.2 0.0015 ND ND ND 
Selenium 1.0 ND 0.031 ND ND 
Silver 5.0 0.031 0.059 <.04 <.06 

ND = not detedable 
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TABLE 10. METALS ANALYSIS 

Solid 
Waste Feed Ash Average Stack 
micrograms micrograms Emission Rate 

Parameter per gram per gram grams/hr 

Antimony 2.15 3.3 .13 
Arsenic 2.55 2.6 .065 
Cadmium 4.15 4.1 3.4 
Chromium 22 27 .54 
Copper 49 64 .37 
Lead 4800 6400 1150 
Mercury NO NO NO 
Sodium 5550 5600 33 
Strontium 57 76 .017 
Vanadium 9 13 <.036 
Zinc 1030 1060 16 

NO - not determined 

the next highest amounts of metals emitted as particulate 
were measured to be zinc (16--17 grams per hour), sodium 
(31-34 grams per hour), and chromium (0.51-0.53 grams 
per hour). Stack sampling and analysis for chromium VI 
concentrations yielded results of less than 160 micro
grams per cubic meter. 

A partial listing of the data for metals is . presented in 
Table 10. Presented there are 11 metals in terms of their 
levels in the waste feed, in the ash residue, and their lev
els emitted via the stack gas particulate material. 

Since PCB was in the waste, it was desirable to investi
gate whether there may have been any significant levels 
of dioxins and/or furans in the lagoon and thus, in the 
waste matrix processed by the infrared system. Sampling 
and analysis for these compounds was conducted for the 
waste matrix, the ash, the scrubber waters, scrubber sol
ids, and the stack gas [12]. 

All of the above analyses resulted in less-than-detect
able levels of these compounds as summarized below for 
TCOO, TCOF, PCOO, and PCDF (tetra- and poly-chlo
rinated dibenzo dioxins and furans): 

Sample TCDO PCDD 
Waste feed matrix NO· ND 
Ash after treatment NO NO 
Scrubber water ND ND 

Stack gas NO ND 
*ND = Non-detectable 

**Reported for one out of 4 tests 

The Infrared System is, so far, probably the most used 
technology of all the innovative thermal technologies for 
both RCRA-waste destruction and Superfund waste re
mediation. 

The technology has the ability to more accurately con
trol residence time and temperature in the primary com
bustion chamber (PCC) compared to other technologies. 
However, the waste feed should be pretreated so as not to 

. exceed recommended size limitations. If the waste is a 
liquid, it should be mixed with sand, or other solid mate
rial, in order to destroy it effectively in the PCC. 

Plasma Arc 

The plasma arc technology has been used in the United 
States space program. The evaluation of heat shields that 
protect space vehicles on re-entry required an intense 
heat source with plasma characteristics. Plasmas have 
been referred to as the fourth state of matter since they do 
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not always behave as a solid, liquid, or gas. A plasma may 
be defined as a conductive gas flow consisting of charged 
and neutral particles, having an overall charge of approxi
mately zero, and all exhibiting collective behavior. The 
plasma, when applied to waste disposal, can best be un
derstood by thinking of it as an energy conversion and 
energy transfer device. The electrical energy input is 
transformed into a plasma with a temperature equivalent 
of up to 18,()()()"F at the centerline of the reactor. As the 
activated components of the plasma decay, their energy is 
transferred to waste materials exposed to the plasma. The 
wastes are then broken into atoms, ionized, pyrolyzed, 
and finally destroyed as they interact with the decaying 
plasma species. The heart of this technology is that the 
breakdown of the wastes into atoms occurs virtually in
stantaneously and no large molecular intermediary com
pounds are produced during the kinetic recombination 
[2]. 

Test results: The New York State Department of Envi
ronmental Conservation (NYSOEC) Oivision of Solid and 
Hazardous Waste and the U.S. Environmental Protection 
Agency (USEPA) Hazardous Waste Engineering Re
search Laboratory established a cooperative agreement in 
1982 for the construction and testing of a mobile plasma 
arc system for the high-efficiency destruction of hazard
ous wastes [131 . 

The Plasma Pyrolysis System consists of a liquid waste 
feed system, plasma torch, reactor, caustic scrubber, on
line analytical equipment, and Hare. The system is rated 
at 4 kg/min or approximately 55 gallons per hour of waste 
feed. Product gas production rates are about 5-fj m3/min 
prior to Haring. For the purposes of this program, a Hare 
containment chamber and lO-meter stack were con
structed to facilitate testing. After Haring, the stack gas 
How rate is approximately 30-40 standard m3/min. 

A gas chromatograph is installed in the system's mobile 
trailer to provide information on bulk gas composition. 
Pre-Hare gas samples are analyzed for hydrogen, carbon 
monoxide, carbon dioxide, water, nitrogen, methane, eth
ylene, ethane, acetylene, propane, propylene, and 1-
butene. A Hewlett-Packard Model 5792A gas chromato
graph is also coupled to a Hewlett-Packard Model 5970A 
mass selective detector and used to artalyze pre-Hare gas 
samples for waste feed residuals. 

TCDF PCDF Detection Limit 
NO ND 1.1 ppb 
ND NO 1.4 ppb 
ND ND 0.022 nanograms 

per liter 
0.47** NO 0.34 micrograms 

cubic meter 

One-hour carbon tetrachloride (CCI4) tests were con
ducted in Canada to demonstrate the destruction of a sim
ple chlorinated compound and to demonstrate effective 
HCI removal by the scrubber. The CCI4 was introduced 
into the system in a blend of MEK (methyl ethyl ketone), 
ethanol, and water at a rate of 1 kg CCI4 per minute. The 
stack testing was conducted by GCA Corporation. Results 
of the three tests are presented in Table 11 . 

The results indicate that the system is capable of 
achieving destruction and removal efficiencies much 
greater than the 99.99% requir~d under RCRA for this 
listed waste. 

Three one-hour tests using PCBs were also conducted 
to determine the DRE for PCBs and to acquire operating 
data for this environmental containment. Upon reaching a 
product gas temperature of 2,OOO°F at the reactor exit 
while using MEKlMeOH (methanol) as the feed material, 
the feed was then switched to a blend of PCBs, MEK, and 
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TABLE 11. CARBON TETl\ACHLORIDE TEST REsULTS 

Run 1 Run 2 Run 3 

Date 2118/85 2126185 2126185 
Sample Time, min. 60 60 60 
Feed Rate, Umin 

0.63 0.63 CCI. 0.63 
MEKmixture 2 1.6 2 

Total Mass Fed, CCI., kg 60.0 60.6 60.6 
Chlorine Loading, mass % 35 40 35 
Reactor Operating Temperature (C) 974 1,008 1,025 
Plasma Torch Power, kW 280 298 300 
Average Stack Gas Flow Rate, dscfm 1,346.3 1,048.2 1,052.7 

dscmm 38.13 29.69 29.81 
Average temperature (C) 893.3 807.1 667.3 
No, cone., ppm (v/v) 106 92 81 
Emission Rate, kg/hr 0.46 0.31 0.28 
CO cone., ppm (v/v) 48 57 81 
Emission Rate, kg/hr 0.13 0.12 0.17 
0, percent 12.7 14.4 15.1 

Co.. percent 6.0 5.7 4.9 
HCI, mg/dscm 

(I) 137.7 247.2 
Emission Rate, kg/hr (I) 0.25 0.44 
CCI. cone., ppb <2(0) <2(2) <2(') 

Emission Rate, mg/hr <29.3 <22.8 <22.9 
Scrubber Effiuent Flowrate, Umin 30.0 30.0 30.0 
CCI. cone., ppb 1.3 5.5 3.3 
Discharge Rate, mg/hr 2.3 9.9 5.9 
Destruction Removal Efficiency<3) 

99.99996 CCI., percent DRE 99.99995 99.99996 

U) Invalid data. 
(2) The detection limit of2 ppb CClt in the stack gas was used to calculate the CC~ mass emis.'lion rate for each ruo. 
(3) The ORE is based on stack emissions and excludes scrubber eflluent. 

MeOH. The scrubber water was retained before dis
charge to sewer to ensure that the concentration of BAP, 
PCBs, dioxins, and furans did not exceed criteria estab
lished by Canadian regulatory authorities. Operating data 
are presented in Table 12. 

The stack gases were monitored for particulates, PCBs, 
dioxins, furans, NO" HCl, How rate, and temperature. For 
these runs the stack monitoring was conducted by IMET, 
Inc. (Markham, Ontario). The sampling and analysis pro
gram included the necessary quality assurance/quality 
control protocols. The procedures and equipment were 
standard. A summary of the resuits is presented in Table 
13 [13]. 

The research on another plasma arc system is spon
sored by the Electric Power Research Institute (EPRI) 
and Arc Technologies Company (A TC) which is a joint 
venture of Chemical Waste Management Inc. and Elec
tro-Pyrolysis, Inc. The purpose is to destroy whole, un
opened PCB capacitors at the rate of 3,000-5,000 pounds 
per hour. The sponsors have obtained RCRA permits for 
the construction of the system in Model City, New York 
and are in the process of constructing the unit [14]. 

Basically, the process involves four steps, as follows: 

Step 1: A whole, unopened PCB capacitor is fed into a 
molten metal (iron) bath. 

Step 2: The capacitor shells melt and the internal organic 
components (PCBs) are subjected to intense radiation 
from the plasma arc and heat from the molten metal. As a 
result, the PCB Huids evaporate and decompose. 

Step 3: The PCB and/or decomposition products are fur
ther directed through the plasma arc in the vicinity of the 
high current (DC) arc for complete destruction. 

Step 4: The products are channeled to a scrubber system 
where any inorganic materials in capacitors are converted 
to inert soljd residues. Metals may be recovered if de
sired from both the metal bath and scrubber ash. 
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Since the Canadian tests, Westinghouse has built a mo
bile plasma unit (Pyroplasma) of 3 gallons/minute (1 
tonlhr) capacity. Also, for the same high-temperature ap
plication, Westinghouse constructed a "Westinghouse 
Electric pyrolyzer" for contaminated soil detoxification. 

