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Editorial 

Waste Avoidance Makes Good 
Business Sense 

Richard D. Siegel, Ph.D 

Compliance with the 1990 Clean Air Act Amendments (CAAA) is anticipated to cost this -
nation's industry $25 to $40 billion per year by the time the law is fully implemented in 2005. 

The requirements of the following legislation and regulations add, or will add, equally staggeing costs 
to our already astronomically expensive efforts to return or maintain this good earth to 
acceptable level of environmental quality for future genertions: 

• the 1990 Pollution Prevention Act 
• OSHA's Accidental Release Regulations 
• forthcoming reauthorization of Resource Conservation and Recovery Act (RCRA) and the 

Clean Water Act (CWA) 
• proposed "Right-to-Know-More" legislation, and 
• state initiatives such as Massachusetts Toxic Use Reduction Act (TURA) or California's 

Risk Management and Prevention Program (RMPP) 

Furthermore, we know - as surely as our taxes are due every April 15th - new and more stringent 
legislation will be enacted by the states and the federal governmcnt ad infinitum. 

My fear is that industry will approach compliance with each of the statutes on a piecemeal basis 
(for example, on the air side: scrubbers, reformulated fuels, fume incinerators, vapor condensors, 
updated piping and instrumentation diagrams and process flow diagrams). If this happens, some man
ufacturing facilities will be driven offshore and some companies will be forced entirely out of busi
ness. This shift will add to our towering balance of payments deficit. 

I am particularly concerned about thc effect of these new rules on the chemical industry - one of 
the few bright spots for America on the international trade level. Can you imagine the impact on 
batch or toll chemical producers trying to comply with the Environmental Protection Agency's 
(EPA's) current thinking on the minor modification requirements to their CAAA operating permits as 
they change formulae or products? Perhaps they'll need to hire a fortune teller to preplan the entire 
slate of chemicals they will be using and producing. Were I the manager of a chemical plant, the 
threat of the Department of Justice's (DOJ's) enforcement of the criminal liability provisions of the 
CAAA for simple paperwork violations would certainly make me consider whether to continue oper
ations at all. 

On the upside, these requirements represent an unprecedented opportunity for industry to improve 
yield, control capital investment costs, focus scarce resources and fulfill its environmental responsi
bilities in a cost-effective manner that will improve our global competitiveness. In this context, one 
should think, for example, of an air quality audit not just as a means of demonstrating compliance but 
as an opportunity to redesign a facility, using state-of-thc-art systematic design methods to minimize 
waste generation at the source. 

With the latest advances in process simulators, it is now possible to include environmental objec
tives in design criteria by recognizing the true cost of waste and, thus, to retune our processes. After 
all, if we 

• update our processes based on current state of the art technology, 
• reduce our raw material losses, 
• reduce our end-of-pipe treatment costs, 
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• reduce yield losses, 
• avoid future Superfund or corrective action liabilities, 
• conserve water, chemicals and other processes inputs, 
• reduce liability from future regulations, and 
• reduce our waste disposal costs, 

haven't we improved overall process efficiency and yield? Think of this approach as re-optimization 
of a process at an existing facility based on current process technology or as a design condition for a 
newly synthesized process starting at the bench. That is, we can optimize the process with respect to a 
set of criteria that include environmental residuals. By looking at the generation of environmental 
residuals holistically rather than piecemeal as the laws currently require, one's ultimate cost of com
pliance can be greatly reduced (for example, try considering the present worth of involvement in a 
Superfund site). 

At our company we are counseling our clients to look at the stringent requirements outlined 
above, as well as future trends in regulations and legislation, as part of an overall plant design pro
gram. We think of this as the ultimate in Total Quality Management. Envision the synergy brought to 
projects by a team of consulting engineers and scientists that can both keep you in compliance and 
have the design tools and competence necessary to engineer process solutions, such as maximization 
of internal recycle. This approach will make you more competitive in the long run. 

An example of this thinking, as this editorial is written in mid-April of 1992, is that more than 
734 companies have chosen to participate in EPA's 33-50 program aimed at voluntary reduction of 17 
toxic chemicals at the source, rather then at end-of-pipe. Their participation, entirely voluntary and 
unenforced, gives them a headstart on the anticipated source reduction focus in the pending CWA and 
RCRA reauthorization bills, potential credit for required CAAA reductions and equally important, the 
goodwill associated with the public's perception of their good neighbor efforts in this year's Toxic 
Release Inventory (TRI) reports. This aggressive approach will clearly provide these companies with 
a major economic asset in their product markets with fewer liabilities in the future. 

For American industry to survive as a global competitor in the 21 st century, pollution prevention 
is the ultimate planning tool. Indeed, through the new technologies under development at AIChE's 
Center for Waste Reduction Technologies (CWRT) and information exchanges with the EPA, we as 
chemical engineers, have the opportunity to lead the world in this arena and to once again have our 
nation assume its role as world leader in the international marketplace. 

Wherever this idea germinates in a company, the decision to move ahead with the acquisition of 
this asset ultlmately must start in the boardroom, the same place where we're currently debating how 
to improve our competitiveness. If you believe as I believe, pass the word up the line so that 
American engineering know-how and ingenuity can lead the changes necessary in our manufacturing 
processes to permit sustainable growth while concomitantly making our nation and this planet a 
healthier and better place to live. 

Dr. Richard D. Siegel is Vice President B& V Waste Science and Technology Corp. 
100 CambridgePark Drive, Cambridge, MA 02140 
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Environmental Shorts 

Air & Waste Management Association Call For Papers 

An international specialty conference, 
"The Role of Meteorology in 
Managing the Environment in the 
'90s," will be held Jan. 26-29, 1993, 
in Scottsdale, Ariz. It is cosponsored 
by the Air & Waste Management 
Association and the American 
Meteorological Society. 

• Tropospheric/stratospheric ozone 
issues and modeling deposition and 
visibility and multi-regional, 
long-range transport 
• Global climate change 
• Air monitoring and meteorological 
field programs 
• New developments in meteorologi
cal measurements 

Send your abstract of 200-300 
words by Aug. I, 1992, to Amiram 
Roffman, AWD Technologies, 10 
Center West, Building 3, Suite 400, 
Pittsburgh, PA 15276. 

The Air & Waste Management 
Association is a nonprofit environ
mental education organization with 
13 ,000 members in more than 50 
countries. Founded in 1907, the asso
ciation provides a neutral forum where 
all sides of an environmental issue 
receive equal consideration. 

Papers are invited on the following 
topics: 
• Recent developments in air disper
sion modeling (routine and accidental 
releases) 

• Meteorological studies to support 
RCRA and CERCLA programs 
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• Forensic meteorology 

TOMORROW1S 
INFORMATION 
TODAY 
for safety in 
chemical & hydrocarbon 
processing 
rely on publications 
from cCPS 

For a full cataloglto order: 
Publications Department. American 
Institute of Chemical Engineers 
345 East 47 StreetINew York. NY 10017. 
*Call 212-705-7657 for speedy credit card 
orders/sponsor/member & quantity prices. 

"'e Cente, for Ot_lal Process 
s.t.tyIAlOte 

May 1992 

'h¥i 
GUIDELINES FOR HAZARD EVALUATION PROCEDURES, 
Second Edition with WORKED EXAMPLES 
1992 540pp $120* 0-8169-04910 G18 
Over 6,000 copies of the first edition in use. Chemical 
Engineering, among others, praised it as ..... Iaudable: this 
book is a cornerstone of safety planning for a new genera
tion of responsive practitioners and organizations. State 
and federal regulatory agencies cite it. Now, a totally new 
edition with added chapters to keep you up-to-date in a 
dynamic area. All of the original material is completely 
revised, amplified, illustrated with charts and diagrams 
that reflect the latest views and information. An extensive 
section of worked examples is included. 

·h¥,j 
PlANT GUIDELINES FOR TECHNICAL MANAGEMENT 
OF CHEMICAL PROCESS SAFETY 
1992 400pp $120· 0-8169-04995 Gl0 
An easy to use work for the plant level. Provides a practical 
blueprint for implementing the 12 elements of chemical 
process safety ma nagement. Accountability: ObjlKtives 
and Goals • Process Knowledge and Documentation • 
Capital Project Review & Design Procedures • Process Risk 
Management • Management of Change • Process and 
Equipment Integrity • Incident Investigation • Training & 
Performance • Human Factors • Standards, Codes & 
Laws • Audits and Corrective Action • Enhancement of 
Process Safety Knowledge 
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Call for Congressional Action to Improve Management of Industrial Hazardous Waste 

Congress "should act this year" to 
improve the way the nation manages 
its non-hazardous industrial waste, a 
chemical industry spokesman recently 
told a house panel. 