The Westinghouse Electric Pyrolyzer uses electric 
energy to heat the waste feed to about 3,OOO°F. At this 
temperature, the organic contaminants are destroyed by 
decomposition to carbon monoxide and water, and the in
organics melt to form a glass-like Huid which is removed. 
Both the Pyro-plasma and the Pyrolyzer units have been 
selected for EPA's SITE program tests. However, no 
Superfund site has yet been identified for testing. 

Advantages include 11 plasma system that has very in
tense radiative power and therefore is capable of trans
ferring its heat much faster than a conventional Harne, it 
virtually does not need oxygen, and because of its com
pactness, a plasma arc system has potential for use in a 
mobile trailer for easy movement of the system from site 
to site. 

Disadvantages may include the temperatures are so 
high (about 18,OOO°F at the arc's centerline), the durabil
ity of the arc and the refractory materials could be a po-

TABLE 12. OPERATING DATA FOR PCB RUN #1 

Elapsed operating time: 70 min. at operating temperature 
Feed rate 
Total feed 

PCB feed 

Feed Composition (mass) 

Reactor Operating Temperature 
Plasma Torch Power 

"-richlorohen:r:ene 

3.09 Umin (liters/min) 
2.83 kg/min 
0.40 kg/min 

14.1% PCB 
11.0% TCB* 
74.9% MEKlMeOH 
1,136"C 

327kW 
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TABLE 13. PCB I-HoUR TEST RESULTS 

Date 
Sample Time, min. 

Stack Gas Parameters 

Flow rate, dscmm 
Temperature (C) 
NO" ppm 
HCI, mgldscm 
O2, percent 
CO2, percent 
CO, percent 
Total PCB' 
... g-dscm·· 
Total Dioxins, ... gldscm 
Total Furans, ... gldscm 
Total BaP, ... gldscm 

Scrubber Effluent Parameters 

Effluent Flowrate, Umin 
Total PCB, ppb (1) 

(2) 
Total Dioxins, ppt 
Total Furans, ppt 
Total BaP, mg/L 

Destruction Removal Efficiency 

PCB, percent DRE 
(1) 
(2) 

*These values are based UpOII monodecachloroblphenyl. 
·*These values are based upon tride(:achlorobiphenyl. 

Run 1 

1215185 
50 

37.9 
836 
117 

N/A 
14 
5.5 
0.01 

<0.013 
<0.013 

0.076'" 
0.26 
0.18 

41 
1.56 
0.06 
5.8 
1.5 
0.04 

99.99999 
99.999999 

Run 2 Run 3 

12.117/85 1116186 
60 60 

45.0 38.1 
678 962 

N/A 139 
43 68 
14.5 16.5 
5.0 3.0 
0.Ql 0.01 
0.46 3.0 
0.32 <0.01l 

<0.43 <0.13 
1.66 <0.30 
0.45 2.8 

36 33 
2.15 9.4 
4.7 <0.01 

<259 <1.05 
399 <1.05 

0.92 2.0 

99.99994 99.9999 
99.99997 99.999999 

.. ··No tetra or penta dioxins were detected atO.OS ng on a GC column, except for Run #1 where 0.06 ng tetra dioxin was reported, 

tentia! problem, and the operation of the system requires 
highly-trained professionals. 

CONCLUSION 

The authors felt that the five technologies are the most 
worthy of compilation for illustrating the development of 
innovative thermal destruction/incineration technologies. 
Evaluation of these technologies indicates that in most 
cases, they can meet either RCRA or TSCA destruction 
requirements, depending upon which compound or 
chemical (waste) is to be destroyed. Because of the needs, 
especially under the SITE program, it is believed that 
more advanced thermal technologies will be developed 
in the future. 
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Physical Properties and Chemical Species 
Distributions Within Municipal Waste 

Combuster Ashes 

J. L. Ontiveros, T. L. Clapp, and D. S. Kosson 
Rutgers, The State University of New Jersey, Department of Chemical and Biochemical 

Engineering, P.O. Box 909, Piscataway, NJ 08855--0909 

Incineration of municipal solid waste has been viewed as a preferred 
alternative to landfilling in recent years. Fly ash and bouom ash are of 
particular concern because of the high concentration of heavy metals on 
and within the ash matrix. This paper presents chemical, physical, and 

structural properties of the ashes from several municipal waste combustors. 
Properties of both the bulk ash and ash fractions separated by particle size 

are included. Results have shown significant variability based upon both 
ash type and particle fraction. 

INTRODUCTION 

Landfilling of municipal solid waste has become a less at
tractive management option because of diminishing 
available landfill capacity. Municipal waste combustion 
is a viable management option, achieving up to 80 and 90 
percent reduction in waste mass and volume, respec
tively. However, all MWC process effiuents, including 
stack emissions, solid residues, and wastewater, must be 
considered and managed in an environmentally accept
able manner. Solid residuals from MWC facilities are of 
particular concern because heavy metals such as lead, 
cadmium, and chromium and other inorganic species 
originally present in municipal waste are concentrated in 
these ashes. 

Incineration residuals are classified into several pri
mary categories: bottom ash recovered from the primary 
combustor; fly ash recovered through removal of particu
lates entrained in the combustion gas stream; scrubber 
residue resulting from acid gas removal from the combus
tion gas stream; and combined ash that is a blend of bot
tom ash, fly ash, and other residuals. Fly ash typically is 
recovered using either electrostatic precipitators or bag
houses. Scrubber residue is recovered either as a slurry 
(wet) or as a dry particulate stream. Each residual type ex
hibits different physical and chemical characteristics that 
are dependent on facility design, operating conditions, 
and feed (waste) characteristics. 

A thorough understanding of the physical, chemical, 
and structural properties of ash is required to estimate po
tential environmental threats from these materials and to 
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develop appropriate management strategies. This paper 
examines the bulk properties of several MWC ashes and 
the distribution of these properties within particle-size 
fractions of the ash. Properties examined extend beyond 
distribution of heavy metals because physical and chemi
cal properties of major ash constituents most likely will 
playa determining role in the fate and management of the 
regulated heavy metals . 

MATERIALS AND METHODS 
IncineNtor Sompled 

Ash utilized in this study was sampled from four incin
erators at three locations in Canada, New Jersey, and 
Massachusetts. Two incinerators sampled were part of a 
system of incinerators burning municipal solid waste 
(MSW) in Canada. A three-tiered vibrating grate primary 
combustion chamber provided a mean residence time of 
approximately three hours. Incinerator # 1 provided all of 
the combustion air as underfire air to the vibrating grate. 
Incinerator #3, a modified version of incinerator # 1, pro
vided 40% of the combustion air in the primary chamber 
as secondary air above the burning surface. In addition, a 
full waterwall was extended to control slagging. An acid 
gas scrubber was not employed in the Canadian incinera
tion system and fly ash was collected by means of a series 
of two electrostatic precipitators. 

The Massachusetts incinerator system employed a 
three-tiered stationary primary combustion chamber that 
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Figure 1. Particle size distribution. 

shifted the waste hom tier to tier by means of a hydraulic 
ram. A calcium carbonate quench treated the flue gases 
before existing the stack. Fly ash was collected by means 
of a rotating electrostatic gravel bed coupled to a bag
house. 

The New Jersey incinerator employed a rotating coni
cal primary combustion chamber followed by an afterbur
ner. A quench and a wet sodium hydroxide scrub contac
ted the flue gases before passage through a baghouse and 
final exit out the stack. Additional design and operating 
information for all systems sampled is available else
where [1]. 

Grab samples of both bottom or combined ash and fly 
ash were collected from each of the incinerators studied. 
The Canadian incinerators combined in a communal ash
pit both fly ash efHuent from the electrostatic precipita
tors and bottom ash from the fallout of the primary com
bustion chamber. Samples from this ashpit are designated 
CB. Flyash samples taken from the electrostatic precipi
tators of Canadian incinerator # 1 and #3 are designated 
CF1 and CF3, respectively. Grab samples of the Massa
chusetts fly ash were taken from the filter baghouse and 
are designated MF. Bottom ash samples were taken from 
the conveyor exiting the quench after brief cessation of 
the fly ash stream and are designated MB. The New Jer
sey incinerator did not combine fly and bottom ashes. 
Bottom ash samples were taken from the ash pit and des
ignated JB. Fly ash was sampled from the filter baghouse 
and designated JF. 

Ash Fractionation 

A particle size separator was designed to separate bulk 
fly ash into seven particle size ranges < 20 !Lm, 20-41 !Lm, 
42-60 !Lm, 61-110 !Lm, 111-,-149 !Lm , 150--230 !Lm, and 
>230 !Lm. The separator consisted of four interlocking 
stacked 14 cm 0 .0 . polyethylene cylinders . Woven poly
mer mesh screens (20 !Lm, 40 !Lm, 60 !Lm, 110 j.l.m, 
150 j.l.m, and 230 j.l.m) were fitted between cylinders. Ash 
samples were placed in the top cylinder and the resulting 
sieve assembly was shaken on a roto-tap shaker to achieve 
fractionation. Copper rods were inserted through the 
sides of the containers to prevent ash agglomeration in
duced by static charge during separation. The rods were 
positioned just above the mesh screens and the outer pro
truding rod was grounded during the sieving process. 
The bulk bottom ash was sieved using commercial 8-inch 
0.0. screens into < 0.295 mm, 0.295-0.599 mm, 0.600--
1.167 mm 1.168--1.99 mm, 2.00--9.4 mm, and >9.5 mm 
particle size ranges. 
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Figure 2. Particle size distribution (CB versus MB). 