Scott Magelssen, speaking for the 
Chemical Manufacturers Association, 
said Congress should create a national 
"framework" through which the states 
implement their own programs to 
manage non-hazardous waste. He said 
it would be a mistake for Congress to 
duplicate the federal regulatory 
regime that is currently used to control 
hazardous wastes. 

Industry's volume of non-hazardous 
waste is "more than 20 times" greater 
than its volume of hazardous waste, 
Nagelssen told the The House 
Subcommittee on Transportation and 
Hazardous Waste. The subcommittee 
is considering an overhaul of the 
Resource Conservation and Recovery 
Act (RCRA), the nation's primary 
waste management law. 

"Applying (to non-hazardous waste) 
a monolithic hazardous waste-like 

program, which assumes every waste 
poses the same risk, would be inap
propriate and wasteful," said 
Magelssen, Assistant Director for 
Environmentsl Affairs at Union 
Carbide Corporation. 
Magelssen said that regulatory pro
grams must "deliver the greatest envi
ronmental bang for the limited bucks 
available." He said the existing federal 
program to manage hazardous waste, 
"has not been such a program." 

He said that while the federal gov
ernment has focused on hazardous 
waste in the past 12 years, each of the 
50 states have built programs aimed at 
non-hazardous industrial waste. 
While the state programs are "not all 
perfect, " Magelssen said , "taken 
together, they represent a significant 
investment on which to build a 
state-based national program." 

The federal government, he added, 
"can play an important role in facili
tating, rather than interfering with 
state programs." 

In separate testimony, Larry Bone of 

The Dow Chemical Company also 
appearing on behalf of CMA, said if 
Congress also decides to address haz
ardous waste recycling issues in 
RCRA reauthorization, "it should seek 
to improve the (current) regulatory 
regime." 

Bone told the House panel that 
chemical companies currently recycle 
"millions of tons of materials every 
year." Since recycling boosts product 
yield and conserves natural resources, 
chemical companies "do it every
where we can," he said. 

"Unfortunately," Bone continued, 
companies "don't recycle as much as 
they would like to." He said that fed
eral regulations subject many recy
clable materials to RCRA's stringent 
hazardous waste standards. He called 
these regulations - which require 
permits that cost up to $1 million per 
facility - "obstacles (that) severely 
discourage industrial recycling of haz
ardous materials." Bone said that 
"recycling should not: be regulated in 
the same way as hazardous waste." 

Breakthrough in Clean Water Technology Demonstrated at SRS 

Researchers at the Savannah River 
Site have started three new projects to 
demonstrate better ways to clean sol
vents out of groundwater and soil 
using Chemical-eating bacteria and 
natural vegetation . 

These activities are part of the 
U.S . Department of Energy's 
Integrated Demonstration Project 
through which DOE laboratories , 
other government agencies and 
research organizations are testing the 
viability of many different technolo
gies for restoring the environment. 

Scientists have found that some 
microbes occurring naturally in 
groundwater and soil have the ability 
to completely break down many envi
ronmental contaminants. Westinghouse 
Savannah River Company researchers 
discovered that injecting methane 
into the ground and water greatly 
increases the energy of the microbes 
to do their work. 

According to WSRC scientist 
Terry Hazen, the new technologies 
are safer for the environment, very 
effective, and less costly. 

Environmental Progress (Vol. 11, No.2) 

A second microbe project being 
demonstrated uses a bioreactor a ves
sel containing the bacteria. The conta
minated water is pumped through the 
vessel and methane is supplied. After 
treatment the water emerges as drink
ing water. 

Scientists at Oak Ridge National 
Laboratory , in collaboration with 
Hazen at the Savannah River 
Technology Center, have also found 
that certain vegetation can encourage 
microorganisms to break down com
pounds such as solvents. 
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Toxic Use Reduction and Use Reporting 
/' 

.As reported in a previous column, AIChE's Washington Representatives are carefully tracking th~ • .,' 
progress of the provisions for Toxic Use Reduction and Use Reporting (TURlUR) that have 'sur.faced jh ';1- .,;\ 
RC.RA, Clean, Water and Right to Know More bills, currently being considered by Congressional Collllili~~. 
Unlike Pollution Prevention which AIChE strongly supports, TUR provisions seek to ban or drastically reduce: 
toxic chemicals, regardless of their societal benefits, or whether a 'substitute exists: TUR is based aIinost solely 
on a chemicals potential for toxicity, regardless of the amount of its presence in a process or product: TI,ese '..,. , 
proposals would impact countless numbers of everyday products - motor oil, antifreeze,c'o~metics, paints.-: t 
garbage bags, house siding, roofmg, bowling balls; car seats, seat belts, refrigerators, 'carpets, tires, plaStic!;, ,~, 
furniture, telephones, suntan lotions, pens, and pharmaceuticals will all be affected. carried to the extreme~ 'i ,..; 
ban on toxic chemical use could se.verely affect our industries, our ability to develop II;Ild produce tbe'~ " ',( 
products and our position in the global marketplace. J' ,.~} "' •• ' '£. 

. The Right-to-Know-More bill (H.R. 288n) introduced by Representative Sikorski has,gained ,su~Ul" 
the House of Representatives. While H.R. 2880 is described as "just a reporting bill", it is in eifecta'broQd-~.'i 
based effort requiring EPA to set TUR performance standards for a number of industry categories. ,It req~~s " 
the chemical industry to extensively report sensitive, product specific information, thus .permitting foteign:~i 
domestic competitors to determine the production and process specific. data of new products an,.d,process , ~r 
technology. These broad based disclosure provisions could provide disincentives for investment in R&D, With 
more than $12 billion invested in R&D annua II y by the chemical industry, H.R. 2880 could have a far •. .• 
reaching impact on our industries and society. ' , - ."; 

These TUR and UR provisions are of great concern to a large cross section of irid~strlal ,tr'ade .'" 
associations, who,are now engaged in a massive lobbying effort to modify, weaken or eliminate'TlJR and~YR: 
provisions. Their approach is primarily based on the adverse economic effect that would impact on production 
and trade. , . ~ 

AIChE's Government Programs Steering Committee (GPSC) is currently preparing commentarie~ •.. w~. 
papers and briefings that are based on technical and engineering realities, <Jesigned to educate lawmakets on', ~ 
chemical use, control and processing knowledge and, principles. We believe that'a broad ban.of toxiC " '~f:~~ 
chemicals. especially where no effective substitute exists, is a overly. simplistic, unrealistic ana Iinenfo~fe: ", 
approach to pollution prevention. We strongly support R5cD for source ~uction (as evidenced by AICJiE·s ....... , 
formation of the Center for Waste Reduction Technologies). and R5cD of new recycling, waste treatment an(r ' 
disposal technologies. There is a justifiable need for setting emission standards, but we must make chemicaf r 
engineering principles and sound technology available to assist lawmakers in their efforts to solve out nati : 
pollution problems through workable and realistic approaches. GPSC is also alerting local section GIC'~ on , -: 
ways to join in a "grassroots" effort that will enable chemical engineers to be heard on issues that can affect "~ 
their careers. 

CFC Phase-out Accelerated 
, '. 

The U.S. will phase-out the production of chlorofluorocarbons, halons, carbon tetrachloride and methyl'4 
chloroform by December 1995 rather than the deadline of the year 2000 agreed 10 in the Montreal Protocol. .:'·, 
This move comes in the. wake of new NASA studies showing that ozone depletion may be progressing more " 
quickly than expected over the Northern Hemisphere. 

Because of the impending phase-out of CFC's, substitutes and alternatives for many major CFC uses h3v;e.· 
been under development for some time. Industry has already cut CFC output by 42 percent since 1986. The . ,.; 
President has a ]so called for a reexamination of the schedule for phasing-out ozone depleiing ,CFC substitutes. 
and will consider recent evidence suggesting the need to restrict methyl bromide. 

This material was prepared by AIChE's Washington Representative, Siegel- Houston & Associates,lnc. 
Suite 333,1707 L Street, NW" Washington , D.C. 20036. Telephone: (202)223·0650 
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espite its advances, process control theory has 
been slow to realize its full potential in the 
chemical processing industry. Control experts have 
"theorized" themselves out of the industrial loop. 
Control remains mostly an afterthought to process 
design. Yet safety and economics clearly demand 

more high-performance, non-linear control techniques in the 
CPI. Those are among the important issues addressed in the 
new volume of Chemical Process Control-CPCIV. This 
700-page compendium contains 37 of the most significant 
papers from the Fourth International Conference on 
Chemical Process Control. It covers virtually every topic in 
the field that chemical engineers should know about. From 
inventory control in Japanese plants to modeling in 
neurobiology, these papers sum up five years of the very 
latest control applications from industry, academia, and 
government. This fully indexed volume covers: 
• Industrial overviews from Japan, Europe, and North 

America 
• On-line sensors and data analysis 
• Dynamic process simulation, modeling, and identification 
• Model-based process modeling and control 
• Recent approaches to the control of nonlinear processes 
• Learning systems, adaptive, and AI control 
• Control technology in the year 2000 

CHEMICAL PROCESS CONTROL-CPCIV, 1991, edited 
by Yaman Arkun,Georgia Institute of Technology, and W. 
Harmon Ray, University of Wisconsin. BE SURE TO 
ORDER YOUR COPY OF THIS IMPORTANT NEW 
REFERENCE! Mail this form to: AIChE Publications Dept. 
345 E. 47th St., New York, NY 10017. or call (212) 705-
7657, Fax (212) 752-3294. 

------------------------, 
Please send me a copy of CHEMICAL PROCESS CONTROL
CPC IV ISBN 0-8169-0549-5 
_ Enclosed is my check or money order for $95.00. AIChE 
members take 20% off list price. International Price $133.00 

Please bill my _Visa _Mastercard # _____ _ 

Expiration date Signature ________ _ 

SHIP TO: 
Name __________________ _ 

Organization _______________ _ 

Address ________________ _ 

City ________ State ____ Zip ___ _ 

Country _________________ _ 

________________________ J 



Technology and Politics, M,E. Kraft 
and N.J. Vig, Duke University Press, 
Durham, NC, 358 pages [ISBN No.: 
0-8223--{)846--0] U.S. List Price: $59.75 
- cloth, $17.95 - paper (1988) 

The thesis of Technology and Politics is 
that technology and politics are inter
twined, affect each other, and are affect
ed by the actions of each other. The 
book presents this thesis both from a 
philosophical and process point of view. 
It is written by a number of outstanding 
contributing authors and appears to be 
carefully edited by Kraft and Vig. The 
primary thrust of the work is to bring to 
the fore, by example, how politics and 
technology interact and in that way 
impact the human condition. 

The work is presented in four sec
tions: (1) Understanding Technology: 
Philosophy and Politics; (2) Governing 
Technology: Institutions and Processes; 
(3) Regulating Technology: Risk 
Assessment and Management; and (4) 
Evaluating Technology: Cases and 
Controversies. 

The discussion of Philosophy and 
Politics and its relation to understanding 
technology presents chapters written by 
Norman Vig, Langdon Winner, and 
Albert Borgmann. 

In the first chapter on "Technology, 
Philosophy, and the State", the author 
shows how political and social needs 
affect technology; thus, for example, the 
decision to market the personal comput
er, as well as Ford's decision to mass 
produce an automobile, resulted from 
the preference for individual freedom 
and privacy. At the same time, techno
logical advances have affected the polit
ical arena because high speed mass 
communication has altered the electoral 
process and political awareness. 

In the second chapter on "Do 
Artifacts Have Politics?", Langdon 
Winner argues that machines can be a 
"political entity". For example, the 
development of the large agricultural 
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machines such as the tomato harvester is 
both the result of the social order and a 
symbol that affects different parts of 
population differently and in that way 
becomes an active participant in the ebb 
and flow of social development. 

In the section on "Governing 
Technology", the authors discuss how 
Presidents can manage technology by 
the weight they put on programs and the 
leadership or non-leadership they pro
vide. They discuss how difficult it is to 
govern technology from the Congres
sional point of view and why the Office 
of Technology Assessment was not only 
developed but how it interrelates to the 
governance of technology. Allan Mazur 
in Chapter 7 on "Controversial Technol
ogies in the Mass Media" presents an 
insightful discussion of how the mass 
media no longer merely interprets the 
technology but also shapes it and 
responds to it. 

In this day and age regulating tech
nology is of major concern and major 
import. In their third group of chapters, 
the editors present discussions on Risk, 
Costs, and Benefits. Harvey Brooks dis
cusses the movement toward internaliz
ing the social cost of development and 
its impact on the rate of innovation. He 
further discusses the U.S . versus 
European approach to analyzing risks 
and controlling risks as a result of tech
nological development. The discussions 
on analyzing technological risks contin
ue to be germane even though they were 
presented several years ago. 

In the last group of chapters on 
"Evaluating Technology", a group of 
case histories is presented. These 
include discussion of the difficult ethical 
and policy issues connected with bio
medical technology, discussion of eval
uating technology through public partic
ipation utilizing the nuclear waste dis
posal controversy as a basis, and lastly a 
discussion of the scientific adversary 
procedure. 

The editors present "Technology as a 

Political Phenomenon". Technology as 
both a driver and a tool affects our very : 
social fiber and drives political deci- ·' 
sions on large technological projects. : 
They believe there is a need for better 
evaluation of technology, and better and 
more educated public involvement in 
that evaluation. They believe that we 
must envision and anticipate technolo
gy's consequences before the effects are 
manifested and make technology the 
subject as well as the object of politics. 

This book discusses, by example, the 
very tight connection between technolo
gy and politics and it is important that 
we, as engineers, understand this inter
twining and become part of the process 
that defines the politics that impact tech
nology in addition to being the develop
ers of that technology. 

Peter B. Lederman, Ph.D., P.E. 
Roy F. Weston Inc., 
Raritan Plaza #1 
Fourth Floor 
Edison, NJ 08837 

Hazardous Waste Site Remediation: 
The Engineer's Perspective, O'Brien 
& Gere Engineers, hlc., Robert 
Bellandi, Technical Editor, Van 
Nostrand Reinhold, New York, NY, 422 
pages, U.s. List Price: $38.95 (1988). 

Two hundred forty million tons of haz
ardous waste are generated by industry 
each year in the U.S. A large portion of 
this waste has historically either not 
been properly disposed of nor appropri
ately treated. There are in excess of 
nearly 20,000 hazardous waste disposal 
sites in the U.S. This book addresses the 
issue of investigating, designing, and 
implementing technology to remediate 
these hazardous waste sites, from the 
perspective of a practicing engineer. The 
book chapters were written by various 
technical personnel (officer, manager, or 
senior staff) drawing upon the experi
ence gained from the remediation of 
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over I ()() disposal sites during the past 
twelve years. Remediation is an envi
ronmental challenge since at least one 
environmental medium has been conta
minated by human activities and must 
be corrected. Each site is unique and dif
ferent in its characteristics; the technolo
gies involved for the clean-ups are site
specific and vary from one case (and/or 
location) to another. The text is divided 
into two major sections, dealing with 
assessment and remediation. 

In the assessment section, chapter I 
summarizes the relevant legislation. 
Chapter 2 discusses the purpose and 
execution of field investigations , 
addresssing the history of use at the site, 
factors of the field investigation , and 
sampling. Chapter 3 concerns the analy
sis of hydrogeologic conditions in terms 
of background information review, non
invasive investigation methods, and 
invasive field methods, while chapter 4 
concerns risk assessment. Chapter 5 
addresses the role of the laboratory in 
remediation work . Chapter 6 concerns 
itself with health and safety at hazardous 
waste sites, and chapter 7 involves the 
use of groundwater models for tracking 
contaminant migration. 