Analytical Methods 

Total metal content was assayed using sequential nitric 
(HNO,) and perchloric (HCIO,) acid digestion [2]. Ele
mental concentrations were determined by atomic ab
sorption spectroscopy (AAS). An air-acetylene flame was 
used exclusively for metal determination with the excep
tion of the elements aluminum and barium, which re
quired an acetylene-nitrous oxide flame. Total volati le 
solids (TVS) was assayed by drying samples at 105°C to a 
constant mass (minimum 24 hours) followed by ash at 
550°C for one hour. TVS was calculated as the change in 
mass between the dried and ashed sample. 

Aqueous extractions of both bottom and fly ash for de
termination of principal soluble ionic species used deion
ized water and a liquid to solid ratio of 20: 1 by mass. 
Anion analysis (chloride, suI/ate, etc.) was carried out 
using ion vacancy high pressure liquid chromatography 
(HPLC) techniques and employing an Interaction ION-
110 anion chromatography column and 2.5 mM sodium 
salicylate eluant [3]. All total metal digestions, metal as
says, and anion assays were carried out at least in tripli
cate. 

The following assays were carried out by the David 
Sarnoff Research Center in Princeton, NJ. Micrographs of 
the ash were obtained using an Amray 1400 scanning 
electron microscope (SEM) instrument with EDAX 
9100 EDX apparatus. Surface area was determined on a 
Micromeritics 2100E apparatus. The samples were dried 

TABI.E 1. BULK DENSITY AND P ARTICLE DENSITY AND SURFACE 

AHEA (W SELECTED ASII FHACTIONS 

Ash Fraction 

150-230 ,Lln 
110-14\J fJ.1l1 
61-110 fJ.1l1 
42-60 fJ.1Il 
21-41 fJ.1ll 

<20 fJ.1Il 

Bulk Ash 
Bulk (Apparent) 
Density (glenr') 

CFl 

CF3 

CB 

MF 

MB 

Particle Density 
(glem') 

CF3 MF 

2.50 
2.77 
2.57 
2.66 
2.39 
2.10 

2.57 
3.76 
2.66 
2.\J3 
2.81 
4.()4 

0.37 
0.57 
1.04 
0.73 
0.82 

S mt'lce Area 
(1l1'/g) 

CF3 MF 

7.75 
5.95 
4.66 
4.79 
3.95 
2.83 

36.93 
15.66 
13.56 
9.31 
7.78 
7.77 
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TVS OF FLY ASH FRACTI ONS 
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Figure 3. TVS of fly ... h froctions. 

overnight under vacuum at lOO-llO°C. Four to seven ad
sorption points in the BET range were obtained. The cor
relation coeflicients for the data exceeded 0.9999 for all 
calculations. Density determinations were performed on 
a Micromeritics helium Autopycnometer. 

RESULTS AND DISCUSSION 
Physical Properties and Morphology 

The particle size distributions for Hy ash samples are 
presented in Figure 1. Both Canadian incinerators had 

TVS OF BOTTOM ASH FRACTIONS 

<0.3 D.J-O.8 

Perticl. SilO !.o) 

Figure 4. TVS of bottom ash fractions. 

Figure 5. Micrograph of Canadian fly ash. 

similar Hy ash size distributions. The largest fraction. 
> 230 .... m. consisted mainly of char Hakes. The finer parti
cles appeared to consist mainly of black and white parti
cles. imparting a salt and pepper appearance. Incinerator 
#1 produced more ash in the 21-41 .... m and in the 
>230 .... m particle ranges than incinerator #3; otherwise. 
both ashes had very similar size distributions. It was ob
vious from the two bulk ashes that incinerator #3 had less 
char particles. Since this incinerator had secondary air in
duction. particles most likely were more thoroughly com-

Figure 6. Canadian Ily ash # I, 150-230 11m Iractians. 

TABLE 2. TOTAL METAl. ASSAY (I1Wg) 

Fly Ash Bottom Ash 

Metal CFl CF3 MF JF CB MB JB 

AI 42000 4R800 79600 41400 44300 45000 
Ba 2910 1870 1940 2353 1260 730 1920 
Ca 77000 76100 60000 9800 65(X)() 4J(X)() 247()() 
Cd 190 200 230 597 45 10 22 
C .. 390 420 420 35 350 4(X) 90 
ClI 620 520 78() 1900 1540 620 36!)() 
Fe 9480 J(XX)O 13400 63()()() 44(x)() 22000 
K 14900 15500 10134 3!J2(X) 37(X) 2!J(X) 1900 
Mg 14J()() 15100 15900 1J700 1J8(X) 8620 
Mn 1330 1270 910 960 660 470 
Na 213()() 21400 16100 37350 6640 5360 12400 
Ni 70 80 200 50 flO 70 120 
Ph 5530 5580 8380 4271 4540 1670 18900 
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busted. The M'assachusetts incinerator ash was unitclrmly 
gray in appearance and had a much greater ash fraction in 
the lower particle ranges than the Canadian fly ashes. 

Particle size distributions for the bottom ashes are pre
sented in Figure 2. Comparing the bottom ashes, Cana
dian ash had 55% of the total bulk existing in the two 
largest particle ranges. Broken glass, metal fragments, 
pebbles, and slag were the major components in this frac
tion. After the two largest ranges, the particles were 
evenly distributed throughout the remaining particle 
ranges. 

Table 1 p~esents the bulk density for each ash and se
lected particle densities and surtilce area analysis tilr se
lected particle size fractions. The complete CF3 palticle 
range, excepting the >230 f.Lm fraction, the complete CFl 
and the complete MF incinerator particle range were ana
lyzed. 

Density measurement on bulk fly ash indicated that the 
Massachusetts fly ash was denser than both of the Canad
ian fly ashes. CF3 fly ash was denser than the one pro
duced from CFl, indicating that the added combustion 
air was enhancing complete incineration. 

Particle density for CF3 generally remained constant 
around 2.5 glcm' while the surface area declined with de
creasing particle size. MF ash particles were denser and 
had substantially higher available surtace area. This phe
nomena could be attributed to either incinerator effi
ciency or to process equipment collection efficiency. It 
may be a combination of both, for example, the Mas
sachusetts incinerator may have a higher combustion ef
ficiency and also collects the smaller particle size more 
efficiently. Alternatively, since the Massachusetts incin
erator uses'a rotating charged-pea gravel bed, the ash par
ticles could be reduced to smaller fragments due to the 
grinding action of the gravel pieces. 

Total volatile solids was a~sayed to determine the rela
tive amount of uncombusted materials within each parti
cle size fraction (Figures 3 and 4). Fly ashes from all com
busters exhibited similar TVS between 2% and 4% for all 
particle size fractions smaller than 230 f.Lm. The CFl and 
CF3 exhibited TVS for the particle size fraction larger 
than 230 11m of 17% and 34%, respectively. 

SEM micrographs for several fly ash fractions above 
were obtained; two typical micrographs are presented in 
Figures 5 and 6. A wide diversity of highly crystalline 
structures were observed. Unlike coal fly ash, which ex
ists predominantly as spherical particles [4,5], municipal 
fly ash contains planar, cylindrical, and sintered agglom
erations of particles as well as spherical particles. How
ever, the spherical particles do not predominate. Taylor, 
et al. [6] also observed the same types ofMSW fly ash par
ticles but called them, perhaps more descriptively, 
"shredded sponge," "rolled paper," and "paint chips." 

The most dominant feature in the micrographs was the 
occurrence of crystals residing on the fly ash particles. 
This can be explained by the "voltilization-conden
sation" theory proposed by Cahill and Newland [7] to ex
plain fly ash formation. Aluminum and silicon, with 
boiling points above the typical combustion tempera
tures, would form nucleation particles whereupon volatil
ized elements would condense. Furuya, et al. [4] iden
tified CaSO, crystals residing on fly ash particles. With 
the ash samples studied here, the crystalline outcrop
pings are most likely CaSO" NaCl, or KCI. 

Bulk Chemical Properties 

Total metal content was determined for the bottom and 
fly bulk ashes using sequential nitric/perchloric acid di
gestion to dissolve the ash matrix (Table 2). Statistical 
analysis was used to identify, with a 95% confidence 
level, any significant differences in the partitioning be
havior of the metals. Using a least significant diflerence 
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TA8LE 3. LEAST-SIGNIFICANT-DIFFERENCE MEANS TEST 

Metal Means Test 

AI MF CF3 JB MB CFI CB 

Ba CFI MF JB CF3 CB MB 

Ca CFI CF3 CB MF MB JB 

Cd MF CF3 CFI CB MB JB 

Cr CF3 MF MB CFI CB JB 

Cll JB CB MF CFI MB CF3 

Fe CB MB JB MF CF3 CFI 

K CF3 CFI MF CB MB JB 

Mg MF CF3 CFI MB CB JB --
Mn CF3 CFI CB MF MB JB 

Na CF3 CFI MF JB CB MB --
Ni MF JB CB CF3 MB CFI --
Pb JB MF CF3 CFI CB MB 

(LS D) t-test, generated by analysis of variance (ANOVA) 
on each mean metal concentration, gave the necessary 
correlations. Since the acid digestion experimental de
sign contained equal cell sizes, the pairwise t-tests per
formed are equivalent to Fisher's least-significant
difl'erence test for all main-effect means [8] . The results 
are indicated in Table 3. The ashes are listed in decreas
ing order with the ash having the largest mean concentra
tion being listed first. Ashes that are statistically similar 
are grouped together by a continuous underline; ashes 
that are significantly different have a separate underline. 

Significant differences existed between the a~bes. Po
tassium, sodium, and cadmium favored deposition on fly 
ash by a factor of three. Massachusetts fly ash showed a 
significant amount of nickel, at least twice that of its bot
tom ash. The Canadian bottom ash had at least six times 
more iron than the fly ashes from the same facility. Cal
cium, magnesium, and manganese also favored deposi
tion to the fly ash, but not as strongly as the previous 
metals. 