In Section 2 on remediation. chapter 8 
begins with the development of a feasi 
bility study by defining objectives, and 
identifying, scrutinizing. and selecting 
the most appropriate remediation alter
native(s). Chapters 9 through 13 discuss 
various treatment options available, 
including such technologies as air strip
ping, ion exchange. in-situ biological 
degradation. correcting leaking under
ground storage systems, and incinera
tion . Chapter 14 discusses closure 
through off-site remedies, while chapter 
15 addresses the implementation of 
remedial measures. 

The case histories and "hands-on" 
experience are valuable assets for this 
text. providing first-hand knowledge of 
the treatment technologies and proce
dures needed in remediation at. haz-

Book Reviews 

ardous waste sites. Although no refer
ences were listed after 1986, the refer
ence listing is excellent and provides the 
reader with the necessary references in 
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highlighting the authors' points. The 
book is extremely beneficial in describ
ing the design and implementation of 
clean-up plans, applying remediation 
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technologies, describing corrections of 
leaking underground storage tanks, and 
describing the collection and analysis of 
air, water, and soil data. This text should 
prove to be a valuable asset to those per
sonnel involved in hazardous waste site 
cleanups, especially environmental and 
chemical engineers, plant managers, 
corporate engineers, geohydrologists, 
government officials, and university stu~ 
dents and faculty concerned about the 
environment. 

Robert W. Peters, Ph.D., P.E., 
Energy Systems Division, 
Argonne National Laboratory 
9700 South Cass A venue 
Argonne, IL 60439 

Right-to-Know and Emergency 
Planning, George G. Lowry and Robert 
C. Lowry, Lewis Publishers, Chelsea, 
Michigan, 421 pages, U.S . List Price: 
$ 74.95 (1988) 

This easily read book is intended to pro
vide a comprehensive coverage of the 
necessary information needed to comply 
with provisions of the Hazard 
Communication Standard (HCS) and 
SARA Title III. 

The authors provide an excellent sur
vey of considerable information in a 
moderate level of depth with appropriate 
references. The target audience includes 
all affected parties concerned about 
compliance with provisions of HCS and 
SARA Title III. 

The book is divided into Parts A, B, 
and C. Part A, which contains three 
chapters, provides an overview of the 
need to know the information about 
chemical hazards along with a summary 
of the HCS and SARA Title III. Part B 
contains five chapters which present an 
excellent discussion of the specific 
information needed by those parties 
affected by these laws. Part C contains 
four chapters which discuss the relation
ship among the Right-to-Know laws, 
the affected parties, and other state and 
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local laws. 
The information in this book is pre

sented in a responsible, professional, 
and logical manner aimed at assisting 
those parties who have a need to comply 
with the Right-to-Know laws. This 
book is an excellent addition to the col
lection of books dealing with industrial 
safety and health. 

Hamid R. Kavianian, Ph.D. 
California State University 

at Long Beach 
Chemical Engineering Department 
Long Beach, CA 9084 

Control of Emissions from Municipal 
Solid Waste Incinerators, Pollution 
Technology Review No. 169, F.Thomas 
DePaul and Jerry W. Chowder, Noyes 
Data Corp, Park Ridge,NJ, 275 pages 
[ISBN No.: 0-8155-1209-0] U.S. List 
Price: $ 39.00 (1989) 

Disposal of municipal solid waste 
(MSW) is a national problem. The 
established practice of landfilling has 
come under fire because of the short life 
of existing landfills and the need for sit
ing new ones. Surface and groundwater 
contamination from leachate from sani
tary landfills combined with gaseous 
emissions have caused a NIMBY syn
drome among the public about siting 
new landfills. Communities are seeking 
new ways to reduce the volume of waste 
requiring land disposal. Some communi
ties are turning to waste incineration as 
an aid to their solid waste management 
problem. Incineration has the advan
tages of reducing the volume of material 
that must be landfilled while recovering 
energy. The recovered energy can be 
used to generate steam and/or electrici
ty. Where a market for either exists, 
incineration is an attractive solid waste 
management tool. Yet incineration has 
its environmental drawbacks. In addi
tion to the conventional criteria pollu
tants, MSW incinerators can emit acid 
gases, volatile heavy metals, and chlori-

nated organics. All of these must be 
controlled. 

This book, written in 1988, discusses 
the status of state air toxic programs, 
incinerator technology, the emissions 
database, and the available control tech
nologies with their expected effective
ness. The original purpose was for back
ground material for the Illinois 
Department of Energy and Natural 
Resources. The book has eight chapters 
and four appendices. The first chapter is 
an introduction to the study that pro
vides a justification and overview of the 
other chapters. 

Chapter 2 provides a review of 26 
state air toxic programs. Most of these 
states are east of the Mississippi River 
with 12 states bordering the Atlantic 
coast. The states were grouped into 
three categories depending on how 
non-criteria pollutants were regulated. 
Four states had no specific regulations 
other than those required by EPA and 
four had comprehensive regulations 
covering federally regulated and other 
air toxics . The remaining states have 
standards for some air toxics with new 
sources requiring some form of review 
before a permit is issued. Each state pro
gram is discussed separately. 

Chapter 3 is a brief' review of the 
combustion characteristics of three gen
eral classes of MSW incinerators: mass 
bum, starved air, and RDF-fired units. 

Chapter 4 is an overview of over one 
hundred references containing emissions 
data. The uncontrolled emissions data 
are presented in Appendix A and the 
controlled emissions data are contained 
in Appendix B. 

The emissions from uncontrolled 
MSW incinerators are discussed in 
chapter 5. Statistical analyses of the 
data in Appendix A are presented in tab
ular form. 

Chapter 6 discussess the various con
trol technologies and combinations that 
are used with refuse-fired incinerators. 
Estimated (expectted) efficiencies are 
presented in a table. The importance of 
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good combustion practices as a means 
of reducing emissions is stressed. Some 
discussion is devoted to the impact on 
emissions by removing certain material 
from the incinerator feed. This can have 
significant impact on emissions and
incinerator efficiency. 

The health risks associated with 
chemicals that may be emitted from 

:MSW incinerators are given in chapter 
7. Unit risk factors developed by the 
U.S. EPA are combined with the uncon
trolled emission factors from chapter 5 
to provide a health risk ranking to the 
various combustors in this study. 

Chapter 8 is devoted to the determina
tion of best available control technology 
(BACT). Each of the combustors is dis
cussed with the estimated capital and 
operating cost for an emission control 
system. In each case, a BACT is dis
cussed. Recent BACT determinations 
for several states are given in Appendix 
C. 

Sampling and analysis methods for 
the various pollutants discussed in this 
study are presented in Appendix D. 

This book provides a good review of 
the emissions, health effects, and con
trols for the three most common types of 
MSW incinerators. With 146 refer
ences, the book provides a good back
'ground on the state of municipal waste 
incineration in 1988. The background 
section should be useful to any commu
nity considering an MSW incinerator as 
part of their waste management strategy. 

Irvin A. Jefcoat, Ph.D., P.E. 
Chemical Engineering Department 
The University of Alabama 
P.O. Box 87023 
Tuscaloosa, AL 35487-0203 

Managing Industrial Hazardous 
Waste: A Practical Handbook, Gary 
F. Lindgren, Lewis Publishers, Chelsea, 
Michigan 48118, 389 pages,U.S. List 
Price: $ 59.95 (1989) 

The area of hazardous waste manage-

Book Reviews 

ment is receiving greater attention in 
industry, due in part to the increasing 
regulatory requirements. The purpose of 
this book is to provide those responsible 
for waste management at manufacturing 
and industrial firms with a framework to 
understand the complex regulatory 
requirements and a philosophy to guide 
waste management decision making 
within the regulatory context. A number 
of examples and practical applications 
are presented throughout the book. 

The text, containing 27 chapters and 
II appendices, is divided into four 
major sections: I - Basics; II -
Regulatory Standards and 
Responsibilities; III - Developing the 
Corporate Environmental Management 
Program; and IV - Selected Considera
tions in Implementing the 
Environmental Management Program. 
Section I, containing five chapters, pro
vides an overview of hazardous waste 
management systems and it further out
lines the regulatory definitions of solid 
and hazardous wastes. Section II con
tains nine chapters which provide an 
in-depth description of the federal regu
latory standards applicable to the vari
ous hazardous waste generator cate
gories. Section III, which contains seven 
chapters, presents a philosophical basis 
for a corporate compliance program. It 
also provides guidance, and describes ' 
the actions and paperwork necessary for 
such programs. Section IV presents 
practical information for selecting 
commercial treatment and disposal ven- ' 
dors, considerations in sampling and 
analysis, dealing with regulatory agency 
officials and consultants, legal liabili
ties, and examples of "best management 
practices". 

The appendices contain examples of 
some of the commonly used EPA forms, 
such as the Notification of Hazardous 
Waste Activity (EPA Form 8700-12) 
and the Notification for Underground 
Storage Tanks (EPA Form 7530-1). 
Also included in the appendices are list
ing of state hazardous waste manage-
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ment agencies, EPA regional waste 
management offices, commonly used 
RCRA/CERCLA acronyms and regula
tory terms, useful telephone numbers, 
industrial waste exchanges, DOT 
Hazard Class Definitions, and examples 
of potentially incompatible wastes and 
regulatory requirements for container
ized hazardous wastes. The references 
listed in the bibliography are current and 
highly relevant to the text discussions. 

This book should assist practioners to 
establish or modify the company's regu
latory compliance program. It focuses 
on common hazardous waste manage
ment activities, such as generation and 
accumulation or storage of wastes on
site in containers or tanks pending ship
ment offsite to commercial facilities for 
treatment and disposal. The book 
should be very useful for these individu
als with manufacturing firms and haz
ardous waste management responsibili
ties. This book should be estremely ben
eficial in establishing a good waste 
management program at a facility. 

Robert W. Peters, PhD., P.E. 
Energy Systems Division 
Argonne National Laboratory 
9700 South Cass A venue 
Argonne, IL 60439. 

Treatment of Microbial Containants in 
Potable Water Supplies: Technologies 
and Costs, Pollution Technology Review 
No. 171, J.T. Troyan and S.P. Hansen, 
Noyes Data Corporation, Park Ridge, 
NJ,335 pages [ISBN No.: 0--8155-1214-7] 
U.S. List Price: $ 45.00 (1989) 

This book identifies the technologies 
that are available to inactivating or 
removing microbial contaminants from 
drinking waters. The information in 
thbook is compiled from the U.S. 
Environmental Protection Agency publi
cation entitled Technologies and Costs 
for the Treatment of Hicrobial Potable 
Water Supplies by the same authors. 

Treatment of Microbial 
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Contaminants in Potable Water 
Supplies: Technologies and Costs has 
as its objective the review of water treat
ment technologies used by community 
and noncommunity water systems in 
removing turbidity, Giardia, viruses, 
and bacteria from water supplies. The 
book is divided into six chapters, the 
first of which is an introduction. An 
Executive Summary is also provided' as 
chapter J. 

Chapter 2 presents background infor
mation on waterbome disease outbreaks 
which have occurred during the latter 
half of the twentieth century and the 
problems faced in removing microbial 
contaminants from water supplies. The 
latter topic is divided into sections dis
cussing the monitoring of microbial 
contaminants, using turbidity as an indi
cator of water quality; and control of 
bacteria, viruses, Giardia, and turbidity. 
A discussion of alternative approaches 
to microbial contaminant control is also 
presented. Forty-seven citations are ref
erenced and ten tables are listed. 

In chapter 3, filtration in community 
systems is discussed. Five filtration 
technologies are presented: convention; 
direct filtration; diatomaceous earth; 
slow sand filtration; and package filtra
tion plants. For each filtration method, 
the process description and results from 
laboratory and pilot plant studies are 
presented. Several case histories are pre
sented. Thirty-six citations are refer
enced. Nine figures and seven tables are 
listed. 

Disinfection of community water 
systems is the topic of chapter 4. The 
chapter is divided into the most applica
ble and alternative technoloqies. 
Chlorination by liquid, gas, hypo
chlorite, chlorine dioxide, chloramina
tion, and disinfection by ozone are listed 
as being the most applicable technolo
gies. The alternative technologies dis
cussed include disinfection using iodine, 
bromine, and ultraviolet irradiation. 
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Process descriptions and performance, 
and case histories are presented. Eighty
two citations are referenced. Seven fig
ures and seventeen tables are listed. 

In chapter 5, microbial contaminant 
removal in small water systems « I 
MGD) is discussed. A brief history of 
waterborne diseases and treatment facil
ities, and the difficulties specific to 
small systems are presented. The 
remaining portion of the chapter dis
cusses, in greater detail, the technolo
gies used for small systems. Generally, 
the technologies are the same as those 
discussed in chapters 3 and 4; however, 
the emphasis is placed on how these 
technologies differ when used for small 

For a complete listing of all chemical 
engineering titles available from 
AIChE consult our 1992 Publications 
Catalog. If you have not received your 
copy please contact the Publications 
Sales Department, AIChE, 345 East 47 
51., New York, N.Y, 10017, 
Telephone: (212)705-7657 

water systems. Thirteen citations are ref
erenced. One table is listed. 

Cost data for the various processes 
discussed in chapters 3 through 5 are 
presented in chapter 6. Costs associated 
with pumping, chemical feeding, filtra
tion processes, disinfection processes, 
solids handling processes, and adminis
trative requirements are dealt with sepa
rately. In total, this section on cost data 
accounts for nearly one third of this 
book, Three citations are referenced. 
Thirty-seven tables are listed. 

In the Appendices, costs associated 
with groundwater disinfection, obtaining 
an exemption to the surface water filtra
tion rule, for improving disinfection 
facilities for operating filtration systems, 
and regarding land, piping, and finished
water pumping are presented. 

Treatment of Microbial Contaminants 
in Potable Water Supplies: Technologies 
and Costs provides a good overview on 

the methods available for removal of 
microbial contaminants from surface 
waters and groundwaters. There is an ' 
emphasis on smaller systems. Some 
material in this book has been obtained 
from an U.S. EPA manual. 

Brian E. Reed, Ph.D. 
Assistant Professor 
Department of Civil Engineering 
West Virginia University 
Morgantown, WV 26506-6101 

Hazardous Waste Minimization 
Handbook, Thomas E. Higgins, Lewis 
Publishers, Chelsea, Michigan, 250 
pages, U.S. List Price: $ 49.95 (1989) 

This is a handbook that would be help
ful for a waste minimization program 
with industrial processes. It is probably 
the most current book in this field that is 
on the market today. There are numer
ous case studies, for example, that lead 
the reader through "how to do it" exer
cises in waste minimization. 

This book emphasizes economics as 
the major criteria in determining waste 
minimization priorities. It covers a vari
ety of industrial processes including 
metal working, solvent cleaning and 
degreasing, metal plating and surface 
finishing, painting and coating, and 
paint removal. There is also a discussion 
of waste treatment to minimize the 
quantity of waste requiring disposal. 

The book is useful in expanding 
knowledge in the field of hazardous 
waste minimization. It should be of gen
eral interest to managers, operators, and 
engineers who are involved in the indus
trial processes that are addressed. 

Charles A. Wentz, PhD., P.E., 
President 
Intemational Scientific 

Management Inc., 
14 Harmon Drive 
Lebanon, IL 62254 
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ARE YOU GETTING YOUR FAIR SHARE 
OF THE $12 BILLION INTERNATIONAL 

CHEMICAL TRADE MARKET? 
AIChE's new symposium on THE COMPETI
TIVENESS OF THE U.S. CHEMICAL 
INDUSTRY IN INTERNATIONAL MAR
KETS provides sound advise and a comprehen
sive analysis on what you need to successfully 
compete in a changing and complex global market. 
Currently, the U.S. chemical trade industry enjoys 
a positive trade balance of $12 billion. And U.S. 
chemical exports have been rising by 22% annually. 
Today, this market is facing stiff challenges in the 
face of global changes-the upcoming integrated 
European Market (EC 92), The Free Trade Act 
with Canada and the Japanese penetration into 
the Asian market, which currently absorbs roughly 
one-third of all U.S. chemical exports. 
This definitive sourcebook on international chem
ical trade for the 1990's provides a wealth of data 
on current and future trends in international chem
ical trade. 

Competitiveness of the 
U.S. Chemi .... Ind...uy 
In International Markets 

Pub. @-274 ISBN 0-8169-0486-3 
AIChE Members $32 Others $40 

A must reading for anyone interested in increasing 
international sales. Find out: 
• Where to go to obtain advise and assistance to compete successfully overseas. 