Aluminum, barium, chromium, copper, and lead were 
equally distributed between the bottom and fly ashes. 
However, the New Jersey bottom ash had more than 
twice the amount of lead than all of the other ashes and 
more than twice the amount of sodium than the other bot
tom ashes. Also, lead was four times more prevalent in the 
Massachusetts fly ash than in its bottom ash. Since the 

TA8LE 4. PRINClVAl. AQUEOUS EXTRACTA8LE IONIC SPECIES 

Mass Balance (mg/g ash) 
Species CFl CF3 MF CB MB JB 

SO, 70.5 97.4 61.3 10.6 11.1 3.2 
Cl 47.3 51.8 1l.8 11.3 1.9 2.5 
Ca 34.8 34.2 19.2 8.0 5.8 3.0 
K 31.9 34.3 6.6 0.6 0.4 0.7 
Na 22.2 24.0 13.2 1.3 2.1 1.8 

Total 206.7 241.7 112.1 31.7 21.3 11.9 
TDS 234.0 248.0 137.0 42.3 24.9 11.4 
% Error 11.7 2.5 18.2 25.0 14.6 2.3 

Cbarge Balance (meq/g ash) 
Species CFI CF3 MF CB MB JB 

SO, -0.73 - 1.01 -0.64 - O.ll -0.12 -0.03 
CI -1.33 -1.46 -0.33 -0.32 - 0.05 -0.07 
Ca 0.87 0.85 0.48 0.20 0.14 0.07 
K 0.82 0.88 0.17 0.02 0.01 0.02 
Na 0.97 1.04 0.57 0.06 0.09 0.08 

Total 0.58 0.30 0.25 - 0.16 0.08 0.07 
% Error 58.20 29.80 25.10 15.70 7.80 6.90 
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TABLE 5. "CORE" METAL CONCENTRATION 
(mg/g Average Yalues) 

Species CFI CF3 MF 

Al 43.0 48.0 8.0 
Ba 2.5 3.0 0.8 
Fe lO.O 10.0 12.0 
K 22.0 24.0 lO.O 
Mn 1.2 1.3 0.8 
Ni 0.1 0.1 1.4 

concentrations greatly varied in bottom ash samples, lead 
did not show a strong statistical difference between the 
ashes even though there were striking differences. 

Generally, the fly ash metal concentrations fell within a 
close range; the Canadian fly ashes were very similar in 
metal composition except that CF3 appeared to have a 
slightly greater concentration in all metals than CF1; this 
disparity, however, was statistically insignificant. On the 
other extreme, New Jersey bottom ash frequently had the 
lowest concentration in metals with one notable excep
tion, lead. The predominant metal species found were 
aluminum, calcium, iron, potassium, magnesium, and 
sodium. 

Aqueous batch extractions were carried (Jut to identify 
principal cationic and anionic species that readily parti
tioned from ash into solution. Three serial extractions 
were carried out at a 20:1Iiquid-to-solid (deionized water: 
ash) ratio. Mass and charge balances were used to verify 
measurements. TDS was assumed to equal the sum of 
mass of the ionic species in solution and total cbarge neu
trality was assumed. Results are presented in Table 4. 

The results indicated that potassium and sodium exist 
mainly as chlorides. All three ionic species remained con
stant throughout extraction ratios studied. The Canadian 
incinerators each contained approximately 5% chloride 
salts by weight while the Massachusetts incinerator ~on
tained less than 1% chloride salts. A significant mass frac
tion of each of the fly ashes examined was water soluble, 
with 23.4%, 24.8% and 13.7% soluble in deionized water 
for CF1, and CF3, and MF ashes, respectively. 

It appears calcium existed primarily as sulfates since 
levels in solution of both species increased with increas
ing dilution factor. However, calcium alone accounted for 
only 20% of the sulfate extracted from ash; tberefore, po
tassium and sodium must also exist as sulfates. The mini
mum amount of sulfates extracted from the Canadian fly 
ash was approximately 7-10%. The Massachusetts fly ash, 
though, attained a maximum extractable amount of ap-
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Figure 7. Particle size acid digestion. 
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Figure 8. Particle size acid digestion. 

proximately 6% sulfate by weight. Nitrate was also de
tected although the amount present «2 mg/g ash) wa~ 
negligible in comparison to chloride and sulfate. The 
trends displayed in the fly ash solutions also were appar
ent in the bottom ash solutions. 

Generally, for fly ash, individual species analysis ac
counted for over 85% of the TDS. TDS values were usu
ally higher than the sum of the major species indicating 
that either another species was present in solution or the 
salts were not completely free of water. Similar trends for 
the bottom ash were displayed; however, the error was 
generally greater. The Canadian bottom ash showed the 
greatest error, usually around 40%. 

The charge balances are for fly ash solutions showed 
approximately 20% error while the bottom ash solutions 
displayed lower elTOrs. The charge balances were usually 
positive indicating that an anionic species, most likely 
carbonate, was not accounted for. 

Metals Distributions within Particle Size Fractions 

Knowledge of metals distributions within ash particle 
size fractions is important for clarifying formation mech
anisms and management approaches. Kaufherr and 
Lichtman [9] found aluminum, potassium, magnesium, 
and iron to be common throughout various sized parti
cles. Hansen and Fisher [12] found these same metals 
with titanium, sodium, hafnium, and thorium were asso
ciated with the aluminosilicate matrix in coal fly ash. 

PARTICLE SIZE ACIO OIGESTION 
15;~--------------------------------~ 

21-41 42-111 

=CFI 
Elr:fl 
rmlllf 

Par'ticl. 51 .. Rang. (UM) 

Figur.9. Particle size acid digestion. 
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Figure 10. Metal partitioning-CF3. 

METAL PARTITIONING - MF 

Pcrticle Size (uoJ 

Figure 11 . Metal partitioning-MF. 

Cahill and Newland [7) theorized that metals with a 
higher boiling point than that typically found in a com
bustion chamber would serve as the nucleation particles. 
Thus, aluminum, silicon, and manganese would form the 
core of the fly ash particle. Metals with a lower boiling 
point would volatilize in the combustion chamber and 
condense onto the fl y ash particle. Lead and cadmium 
would be expected to be surface deposited metals since 
they would readily volatilize. 

Total metal content for each fly ash particle size range 
was assayed. The Canadian fly ashes were very similar in 
their elemental composition with CF3 containing slightly 
higher metal concentrations. In all cases except lor 
nickel, each ash displayed analogous characte ristics. If 
the metal concentration increased with decreasing parti
cle size, it did so for all three ashes. Most metals dis
played this trend, although aluminum, manganese, bar
ium, iron, nickel, and potassium generally remained 
constant throughout the particle range (Table 5). This 
would indicate that these elements comprise the core of 
the ash matrix. Nickel COJl(;entration decreased from ap
proximately 1.4 mg/g ash for particles smaller than 
110 11m to 0.2 mg/g ash li>r particle larger than 110 11m. 
The other elements concentrated on the smaller ash par
ticles. 

The surface area of each particle range was used lor 
comparison because an increased amount of sur/ace area 
is available for condensation as the particle size de
creased. The metal concentrations for MF, CF1, and CF3 
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ash were nonnalized using the surface area of each parti
cle range. The "core" metals , aluminum, barium, iron, 
manganese, nickel, and potassium, remained relatively 
constant although concentrations increased slightly as the 
particle size decreased. Cadmium, chromium, and lead as 
well as the remaining metals indicated a sharp preference 
towards the smaller particle sizes (Figures 7, 8, and 9). In 
most cases the increases were predominantly linear. 

It was of particular interest to ascertain fly ash leaching 
behavior for cadmium and lead at pH 7.4 and 2 because 
these pHs are physiologically re levant. Inhalation of par
ticles may result in lung deposition where the pH of the 
environment is equivalent to that of blood and remains 
stable at 7.4. Gastric pH, important because of possible 
ash ingestion, is acidic and usually remains at about 2.0. 
Ingestion occurs when particles deposited in the nasal, 
pharyngeal, and bronchial regions of the respiratory sys
tem are transported by cilial action to the stomach (11). 
Inhalation of fly ash could represent potentially more of a 
risk than ingestion because absorption is directly into the 
bloodstream rather than passage through the liver or in
testine. About 25% of inhaled airborne particles settle in 
the lung tissue and, thus, accumulate with increased ex
posure (12). Particles less than 1 micron in diameter de
posit predominantly in the alveolar regions of the lung 
where absorption efficiency of most trace elements is be
tween 50-80% (13). Figures 10 and 11 present the 
aqueous phase of cadmium and lead off the surface of 
three iractions ofthe MF and CF3 ashes. An equi librium 
pH of7.4 and 2.0 was maintained with hydrochloric acid 
because the buffering capacities of the ash iractions ten
ded to raise solution pH above neutrality. A 20; 1 liquid
to-solid ratio was employed and extractions equilibrated 
for 24 hours. Lead did not seem to be mobile at a pH 7.4 
in the larger particle size ranges . However, the fraction of 
palticulate between 1-2011m showed a significant 
amount of mobile lead. At a pH of 2, substantial amounts 
of lead were seen to leach from the sur/ace and there ap
peared to be no correlation between particle size and 
amount of lead leached. In contrast, cadmium leached 
significantly at both pHs and this leaching was linear with 
decreasing particle size. 

The amount of lead extracted from the MF Iraction 
1-20 11m at a pH of 7.4 is approximately 0.5% of the total 
lead present. In contrast, at a pH of 2 and a particle li'ac
tion size of 41-60 11m (greatest leaching) the amount of 
lead leached is approximately ,'3% of the total lead. The 
CF3 data is similar with the 1-20 11m fraction at pH 7.4 
leaching 0.5% of the total lead and at a pH of 2, (greatest 
leaching), 11.3% of the total lead. 

The 'cadmium leached, regardless of particle size or 
pH, is a substantial fraction of the total cadmium avail
able. At the most severe conditions and smallest particle 
size for the MF, approximately 93% of the total cadmium 
was removed. 

CONCLUSIONS 

Proper management of municipal waste combustor 
ashes requires a detailed understanding of the physical 
and chemical properties of these materials, not limited to 
the presence of regulated heavy metals. Configuration 
and operational parameters of the incinerator influence 
both the structure of the ash mah'ix and the partitioning of 
the heavy metals in the fl y and bottom ashes. Physical 
propelties, including particle size distributions, surface 
area, morphology, and densities, have been detennined 
for several ashes and ash fractions separated, based on 
pat1icle size. Chemical characteristics also have been de
termined lill' the same ashes. Principal aqueous extracta-
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ble ions present in ashes include sulfate, chloride, cal
cium, sodium, and potassium. Up to 24% (by mass) of the 
Oy ashes examined were soluble in deionized water. Cad
mium, chromium, and lead were present in highest con
centrations on the smallest particle size fractions of Oy 
ash. Extraction of lead and cadmium was examined at 
pHs of 7.4 and 2, representing physiological pH of the 
respiratory tract and stomach. Less than 12% and 0.5% of 
the total lead was extractable at pH 2 and 7.4, respec
tively. Conversely, a large percentage of the total cad
mium (up to 93%) was extractable at these pHs. 
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Exposure and Risk Assessment for a 
Proposed Hazardous Waste Incinerator 

Jean Tilly, Gary Dietrich, and Dan Pyne 
ICF Technology, Inc., 9300 Lee Highway, Fairfax, VA 22031 

In supporting a firm's application for a Part B permit to 
operate a hazardous waste incinerator in Rhode Island, an exposure/risk 

assessment was conducted estimating: the maximum concentrations 
associated with the emissions of hazardous constituents from the 

incinerator; and the risks due to the exposure to these 
concentrations. This included determining the probability of 

the Most Exposed Individual (MEl) developing a cancer case and the 
number of cancer cases that may develop within a 50-km radius 

of the proposed incinerator. 

INTRODUCTION 

Exposure and risk assessments were conducted f()I' a pro
posed hazardous waste incinerator in order to determine: 

• The ambient air exposure levels created by these 
emissions; 

• the incremental health risks to the most exposed in
dividual (MEl) posed by air emissions Ii'om the in
cinerator. (The MEl is defined as the individual who 
is exposed to the highest concentrations of hazardous 
constituents emitted by the incinerator.); and 

• the incremental health risks to the total population 
within a 50 km radius of the incinerator as a result of 
exposure to the emissions fi'om the incinerator. 

These assessments were prepared in the interest of pro
viding the Rhode Island Depmtment of Environmental 
Management (DEM) and the public with a filII disclosure 
of the predicted air quality impacts of the proposed incin
erator. 

This paper discusses how these assessments were con
ducted, (including the selection of waste incineration 
scenariOS, operating levels, and dispersion modeling), 
and what results were attained. 

Environmental Progress (Vol. 8, No. 3) 

EXPOSURE ASSESSMENT 

Description of the Two Waste Incineration Scenarios 

Emissions and exposures for two theoretical waste in
cineration scenarios were investigated. These scenarios 
are described below. 

Scenario A, in which the toxic constituents listed in 
Table 1 of proposed Regulation 22 of the Rhode Island 
Air Toxics Guidelines are assumed to be fed to the incin
erator at the highest rates likely to be employed during 
full-scale operation of the incinerator. (Proposed Regula
tion 22 sets the compliance requirements for individuals 
to obtain permits to construct, install, or modify any sta
tionary source.) Included in this scenario was the inor
ganic metal lead since lead emission levels are being pro
posed by EPA for hazardous waste incinerators. 
Consequently, this scenario is designed to show that the 
incinerator always will comply with the ambient air lev
els (the acceptable ambient air exposure levels) set forth 
in proposed Regulation 22. The estimated feed rates for 
these constituents are listed in Table 1. 

Scenario B, in which only pesticide wastes are fed to 
the incinerator at the highest feed rates likely ever to be 
employed in full-scale operation of the incinerator. This 
scenario is designed to show that the incinerator can burn 
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TAHLE 1. ASSUMED FEliD RATES OF REGULATION 22 OnGANIC 
CONSTITUENTS [1], [2] 

SCENARIO A 

Constitucnt 

Acrylonitrile 
Aniline 
O-Anisidine 
Benzene 
Benzidine 
Benzotrichloride 
Benzyl Chloridc 
Carhon Tetrachloride 
Chloroform 
3,3' -Dichlorohenzidine 
Dioctyl Phthalate 
Diphenyl 
Diphenylamine 
Epichlorohydrin 
Ethylene Dichloride 
Ethylene Oxide 
Hydl1lzine 
Methyl Cellosolve 
Methylene Bisphenyl Isocyanate 
4,4'-Methylene his 
Methylene Chloride 
5·Nitro (HUlisidine 
2-Nitropropane 
Perchloroethylene 
Styrene 
Toluene 
Tolucne-2,4-diisocyanate 
o-Toluidine 
1,1,2 Trichloroethane 
Trichloroethylene 
Triethylamine 
Xylenes 

Gonstihlent 

Antimony 
Arsenic 
Cadmilllll 
Chromium 
Lead 
Manganese 
Nickel 

Percentage 
of Total 

B 
< U.U5 
< U.U5 

B 
< 0.05 
< 0.05 
< O.U5 

B 
3 

<0.05 
< O.U5 
< 0.05 
< 0.05 
<0.05 

8 
2 

< 0.05 
< 0.05 
< 0.05 
< 0.05 

B 
< 0.05 
< 0.05 

8 
<0.05 

> 15 
< 0.05 
<0.05 

8 
8 

< 0.05 
> 15 

100 

Constituent 
Feed Rate 

(lhs/hr) 

212 
1 
1 

212 
1 
1 
1 

212 
BO 

1 
1 
1 
1 
I 

212 
53 

I 
1 
1 
1 

212 
1 
1 

212 
1 

402 
1 
1 

212 
212 

1 
403 

2,654 

Feed Rate (Ills/hr) 

4.19 
0.13 
O.Q7 
2.20 
4.19 
4.19 
0.18 

very large amounts (very high feed rates) of highly toxic 
pesticide wastes without creating unacceptable ambient 
air exposures of the toxic pesticide ingredients. In the ex
posure assessment it was assumed that the feed rate of 
any of the pesticides would not exceed 10 lblhr during 
any normal waste feed scenario employed during full
scale operation of the incinerator. 

It is extremely unlikely that the Scenario A waste feed 
regime ever will be encountered in full-scale operation of 
the incinerator. This scenario assumes the highest likely 
feed rates of organic wastes to the incinerator and filrther 
assumes that the organic content of these waste feeds is 
composed exclusively of those organic constituents listed 
in proposed Regulation 22. The organic constituents of 
hazardous wastes typically burned in incinerators are 
dominated by comparatively easy to burn and generally 
less toxic non-chlorinated solvents. Thus, it is very un
likely that the assumed aggregate feed rates of Regulation 
22 organic constituents ever will be encountered in actual 
operations. 
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Scenario A also assumes the highest likely feed rates of 
the inorganic constituents listed in proposed Regulations 
22 (and filr lead). It is unlikely that these high feed rates 
of inorganic constituents will coexist with the high feed 
rates of organic constituents discussed above. For this 
reason and the reason cited above. Scenario A is clearly a 
conservative worst-case scenario. 

It also is extremely unlikely that Scenario B ever will 
be encountered in fi.lll-scale operation of the incinerator 
because it will be unusual for the facility to receive 
wastes that are exclusively concentrated pesticide wastes. 
Typically, pesticide waste receipts will be wastes that are 
contaminated with pesticides at low concentrations (e.g., 
used pesticide containers). Occasionally, concentrated 
pesticide wastes will be received, but these receipts typi
cally will compose a small portion of daily waste receipts 
and will be blended with other waste receipts for inciner
ation. If large amounts of pesticide wastes are received 
(e.g., from the planned disposal of large stocks of a can
celled pesticide), the filCility will store these receipts and 
gradually blend them with other wastes before they are 
incinerated. Thus, Scenario B is a conservative worst-case 
scenario. 

Description of the Two Operoting Levels 

For each scenario, the emissions and exposures filr two 
operating levels were assessed: 

1. The highest level at which destruction and/or re
moval efficiencies (DREs) for organic constituents and 
the removal efJiciencies (REs) for HCI and HF will be 
99.9999% and 99.998%, respectively [4). 

2. The lowest level at which DREs for organic constit
uents and REs for HCI and HF will be 99.99% and 99%, 
respectively. 

Metal emissions and exposures for a worst-case operat
ing level were assessed. This worst-case operating level 
assumes that the removal efficiencies (REs) for metals are 
99.9% [5). 

The highest level is that at which the incinerator is de
signed to operate. This level will be demonstrated in the 
trial burn of the incinerator, and, during full-scale opera
tion, it will be the normal level of operation. The lowest 
level is the level that the incinerator is required by regu
lations to achieve (except when burning F020, F021, 
F022, F023, F026, andlor F027 wastes) and is the level 
that all permitted hazardous waste incinerators have 
demonstrated as achievable. This is the lowest level at 
which the incinerator can operate because automatic 
waste feed cut-off controls will stop waste feeds when 
this level fails to be achieved. During full-scale operation 
of the incinerator, it is expected that this level of opera
tion will be experienced infrequently and for only com
paratively short periods of time (e.g., a few minutes) dur
ing such occurrences. 

The emission rates for the Regulation 22 constituents 
are listed in Table 2. Since the feed rates for the pesti
cides under Scenario B are the same (10 lblhr), the emis
sion rates filr these pesticides will be the same under the 
worst-case and' normal operating conditions (1.26 E-04 
glsec and 1.26 E-06 g/sec, respectively) . 