• How to form alliances that will help to overcome barriers and obstacles to 
trade. 

• How to toke advantage of the unique opportunities presented by the 
implementation of the Free Trade with Canada and EC-92. 

• How to understand and successfully work through the complex Asian Market. 

• and much more! 

Order today! Send check or money order for $32 (for AIChE members) or $40 (for non-members) to 
The American Institute of Chemical Engineers, 345 East 47th Street, New York, NY 10017. 
Or call (212) 705-7657 for more information. Visa or Mastercard accepted: $15 minimum purchase order. 
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ness, violation types, monitoring data, process design 
improvements, material substitutions and a host of other para
phemalia can be managed using a good database information 
management system. 

For such versatile use, the moot issue in large corporations, 
or govemmental agencies is wether to build, or buy such a tai
lor-made, situation specific system. Other problems include its 
cost, user independence, ability of updating and modifying, 
training and technical support. The rule of the thumb is that if 
a system meets 50% of an organizations need, the best course 
is to buy it and modify it. Thus, well designed data acquisition 
and management software has become an essential business 
tool in the 90s. To provide standardized credible databases in 
this sector, the federal agencies have undertaken the task of 
developing, upgrading and offering free of charge or at a nom
inal fee, basic scientific databases required in regulatory and 
modeling work, and a host of regulatory and statistical data
bases. The private sector either develops user friendly, multi
functional databases customized for each company, or it 
makes governmental databases user friendly and markets 
these modified databases. Evaluation of any database is thus 
imperative before choosing it as the required DBMS. Yet, the 
sheer volume of competitive packages in the field make evalu
ation a very daunting task. Some of basic parameters needing 
consideration to choose a data management information sys
tem include ; 

a) Analysis of needs, present and future. Priorities of 
needs should be decided upon. 

b) Experience and past record of the vendor. 
c) Compatibility of the information system with existing 

and planned software. 
d) Ability to customize the software to special 

requirements if any. 
e) Expandability and flexibility in terms of future 

expansions, user changes, and upgradations. 
f) Ease of use and understanding. 
g) Availability of training, and on-line technical 

assistance and support. 
h) Costs involved. 
i) Multiuser multilocation network formation ability. 

Depending on how each parameter weighs, decisions 
regarding information system acquisitions should be made. 

Reviewing the concurrent databases in the industry, like the 
burdens of Sisyphus, is a never-ending story. New, upgraded 
databases are found to replace older ones at a rapid pace and 
with greatly enhanced features. Some of the databases are 
developed by the Environmental Protection Agency (EPA) as 
a feature offered by their Information Systems Inventory that 
consists of more than 600 EPA systems, databases and mod
els. Many of these are provided to the public free of charge or 
at a nominal on-line user fee. A review of existing EPA data-
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bases on air and related areas and other agency and commer
cial databases follows. This is the first one of a subsequent 
series of such reviews to come in an endeavor to keep abreast 
with the software scenario. 

The available databases [1,2,3] are in tabular form and clas
sified in the following manner: 

I) Air related Databases: In Table! , all the databases are 
those addressing basic air pollution modeling, heavy and 
flue gas dispersion and other problems related to the 
transport physics of air pollutants. 

2) Physical/Chemical databases : These databases, shown 
in Table 2, discuss the chemical and physical attributes of 
various toxic and hazardous pollutants. They also 
describe heavy gas dispersion, storage tank emissions 
and the applicable legislation. 

3) Miscellaneous databases : As shown in Table 3, these 
databases address all regulatory requirements of the 
Clean Air Act (CAA), the Superfund Amendments And 
Regulations (SARA) title III, and they also address the 
publications in these fields. 

The classification used here is on an ad-hoc basis. The idea 
is to introduce the reader to the importance of databases, the 
selection process involved in a database, and the basic types 
of databases available in the air pollution area. The classifica
tion aims at highlighting the basic purpose and function of 
available databases. 

Conclusion 

Not all the databases from the air area available currently are 
introduced in this review, considering the restrictions of 
space. Besides, the rate at which new and better databases are 
introduced or the older ones reintroduced with enhanced fea
tures is quite stupendous. A number of databases are now 
available to assist investigations involved in environmental 
impact studies. These databases are applicable even to univer
sity research. It is hoped that these databases will be of use in 
the readers research or business endeavors. 
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Table 1 - Air-Related Databases 

This consists of information about 
air-borne pollution in the U,S. 
It is divided into four subsystems: 
AQS, AFS, AMS andGCS, 

" 
It provides metero,logis~ ,and others 
who use meterol6gic~ information 
with defmitive data they need in a 
tabular format. Besides r\lgular 
atmospheric variables ii gives 
geodetic tables, solar ~ovement 
Blackbody radiation, -PartiCle viscosities 
Sound speed, moist air variables and fire 
weather tables. 

Used in assessing the impact from 
I accidental releases of toxic chemicals 

, Ito the atmosphere. 

Meterological data can ~ fed : 
upgrad¢ and acCessed for dispersion 
calculations. 

Used for hazard identification. 
Contains a hazardous substance 
databank. 

" ... ,. 

Contact Aeency , .' 

U.S. EPA (MD-14) 
Research Triangle Parle, NC 27711 
Telephone: (919) 541-5456 

Dr.Tom~~ 
Principal ReSearch Scientist 
Commonweaiih ~ientiflc and 
Industrial, Resear¢h Organization 
(CSIRO) , 
Australia. 

J.P, Degrange 
CSPN, B:P. 4li 92263 
. Font8nay-aux-Roses 
Cedex, France ' 
Telephone: 33 1 46 54 '16 60 

Rod True~lI ,_ -t: 

Meterologist 
Bowman Environmental 

Engineering 
P.O. Box 29072 
Dallas, TX 75229 ' 

, Telephone: (214) 241-1895 

I.M. Blom-Buruggeman . 
MT-TNO 
Dept., of Industrial Safety 
Netherlands Organization for 
Applied and Scientific Research 

P.O. Box -342; 7300AH 
Apeldoom 
The Netherlands 
Telephone:' (31) (55) 49 34 93 

(continued on/ollowing'page) 
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.... 

Database Name 

6) FAcrs(Failure and 
Accident Technical . . 

-' Infonnation System 

.7) FOOlS (Flue Gai I 

Desulfurlzation Infonnation 
System) 

8) IRIMs (~,lspra Ri~ 
ManagemenrSuppOrtSystem . 

9) Historic Sulfur Dioxide and 
Nitrous Oxide emissions 
estimates 

10) MHIDAS (The Major 
Hazard Incident Data Service) 

Environmental Progress (Vol. 11, No.2) 
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Description 

fonn. 

It establishes a data base of major 
incidents thatJ:ould be used tor 
validating-assumptions and judgements 
in safety assessment. 

~ I, !'j 

A. Harding, DB Manager SRD 
Wigshaw lane . I 

Culcheth, Wimington ,WA3 4NE 
Cheshire, UK 

. Telephone (44) (925)232000 
'. . ext 4486 ... 

(Condriued'onfollowing pag~) 
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(Table 1 Continued/rom prevwus page) 

11) NAVoC(N8.tional 
Ambient Volati1~ O!ianic 
Compounds Database) 

12) NATICH(Nationiu~r 
To~csInforffiation . 
,aeann~ouse 

175,000 records consisting 
of t!te ambient measurements" 
indoor data, and data collected 
with personal monitors for 
about 320 VOC's are compiled 
and critically evaluated. , 

This Database contains . 
, 'infOnnation on .the air pollution 

PODtrOt agencies andct~~onl 
abstracts ftorri thclNIOS}{' EPA 
and other agency,publicatlons. ~ 

'0 

This system assistS in editihg, 
storing, summarizing. and 
reporting ambient jit qu~ty . 

, data. , ,c' 

' . ~,.', ~)~~·,~~:t 
U.S. National Technical Information ~J 
Department of Connnett(t), " ' I ' , 

5285 Port Roy81 Road " ; . 
Springfield, VA 22161' " . 
Telephone:',(703) 48?-4650 , 

M" " ... ~ 
\ " " ~ .t· 

Chemical Info. Systems lite., " ,~ .:. -
7215 YorkR~ ., '.' .. ', .... ,,', 
Baltimore, MD 212i2 ' . 
Telephone: (301) ~21-1W4O 

" .-
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Database Name 

3) Chemcalc 1: 
Separation Calculations 
Chemcalc 17: 
Chemical Compound Database 
Thennosim 1: Equil 

4)CHEMSAFE 

5) Chemtox Database 

6)CIData 

7) EIS and EIS/C 
(Emergency Infonnation 
System) 

Software Review 

Description 

These databases enable quick 
EPA storage tank emissions 
according to EPA publication 
AP42. The databases also search 
for user, prompted hazardous 
material and retrieve infonnation 
on 1.400 compounds. 