Description of the Dispersion Modeling 

For the exposure assessment, the emission rates of each 
of the subject toxic constituents were calculated for each 
operating level within each scenario. Then the maximum 
annual average exposure concentrations for each of the 
toxic constituents for each operating level within each 
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TAHU;; 2. REGULATION 22 ORGANIC CONSTITUENTS EMISSIONS 
FROM INCINERATOR UNDEII AVERAGE AND WOIIST-CASE 

OPEIIATING CONDITIONS [6] 
SCENAIUO A 

Regulation 22 
Or!l:anic Constituent 

Acrylonitrile 
Aniline 
O-Anisidine 
Benzene 
Benzidine 
Benzotrichloride 
Benzyl Chloride 
Carhon Tetrachloride 
Ch loroiiJTm 
3,3'-Dichlorohenzidine 
Di(>ctyl Phthalate 
Diphenyl 
Diphenylamine 
Epichlorohydrin 
Ethylene Dichloride 
Ethylene Oxide 
Hydrazine 
Methyl Cellosolve 
Methylene Bisphenyl Isocyanate 
4,4' -Methylene his 
Methylene Chloride 
S-Nitro o-anisidinc 
2-Nitropropane 
Perchlnroethylene 
Styrene 
Toluene 
Toluene-2,4-diisocyanate 
o-Toluidine 
1,1,2-Trichloroethane 
Trichloroethylene 
Triethylamine 
Xylenes 

Constituent 

Antimony 
Arsenic 
Cadmium 
Chromium 
Lead 
Manganese 
Nickel 

Stack Emisson 
Rate (glscc) 

Average Worst·Case 

2.67E-OS 
l.26E-07 
l.26E-07 
2.67E-OS 
1.26E-07 
1.26E-07 
l.26E-07 
2.67E-OS 
l.OlE-OS 
l.26E-07 
1.26E-07 
1.26E-07 
1.26E-07 
1.26E-07 
2.67E-OS 
6.68E-06 
1.26E-07 
l.26E-07 
1.26E-07 
l.26E-07 
2.67E-OS 
1.26E-07 
1.26E-07 
2.67E-OS 
1.26E-07 
S.06E-OS 
l.26E-07 
l.26E-07 
2.67E-OS 
2.67E-OS 
1.26E-07 
S.OBE-OS 

Stack Emission 
Rate (g/sec) 

S.2BE-04 
l.64E-OS 
8.82E-06 
l.39E-OS 
S.2BE-04 
S.2BE-04 
2.52E·06 

2.67E-03 
1.26E-OS 
l.26E-05 
2.67E-03 
l.26E-05 
l.26E-05 
l.26E-05 
2.67E-03 
l.OlE-03 
l.26E-05 
1.26E-OS 
1.26E-05 
l.26E-OS 
l.26E-OS 
2.67E-03 
6.68E-04 
l.26E-OS 
l.26E-OS 
1.26E-OS 
1.26E-05 
2.67E-03 
1.26E-05 
l.26E-05 
2.67E-03 
1.26E-OS 
5.06E-03 
1.26E-05 
l.26E-OS 
2.67E-03 
2.67E-03 
l.26E-OS 
S.OBE-03 

scenario we re calculated using the calculated emission 
rates and EPA's Industrial Source Complex Long T e rm 
(ISCLT) dispersion model [7]. The ISCLT is a steady
state Gaussian plume model that can be used to assess 
pollutant conce ntrations Irom a wide variety of industrial 
air emission sources. The maximum exposure concentra
tion levels for Scenario A are presented in Table 3. Since 
the emission rates for the pesticides under Scenario Bare 
the same, the maximum exposure concentration levels for 
the pesticides are the same (1.22 E-06 ""glm' and 1.22 
E-04 ""glm' under average and worst-case operating con
ditions, respectively). 

RISK ASSESSMENT 
Maximum Exposed Individual (MEl) Risks and Hazard Indices 

MEl risk values were obtained by taking the ratio of the 
maximum exposure concentration for each constituent 
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TABLE 3. PREDICTED MAXIMUM ANNUAL AVERAGE EXPOSUIIE 
CONCENTIIATIONS (j.Lglm' ) m' LEAD AND REGULATION 22 

CONSTITUENTS FROM INCINERATOR EMISSIONS UNDER AVERAGE 
AND WORST CASE OPERATING CONDITIONS [8] 

SCENARIO A 

Operating Conditions 
Chemical Average Worst-Case 

ORGANICS 
Acrylonitrile 2.5flE-OS 2.5flE-03 
Aniline l.22E-07 1.22E-05 
O-Anisidine l.22E-07 l.22E-OS 
Benzene 2.SflE-05 2.5flE-03 
Benzidine l.22E-07 l.22E-OS 
Benzotrichloride 1.22E-07 1.22E-05 
Benzyl Chloride 1.22E-07 1.22E-OS 
Carhon Tetrachloride 2.SflE-05 2.SflE-03 
Chloroiimn 9.77E-06 fl.77E-04 
3,3' -Dichlorohenzidine l.22E-07 l.22E-OS 
Dioctyl Phthalate l.22E-07 l.22E-OS 
Diphenyl l.22E-07 l.22E-05 
Diphenylamine l.22E-07 l.22E·05 
Epichlorohydrin 1.22E-07 l.22E-OS 
Ethylene Dichloride 2.SflE-OS 2.SflE-03 
Ethylene Oxide 6.47E-06 6.47E-04 
Hydrazine 1.22E-07 1.22E-OS 
Methyl Cellosolve l.22E-07 1.22E-OS 
Methylene Bisphenyl Isocyanate l.22E-07 1.22E-OS 
4,4' -Methylene his l.22E-07 1.22E-OS 
Methylene Chloride 2.5flE-OS 2.S9E-03 
.5-Nitro o-anisidine 1.22E-07 l.22E-OS 
2-Nitropropane l.22E-07 I .22E-OS 
Perchloroethylene 2.S!JE-OS 2.SflE-03 
Styrene 1.22E-07 1.22E-OS 
Toluene 4.!JIE-OS 4.91E-03 
Toluene-2,4-diisocyanate 1.22E-07 1.22E-OS 
o-Toluidine 1.22E-07 1.22E-05 
1,1,2-Trichloroethane 2.S9E-05 2.S9E-03 
Trichloroethylene 2.S!JE-OS 2.59E-03 
Triethylamine l.22E-07 1.22E-OS 
Xylenes 4.fl2E-OS 4.92E-03 
IN ORGANICS 
HCI l.83E-03 fl.16E-Ol 
HF l.78E-06 8.9IE-04 

Worst-Case 
Chemical Conditions 

INORGANICS 
Antimony 5.11E-04 
Arsenic l.S9E-OS 
Cadmium 8.54E-06 
Chromium l.34E-OS 
Lead 5.11E-04 
Manganese S.llE-04 
Nickel 2.44E-06 

li'om the exposure asse ssme nt to its accepted ambient 
level (AAL) as calculated by DEM in the Rhode Island 
guidelines. For pesticides , their AALs were based on the 
EPA's Integrated Risk Information System (IRIS) Chemi
cal Files [9]. For the risk assessment, individual pollut
ants were separated into two categories of toxicity de
pending on whether they induce carcinogenic or 
noncarcinogenic effects . The MEl risk estimates the risk 
for carcinogenic constituents; it represents the upper
bound lifetime increased probability of cancer due to the 
combined chronic exposures of a single individual to 
multiple carcinogens. The carcinogenic risk was calcu
lated by multiplying the ratio of the constituent's expo
sure concentration level to its AAL by 1 E-06. Multiply
ing by 1 E-06 was performed because the AALs· were 
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TABLE 4. MEl RISK' FROM REGULATION 22 CARCINOGENS 
SCENARIO A 

Operating Conditions 

Chemical Average Worst-Case 

ORGANICS 
Acrylonitrile 4E-1O 4E-08 
o-Anisidine 6 E-12 6E-lO 
Benzene 3E-1O 3 E-08 
Benzidine 6E-09 6 E-07 
Benzotrichloride 2E-1O 2E-08 
Benzyl Chloride 1 E-ll 1 E-09 
Carbon Tetrachloride 9E-IO 9E-08 
Chloroform 2E-1O 2E-08 
3,3' -Dichlorobenzidine 6E-ll 6E-09 
Dioctyl Phthalate 2 E-13 2 E-ll 
Epichlorohydrin 2 E-13 2E-ll 
Ethylene Dichloride 6E-1O SE-08 
Ethylene Oxide 6E-1O S E-08 
Hydrazine 4 E-IO 4 E-08 
5-Nitro-o-anisidine 2E-12 2E-1O 
Methylene Chloride I E-IO 1 E-08 
Perchloroethylene 5E-1O 5 E-08 
Toluene-2,4-diisocyanate 4E-12 4E-lO 
o-Toluidine 3 E-12 3 E-IO 
1,1,2-Trichloroethane 4 E-I2 4 E-IO 
Trichloroethylene 9 E-ll 9E-09 

IN ORGANICS" 
Arsenic 8 E-08 8E-08 
Cadmium 1 E-08 1 E-08 
Chromium 2E-07 2E-07 
Nickel 1 E-09 1 E-09 

---
MEl Risk< 3E-07 1 E-06 

II A 1 E .. 06 Cftn(:er risk represents Il I in 1,000,000 ChlUK'e of develnpinl( ("snt.'er. 
h Fur the inoll(anics, the elCpu.'mre assessment (.-alclliated (.'t ln<.-entratiuns only under 

wurst-Cll.'ie operating t.'onditions. Therefure. the risks listed IInder IIIverage openltinK 
(.'OOiditioos are the same .u the risks listed under worst,'lI.st: openlting l'tmditions. 

t ' These YILlues were mundecl to Olle si.nific.:ant numher. 

calculated based on a 1 E-06 excess lifetime cancer risk 
level. A risk level of 1 E-06 indicates that there is a one in 
1,000,000 chance that cancer will develop in a person 
who is chronically exposed (i.e., exposed for a period of 
70 years) to a maximum concentration of a carcinogenic 
compound equal to the AAL. For noncarcinogens, a MEl 
hazard index was estimated. The MEl hazard index is a 
parameter used by risk analysts to evaluate whether a po
tential health risk is posed by exposure to multiple non
carcinogens. A hazard index less than one generally 
indicates the lack of potential health risk from noncar
cinogens. The greater the difference hetween the MEl 
and one, the greater the confidence one has that there is 
no health risk. 

TABLE 5. MEl RISK" FROM CARCINOGENIC PESTICIDES 
SCENARIO B 

Operating Conditions 

Chemical Average Worst-Case 

Aldrin 4E-1O 4 E-08 
Chlordane SE-lO SE-08 
DDT 1 E-IO 1 E-08 
Dieldrin 1 E-09 1 E-07 
Ethylene Dibromide 1 E-09 1 E-07 
Heptachlor Epoxide 1 E-09 1 E-07 
Lindane 4E-1O 4E-08 
Toxaphene 4E-1O 4 E-08 

MEl Risk" SE-09 SE-07 

;\ A 1 E-n6 CIUI(..-er risk reprl:'sellts II I in I,()()(),O()() chance or developing cl\Ul.:er. 

II Thes(' villues were rounded to one significant numher. 
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TABLE 6. MEL HAZARD INDEX' FOR LEAD AND REGULATION 22 
NONCARCINOGENS 

SCENARIO A 

Operating Conditions 

Chemical Average Worst-Case 

ORGANICS 
Aniline 2 E-07 2 E-OS 
Diphenyl 3 E-07 3E-OS 
Diphenylamine 6E-1O SE-08 
Methyl Cel\osolve S E-09 SE-07 
Methylene Biphenyl Isocyanate 2 E-06 2 E-04 
4,4'-Methylene bis 5 E-07 SE-05 
2-Nitropropane 7E-07 7 E-05 
Styrene S E-09 SE-07 
Toluene 1 E-07 1 E-OS 
Triethylamine 6 E-09 SE-07 
Xylenes . 3 E-07 3 E-OS 

INORGANICS" 
Antimony 1 E-05 1 E-OS 
HCI 9 E-06 5 E-03 
HF 6 E-07 3E-04 
Lead 3E-04 3 E-04 
Manganese 3 E-03 3 E-03 

MEl Hazard Index" 3E-03 9E-03 

.. Note that these values lire not related to risk estimates, but mther indit:ilte the 
distance hetween the hazmd index I\IUI one-i.e., 1 E .. nS represent\; it h"zard index five 
urders of magnitude less than one. 

h For antimony, lead and milnJ,(.mese, the exposnre assessment calculated 
cnnc,:entrations (lnly under wurst cilse opt-rating (:ondUions. Therefore, the ratios listed 
under avemge operating L'tmdltlnns lIre the same as the nttios listed under worst-<:Ilse 
operating t'(mditions. 

"These values wt're rounded to one signl6cant !lumher. 

Carcinogens 

The estimated MEl risks due to the Scenario A and 
Scenario B carcinogens are presented in Tables 4 and 5, 
respectively. The estimated total MEl risk resulting from 
the combined lifetime exposures to Scenario A carcino
gens under the worst-case incinerator operating condi
tions is 1 E-06 (one is a million), which is the lower end of 
the range of acceptable risk levels established by OEM. 
The estimated total MEl risk resulting from the com
bined lifetime exposures to Scenario B carcinogens under 
the worst case incinerator conditions is 5 E-07, which is 
far below the lower end of the range of acceptable risk 
levels given by OEM. 

Because the assumptions used in the exposure as
sessment report clearly result in an overstatement of the 

TABLE 7. MEl HAZARD INDEX' FOR NONCARCINOGENIC 
PESTlCIIJES 
SCENARIO B 

Operating Conditions 

Pesticide Average Worst-Case 

Carbaryl 3 E-09 3E-07 
Dalapon 4E-09 4 E-07 
Dinoseb 9 E-08 9 E-06 
Disulfoton 3 E-07 3 E-05 
Endosulfan 2 E-05 2 E-03 
Malathion 2 E-08 2 E-06 
Sodium Diethyldithiocarbamate 1 E-08 1 E-06 
Strychnine 1 E-06 1 E-04 
Warfarin 1 E-06 1 E-04 
Zineb 7 E-09 7E-07 

MEL Hazard Index" 2E-05 2 E-03 

.. Note that these vulnes are nut related to risk estinmtes, hut rather indicltte the 
distllll(.'t' hetween the ha1...lIl'd index I\nd one--i.e., 1 E-05 represents:\ hazard index five 
orders of nmJ(nitnde less than one. 

h These vnllles were I'Onnded to one si~nifi(.'mt number. 
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TABLE 8. TOTAL POPULATION RISK FOR REGULATION 22 
CARCINOGENS 

SCENARIO A 

Operating Conditions 

Chemical Average Worst-Case 

ORGANICS 
Acrylonitrile 9 E-06 9 E-04 
o-Anisidine 1 E-07 1 E-05 
Benzene 7E-06 7 E-04 
Benzidine 1 E-04 1 E-02 
Benzotrichloride 5E-06 5E-04 
Benzyl Chloride 2E-07 2 E-05 
Carbon Tetrachloride 2E-05 2 E-03 
Chloroform 5 E-06 5E-04 
3,3' -Dichlorobenzidine 1 E-06 1 E-04 
Dioctyl Phthalate 5 E-09 5 E-07 
Epichlorohydrin 5E-09 5 E-07 
Ethylene Dichloride 1 E-05 1 E-03 
Ethylene Oxide 1 E-05 1 E-03 
Hydrazine 9E-06 9 E-04 
5-Nitro-o-anisidine 5 E-08 5E-06 
Methylene Chloride 2E-06 2E-04 
Perchloroethylene 1 E-05 1 E-03 
Toluene-2,4-diisocyanate 9E-08 9E-06 
o-Toluidine 7E-08 7 E-06 
1,1,2-Trichloroethane 9E-08 9E-06 
Trichloroethylene 2E-06 2 E-04 

INORGANICS" 
Arsenic 2 E-03 2E-03 
Cadmium 2 E-04 2E-04 
Chromium 2 E-03 4E-03 
Nickel 2E-05 2 E-05 

Total Population Risk" 6E-03 3 E-02'· 

;L I-'or the inur~anics. the exposure assessment calculated COll<.'tmtmtiolls unly under 
WOl'st-(,',lse ()penltin~ conditions. Thereti.)rc, the risks listerllmdcl' average opemtinJ.': 
(:onditiolls aTt' the same as the risks listed uuder wurst-case operating conditions. 

h These values were rounded to one significant numbel', 
l' A 3 E-02 total populatioll risk represents 0.03 additionlll cases of cnllcer 1<11" the 

1.600'()()() exposed popuilltioll. 

constituent emissions from the incinerator and the result
ing maximum annual average exposure concentrations of 
these constituents, these MEl risks are also overstated 
and therefore, are very conservative estimates of adverse 
health effects. Therefore, the actual MEl risks are likely 
to be lower than the values here estimated. 

Noncarcinogens 

The estimated MEl hazard indexes for the Scenario A 
and B noncarcinogens are presented in Tables 6 and 7, re
spectively. The MEl hazard index resulting from the 

TABLE 9. TOTAL POPULATION RISK FOR CARCINOCENIC PESTICIDES 
SCENARIO B 

Operating Conditions 

Pesticides Average Worst-Case 

Aldrin 9 E-06 9E-04 
Chlordane 1 E-05 1 E-03 
DDT 2E .. 06 2 E-04 
Dieldrin 3 E-05 3E-03 
Ethylene Dibromide 3E-05 3E-03 
Heptachlor Epoxide 3 E-05 3E-03 
Lindane 9 E-06 9E-04 
Toxaphene 9 E-06 flE-04 

Total Population Risk" 1 E-04 1 E-02" 

;I The!>e values were rounded to une signifk"Cmt lIumher. 
h A I E .. ()2 totul populntioll risk represents O,Ol additiollal cases of canecr ft) .. the 

l,60(),OOO eXJlosed popuilltion. 
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combined lifetime exposures to Scenario A noncar
cinogens under the worst case incinerator operating con
ditions is 9 E-03. This low value indicates that there is lit
tle likelihood of a hazard associated with exposure to the 
emissions of Scenario A noncarcinogens from the inciner
ator. The MEl hazard index resulting from the combined 
lifetime exposures to Scenario B noncarcinogens under 
the worst-case incinerator operating conditions is 3 E-03, 
which also indicates that there is little likelihood of a haz
ard associated with exposure to the emissions of Scenario 
B noncarcinogens from the incinerator. Because conser
vative assumptions were used in the exposure assessment 
report, these indices also are overstated and the actual in
dices are likely to be lower. 

Populatian Risks 

The population risk estimates the additional number of 
cancers that the population in the area around the incin
erator may experience as a result of a 70 year exposure to 
the Scenario A and B carcinogens emitted by the inciner
ator. These estimates provide an additional measure of 
the health risks posed by the incinerator. 

U sing the results of the exposure assessment along with 
population data from the U.S. Census Bureau, it was esti
mated that only 6 E-03 to 3 E-02 additional cancers might 
develop in the population of 1,600,000 living within 
50 km of the incinerator. These cancers will develop over 
a period of 70 years as a result of Scenario A carcinogen 
emissions. For Scenario B emissions, it is estimated that 
only 1 E-04 to 1 E-02 additional cancers might develop in 
this population over a 70-year period. These results are 
presented in Tables 8 and 9, respectively. 