Gulf Publishing Co., 
P.O. Box 2608 
HoustOn,~ TX 77252-2608 
Telephone: (713) 520-443'8 

It supplies recommended fire, Dr. Ii. Eckerinan 
,and explosion safety values. , aOD Infoimatio~ Shteins 
'It contains Critical evaluated ' and Databanks ,' 'n 
physico-chemicalproperties ' ,Q~HMr\ " ? "' i' " 
for about 1,350 chemical ' Theodore,Heuss~Alle 25 
pI:Operties; fire ahdexplosi9n , 'J<, +D-600 Frahkfurt ,97 
hazards, plus a'lot of ~ther \ 'Oermail~. :,' 
,1'nforma' o·on. «',' , " ,1, . ,i+ 

As, the name suggests this is a 
database of chemicals and their 
properties, especially the tp\tic , 
chemicals. '" 

Basically this isa database 'k 

on the regulations of the CAA, ';, 
as !\pplicable to hazardous ,and 
'toxic 'chemicals drliwingonits, 
chemical d3ta~ to, generate 
regulatory procedures. 

Comes with a variety of. 
capabilities like graphical 
display, mapping, related to 
pre-loaded 2600, and user , 
entered chemicals. 

Joseph S. Applebaum ' , 
Chenpcal Eme~gency ,Management 
' SpecialiSt ! ;, ' ' , 

Research Altemativl)s Inc. ! ' 
,966 Hungerford Drive- Suite 1 

, Rockville, MD 20850 '" 

(Continued on/ollowing page) 
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Equipped with the requisite 
da~bases (Enflex Data). 
Enfiex ;lnfo:is an envireonmental 

, regulatory irtfonnation system 
consisting of 16 modules describing 
facilities, chemical inventory, 
pennit tracking, container tracking 
SA~A313 form: R, usirigwhatever 

: state" l~al~d fedetalagency 
, '~poits ~at can be generated. 

A relatively' exhaustive 
da~b:aseu~ful for desCribing 
:the fate o~ .behavior (transport ; 
and de8radlltion) of chemicals 

J ,released in the environment. 
Environmental transfonnation 
rates coupled with physical/ 

, chemical properties can be 
accessed thi-ough it. Several 

"thbusand chemicals are listed. 

a~ounts for the varied properties 
, types ,and applications of a large 
'number of gases, and compounds 
'from the,hydrocarbon families. 

Contact AiMCY 

ERM Computeer Services 
855 Springdale Drive 
Exton, PA 19341 , 
(Telephone: j.8()()"544;-311~ 

u.S. National Technical 
Jnfonnation Service , ' 

Dep81tment of Commerce ' 
5285 Port Royal Road 
Springfield, VA 22161 . 
Telephone: (703) 487-4650 

Chem Milti Base [21 

Software Systems Corp., [2J 

(Continued on following page) 
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l)atabase Name 

12) IFIS (Industry File 
Index System) 

13) MIDAS (the Meterological 
Information and Dispersion 
Assessment System) 

14) RIB (the Rescue Services 
Info. Bank.) 

15) Site Wach 

Database Name 

1) CAMEO II (Computer 
Aided Management of 
Emergency Operations 

Environmental Progress (Vol. 11, No.2) 
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Description 

This collects EPA regulations 
on particular industries and . 
chemicals. The database has 
features of search through 
industry Of through chemical 
names etc. 

It allows mapping, modeling 
for 80 preload and up to pO 
user entered chemicals. Its ', 
applicatioIi is in planning and 
implementation of emergency· 
response, and for real life 
assessment of the effects of 
chemical sills. 

Computerized data o{hazatdous 
substances, usefu\JOf planning 
all kinds of fire and rescue 
operations, planning, prevention 
and response. 

This is an extensive compilatioIi 
of hydrocarbons, gases, cllemicals, 
and regulations to give a tndnitoriIig'i 
capability of equipment ove" a 100, 
site remediation locations. 

Description 

It is conveniently designed to 
allow user access to vital, 
information about the material 
during an emergency. It can dial 
CHEMfREC (The Cllemical 
Transport Emergency Center) 

contact Agency 
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Serves as the quality assurance' 
\ database for the Superfund 

Contract Laboratory Program. 
It includes QAlQC parameters 

, for organic. inorganic and 
dioxin samples., 

This ·is an automated inventory 
of sites and facilities regulated 
by the EPA: FINDs records the . . 
'names. addresses. other .locati()n~l 
data. and a: reference to th~ 
resi)(,"sible~agency program'office. 

, \ if' ~ 

This stGreSdetailed hazard 
~ evaitiation.irJohnation aviUilbfe' 

to on-scene b~rdinators. . 

This is NIOSH's,comp~~ 
biobliographic occupatiorial w, 

, and heafthsafety database. It 
contains llO.Ooo,wcles from 

, over .150 jOl,nnais. 

, pevelbped by the NIOStI, 
it contairis'toxic effects data on 
more than 100.000 chemicals ". 
includihg irritation. carcinogenity, 
mutagenicity, and reproductive 

Contact 'i\&mCY 

MlkeCartCr 
US. EPA 
401 M Street S.W. .-" 
Washington, D,C. 20460 '.
Telephone: (202) 382-1909 . 

Robert. Walter 
U.S, DOT 
Transpsortation System Center 
Cambridge, MA 
TelephOne: (617) 494-2626 

Dan Cirelli 
FINDS System manager 
U.S. EPA .' 
Telephon~: (202) 382-2416 

Chemical Substance " 
Infonnation'NetWOl'k 

, ,1300 N. i 7th Street ' 
. Arlington, VA 22209.' . 

DIALOG 'Info: Services 
3460 Hillview Avenue 
Palp Alto, CA 94304 

Chemical Info. , System~:h.c.'; 
7215 York'Road . . " 
Baltimore, MD 21212 . .. 
Telephone: (301) 321-~ . 

(Continued on/ollowing page) 
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Software Review 

tiable 3. Continuedfrom previous page) 
5 .. ..-· 

=-
Database Name 

8) SKIM 

(9)Historic Sulfur Dioxide 
and Nitrous Oxide 
emissions estimates 

10) MHlDAS (The Major 
Hazard Incident Data 
Service) 

11) NAVOC (National 
Ambient Volatile 
Organic Compounds 
Database) 

12) NATICH (National 
Air Toxics Information 
Clearinghouse) 

13) SAROAD (Storage and 
Retrieval of Aerometric 
Data). 
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Description 

This is an inventory of 
equipment available for 
pollution abatement. 

It establishes a <lata base of 
major incidents that could be use4 ' 
for validating assumptions and , ' , 
judgements in 'safety ~sessmentt 

c~ 

175,000 records cons~sting of 
the ambitmtmeasurements, ' 
indoor data, and;tf8ta,coUected , 
with personal monitors for abOut 
320 VOC~s are compiled and 
critically evaluated. 

This database contains , 
information on the air , 
pollution controi 'agencies 
and citations/abstracts ,from the 
NIOCH,-EPA and other agency . 
publications. 

<" ,) ', f"I: .. ~.- . 
This system assisis in,editing " • 
storing, summaniing, and" 
reporting ambient air Q\1a1ity 
data. -

<: '>1. ---t, : . ~ /1. : !i ll' - !'~"_ '/lJ.j.o; 

" 'I ;-fIt: '~' ~ F," ' f!>.'i' 7 :~. J 
National Re'sponse,Center-' ,,' : ',. 
Telephone 1 "800-424-8802 ' 

,. ,. I 

A. HardiJ)g, DB Manager 
SRD 
,Wigshaw Lane ',' " , ' 
Cil;l~~~th:~~gtOll";~4~ : 

>, qt,esl;ure,lJ:Ki ,,''!o , ,If , 
, Telephone: (44) <?25) 232000 

, ,I"r ' ext: 4486 ' 

,1,. 