CONCLUSIONS 

In all cases, the proposed hazardous waste incinerator 
will produce acceptable ambient air exposure levels even 
when operating at the lowest DREs and REs, and when 
feeding the toxic constituents at the conservatively high 
feed rates assumed in the two scenarios. Consequently, it 
is concluded that the proposed hazardous waste incinera
tor will not adversely affect human health and the envi
ronment. 
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Continuous Recovery of Heavy Metals from 
MSW Incinerator Ashes 

I. A. Legiec, C. A. Hayes, and D. S. Kosson 
Rutgers, the State University of New Jersey, P.O. Box 909, Piscataway, NJ 08854 

The kachabk concentrations of heavy metals from ash residues from the 
incineration of municipal solid waste (MSW) often exceeds the Extraction 
Procedure Toxicity Test (EP Tax) limits, requiring these materials to be 

considered as a potential hazarcloos waste. The kinetics of Pb, Cd, and Cr 
extraction were determined through a series of batch extraction studies. 
The specific incinerator design and the equilibrium conditions strongly 

influenced the ash matrix and subsequently the extraction kinetics. 
Recovery of the metals from the extractant solution was accomplished 

utilizing electrochemical plating techniques. 

INTRODUCTION 

The problem of municipal solid waste (MSW) disposal 
must be addressed within the near future , as the demand 
for disposal is increasing, and available landfill space is at 
a premium. One of the present solutions is the minimiza
tion of waste utilizing resource recovery facilities . The re
duction in volume from the disposal of residual ashes (as 
compared to the disposal of the MSW) averages about a 
75% reduction [1]. Heavy metal concentrations extracted 
from MSW ashes, however, were found to exceed the EP 
Tox text limits, which is the procedure established by the 
United States Environmental Protection Agency 
(USEPA) in testing for leachable inorganic species from 
solid wastes [2]. The leachability of heavy metals from 
MSW ash residues must be considered, prior to disposal 
or utilization of these materials. 

Extraction studies employing ash obtained from several 
resource recovery facilities provided insight to the leach
ing characteristics of the ashes and the dependency on 
the extract solution composition [3,4]. The purpose of 
this paper was to define the kinetics of the leaching pro
cess, and to allow the design of a continuous extraction 
process. 

Incinerator Designs 

Two incinerators were sampled for ash residues, one 
located in Canada and one in Massachusetts. The Cana
dian incinerator contains a three tiered vibrating grate 
primary combustion chamber and a secondary combus
tion chamber. Solids are fed to the combustion chamber 
using a hopper and have about a three hour residence pe
riod. Sixty percent of the combustion air is provided as 
underfire air, the remainder of the air is circulated above 
the burner beds. A full waterwall is provided in the incin
erator. A shell and tube heat exchanger cools down the 
exit gases and fly ash. Separation of the gases and the fly 
ash occurs in an electrostatic precipitator. 

The Massachusetts incinerator utilizes a baffled, three 
tiered combustion chamber in which the solids are peri-
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odically moved tier to tier via a hydraulic ram. The solid 
residue is quenched in the ash pit and then removed, 
while the gases and the fly ash pass through a secondary 
combustion chamber. The ash is separated from the com
bustion gases utilizing a charged gravel bed and a bag 
house. Detailed descriptions of both incinerators are 
available [4]. 

KINETICS STUDIES 

Batch extraction studies investigated the ability of the 
extractant solution to separate and remove the metals 
from the ash matrix. The ashes investigated were either 
bottom ashes, fly ashes, or a mixture of the two. The ex
tract solution utilized was 1.0 N NaCI, acidified with HCI 
to achieve equilibrium pH of 3.0. This extract solution 
was found to be highly efJicient in earlier experi
mentation [4]. The waste extractant was measured for var
ious concentrations of extracted heavy metals (Pb, Cd, 
Cr), pH, and conductivity. The concentrations of the met
als and the pH were detennined up to a steady state time 
period, and their interdependence investigated. 

Methods ond Materials 

The batch extraction studies investigated the ashl 
extractant conditions at eight difl"erent time periods, each 
carried out in triplicate. Five types of ashes were investi
gated; Canadian fly ash (CF3), Canadian bottom ash (CB), 
Massachusetts fly ash (MF), Massachusetts bottom ash 
(MB), and Massachusetts mixed bottom and fly ash (MM). 
Twenty-four HDPE bottles containing 10.0 grams of ash 
(dry weight) and 200.0 ml of 1.0 N NaCI solution, acidi
fied with HCI to achieve an equilibrium pH of 3.0, were 
placed on a rotary shaker. At the time intervals of lO, 20, 
30, 45, 90, 180, 300, and 720 minutes, three bottles were 
removed and the solid and liquid portions immediately 
separated through vacuum filtration. 

All liquid fractions were analyzed for pH, conductivity, 
Pb, Cd, and Cr. Metals concentration was detennined 
utilizing atomic absorption spectroscopy. 
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Figure 1. pH data. 

Experimental Results 

The change ill the various measured variables with 
time was observed for each of the residual ashes utilized 
in the experiments. The pH was measured at various time 
intervals (Figure 1). Values all increased from the initial 
extractant pH to steady-state equilibrium pH values of 

3.0 ± 0.4. The differences observed in the unsteady state 
time period resulted from the varied structures of the 
ashes and their related buffering capacities. The con
ductance of the extracts sharply decreased from their ini
tial values, between 111.2 and 195.7 mmhos, and leveled 
off at steady state values between 90 to 110 mmhos (Fig
ure 2). The trend in the change in conductance for all the 
ashes is that of a sharp decrease until an asymptotic value 
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Figure 3. Extractable lead concentration. 

is obtained, and then the conductance is maintained 
throughout the rest of the time period. 

A definite variance was observed between the ashes lor 
the lead concentration curves (Figure 3). The CF3 extract 
peaks at 10 minutes at a value of 1380 ILg Pb/g ash, and 
then subsequently decreases. The CF3 lead extraction 
process was observed to be dependent on the pH of the 
system, upon comparison of the lead and pH curves for 
the ash. The rate of removal of lead occurred at a much 

KINETIC 

lilster rate than the rate of the neutralization process for 
the ash. A similar trend was observed lor the CB extract, 
although at a slower rate, which can be attributable to the 
larger particle size of the bottom ash. 

Extractable lead values lip to 7500 iJ.g Pb/g ash are 
achieved for the MF extract at a time period of two hours . 
The fly ash obtained from the Massachusetts facility ex
hibits a possible diffusion controls kinetics lor the lead 
extraction procedure. 
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ELECTROCHEMICAL RECOVERY 

loa 

The extractable levels of cadmium lor all of the residual 
ashes stabilized rapidly, and the removal mechanism did 
not exhibit a pH dependency (Figure 4). The MF extract 
contained the highest amount of cadmium; the concentra
tion of cadmium in the extract increased slightly from 
198.0 to 225.3 ILg Cd/g ash. Once again, a quick stabiliza
tion was observed for the chromium concentrations for all 
the ashes analyzed (Figure 5). 

Electrochemical methods offer the advantage of the re
covery of a relatively pure metal in a usable form; precipi
tation methods generate a flocculent that requires dis
posal. Electrodeposition of metals does not require the 
addition of any extraneous compounds to an already com
plex solution . Cyclic voltammetry was carried out on 
standards of known metal concentration and compared to 
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Figure 6. Lead standard. 
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Figure 7. Ash extractant solution. 

the aqueous extracts in order to determine the operating 
parameters fiJr Ph recovery. 

Materials and Methods 

Cyclic voltammetric studies were carried out to deter· 
mine the characteristic peak of Ph, and to determine the 
recoverahility oflead from the extract solutions. Standard 
solutions of 180 mg Pb/L in a 1 N NaCl solution (acidified 
with HCl acid) were prepared. Five grams of ash (dry 
weight) were extracted with 100 ml of the acidified 1 N 
NaCl solution. Both the standards and the extractants 
were subjected to a voltage range of -1.8 to +0.2 volts, a 
specified scan rate of 50 millivolts/sec, and the current re
sponse was recorded. The anode and cathode in these 
preliminary experiments were both carbon rods. The so
lutions were analyzed prior to and after experimentation 
via atomic absorption spectroscopy for the presence of 
Pb, and the pH was also measured. 

Experimental Results 

The current response ohserved for the 180 mg Pbn 
standard solution is shown in Figure 6. This cyclic volt
ammogram reveals a plating potential range of -.95 V to 
-.70 V for lead in this solution. Cyclic voltammetry was 
carried out utilizing an extract solution with a pH of 3.0 
and a concentration level of 175 mg Pbn (Figure 7). Re
sults fi'om this cyclic run exhibited a peak within this 
range, indicating that lead may be plated out of the extract 
solution. 

The.presence of a second peak in Figure 7 indicates the 
occurrence of another process. Identification of the peak 
is clllTently underway, and Cd, Fe, Zn, and Cr have al
ready been eliminated as possibilities through compara
tive cyclic runs of their corresponding standard solutions. 

It should be noted that the acidified, 1 N NaCl ex
tractant solution was also exposed to a similar voltage 
range in order to isolate and identify any effects that 
could be attributed to the solution itself, as opposed to the 
ash. The voltage curve for the salt solution did not exhibit 
any additional peaks. 
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CONCLUSIONS 

The residual ashes from MSW incineration contain 
high levels of hazardous metals, and leachable concentra
tions of these materials often surpass the EP Tox test lim
its mandated by the USEPA. The classification of these 
materials may be considered hazardous, warranting costly 
landfilling. This led to the investigation of the exh'action 
and recovery of Pb, Cd, Cr from the residual ashes. A 
series of kinetics experiments were can-ied out, de
veloping the characteristic extraction trends of the vari
ous ashes. The extraction kinetics ofCF3 ash exhibited a 
peak in the lead concentration curve at an unsteady state 
time period of 10 minutes, indicating that the ash/extrac
tant reaction should be halted at this time period in order 
to remove a maximum quantity of lead from the ash par
ticulates. Optimum extent of reaction, in terms of un
steady state time periods, for the various ashes are 90, 90, 
10, and 10 minutes for the CB, MF, MB, and MM ashes, 
respectively. Cyclic voltammetric experimentation ex
hibited the potential for metals recovery in a relatively 
pure form through plating techniques. 
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