,JJ.S.National rechniCal 
" WOrfnation serVice',""" 

'beparurient ofCorrpne~" 
5285 Port Royal Road 'I 

iSpringfiel~; VA 22161 ' 
l1elephone: (703) 401-4650 

1 I' 

1; 'hi : , 'i 

The Clearinghouse Stat'(i,J ! 

Polluiant Assessment Branch 
" MD~13" v ,'I " , 

U.S. EPA 
RTP~ NC 27711 
Telephone: (919)541-0850 
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With Nearly 
$20 Billion on the 
Line ... CPI Companies 
Can't Afford 
Improper 
Equipment 
Testing! 

Nearly $20 billion dollars! That's 
what the Chemical Processing Indus
tries will spend this year on new plant 
and equipment. And that's why more 
and more CPI companies have made 
AIChE's Equipment Testing Proce
dures an essential part of company 
policy. Each concise manual shows 
you how to run your equipment 
through complete "top-to-bottom" 
tests designed to detect even the 
smallest problem or loss of efficiency. 

All procedures were developed by 
the AIOtE Equipment Testing 
Procedures Committee and reviewed 
by leading practitioners across the 
nation. AIChE's procedures are the 
sure way to maximize every dollar of 
your equipment investments. 

New! 
PACKED DISTILLATION COLUMNS 

Complete procedures for testing the 
' packing efficiency. capacity limitations, 
energy consumption, and pressure 
drop factors of continuously operated 
distillation and batch columns. Covers 
all types of randomly dumped, sttuc
tured, and grid type packings with 
appropriate supports and distributors. 

The Most Thorough Testing Procedures A~/ailable 
for CPI Equipment! 

These essential test procedures give CPI companies a reliable, 
standardized way to ... 
• Perform detailed" acceptance" tests on new equipment 
• Calculate the capacities and optimum use of equipment 
• Collect accurate data for maintenance and troubleshooting. 
• Provide" real world" numbers for computer simulations 

and design studies. 

Each step-by-step manual helps the CPI engineer . .. 
• Plan and implement "top-to-bottom" equipment perfor

mance tests. 
• Set up rigorous procedures for every stage of equipment 

testing. 
• Compute accurate test results. 
• Evaluate and interpret fmal test data. 

Also Available ... 

FIRED HEATERS 

SPRAY DRYERS 

MIXING EQUIPMENT (Impeller Type) 

TRA Y DI~TILLATION COLUMNS 

CONTINUOUS DIRECT-HEAT ROTARY DRYERS 

CENTRIFUGAL PUMPS (Newtonian Liquids) 

CENTRIFUGES 

PARTICLE SIZE CLASSIFIERS 

EVAPORATORS 

DRY SoLIDS. PASTE. AND DOUGH MIXING EQUIPMENT 

Ordering ... 

Call (212) 705-7657. 
Or Fax us at: 
(212) 752-3294. 
Send your prepaid order 
to: AIOtE Publication 
Sales Department, 
345 E. 47th St., 
New York, NY 10017. 

Test procedures are $40 
per copy. Or save 10% 
for the entire set of 
twelve copies. AIChE 
membership price is $20 
per copy. 

Ame,i,.n In .. itute of Chemi,.1 Enginee" \ijY 345 E ... 47 St"et. New Yo,k. NY 10017 



Integration of RCRA Corrective Action with 
Clean Water Act Compliance 

James K. Cable, Leigh A. Starlin, Joan A. Giltner, 

Robin S. Futch, and Ronald W. Ballard 

CH2M Hill, 229 Peachtree Street N.E., Cain Tower-Suite 300, Atlanta, GA 30303 

A synthetic fibers manufacturing facility is implementing an integrated phased program to upgrade its 
existing wastewater treatment plant (WWTP) to comply with both the Clean Water Act and the Resource 
Conservation and Recovery Act (RCRA). The existing WWTP consists of an influent settling basin, two 
equalization basins, two aeration basins with low- and high-speed aerators, three secondary clarifiers, 
post-aeration, and belt filter press dewatering with on-site land filling. The existing WWTP will be 
replaced with a tank-based system that will include equalization, biological treatment, clarification, efflu
ent filtration, and effluent diffusion. RCRA regulatory compliance incorporated the Corrective Action 
Program, the Toxicity Characteristic Rule, the Land Disposal Restrictions, and closurelpostclosure 
requirements. Clean Water Act compliance incorporated the Organic Chemicals, Plastics, and Synthetic 
Fibers (OCPSF) effluent guidelines, effluent toxicity, and general water quality requirements. 
Logistically, project implementation involved fast-track design and construction, close regulatory inter
face, and maintenance of production process continuity. 

Introduction 

This synthetic fibers manufacturing facility, located in the 
southeastern United States, is implementing an integrated 
phased program to upgrade its existing wastewater treat
ment plant (WWTP) to comply with both the Clean Water 
Act and the Resource Conservation and Recovery Act 
(RCRA). 

The existing WWTP consists of an influent settling 
basin, two equalization basins, two aeration basins with 
low- and high-speed surface aerators, three secondary clari
fiers, post-aeration, and belt filter press dewatering with 
on-site dewatered sludge landfilling. The five basins are 
unlined, incised surface impoundments. Figure I illustrates 
the existing WWTP. 

Environmental Progress (Vol. 11, No.2) 

In 1987, the existing WWTP was identified as a solid 
waste management unit (SWMU) under RCRA jurisdic
tion. In 1990, the process wastewater was defined as haz
ardous under the Toxicity Characteristic (TC) Rule. The 
settling basin never received TC wastes; therefore, it must 
be remediated under RCRA Corrective Action Program 
authority while the equalization and aeration basins fall 
under more restrictive RCRA authority. The remaining 
WWTP unit processes are components of the SWMU but 
do not have specific RCRA implications. 

In 1988, the new effluent guidelines for the Organic 
Chemicals, Plastics, and Synthetic Fibers (OCPSF) subcat
egory were finalized. These regulations established signifi
cantly more stringent effluent limits for biochemical oxy· 
gen demand (BOD), total suspended solids (TSS), and pri-
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FIGURE 1. Existing wastewater treatment plant. 

ority pollutants. 
The existing WWTP was constructed in phases, starting 

in the 1960s. As National Pollutant Discharge Elimination 
System (NPDES) pennit limits became more restrictive, unit 
processes were added to improve perfonnance. With the 
combination of the recent RCRA and Clean Water Act regu
lations that impact the WWTP, major modifications were 
imminent. 

A phased program to upgrade the WWTP was initiated in 
1988 and includes: 
1. Preliminary treatment consisting of influent pumping, 
screening, dewatering, and equalization to replace the exist
ing settling and equalization basins. 
2. Biological treatment consisting of tank-based two-stage 
anaerobic/aerobic or single-stage aerobic treatment to 
replace the existing aeration basins. 
3. Clarifier modifications to improve unit process perfor
mance. 
4. Effluent filtration and diffusion to improve effluent quali
ty and comply with toxicity requirements. 

These modifications will be completed in early 1993. 
Figure 2 illustrates the layout of the future WWTP after con
struction is complete. 

The future WWTP will be constructed in the same gener
al area as the existing WWTP. To accomplish this, existing 
unit processes will be decommissioned and new structures 
will be constructed in their place. This will require closely 
coordinated construction sequencing. The program to 
upgrade the existing WWTP integrates current and foresee
able future regulatory compliance criteria into all aspects of 
the process selection, design, construction, and operation of 
the future WWTP. the integration strategy addresses regula
tory compliance, regulatory-driven schedule constraints, 
multiple agency jurisdiction and authority, and production 
and WWTP process continuity. 

Regulatory Compliance Challenges 

Resource Conservation and Recovery Act 

Once the WWTP was designated an SWMU under 
RCRA, closure was complicated by the potential presence of 
past releases of hazardous wastes and/or hazardous con-
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FIGURE 2. Future wastewater treatment plants. 

stituents (40 CFR Part 261) into the environment. The 
WWTP unit processes that accepted a designated hazardous 
waste became RCRA regulated management units (RMUs). 
For hazardous wastes under RCRA, treatment standards are 
established for minimum treatment technology requirements 
to allow continued operation. When these requirements can
not be met, then the RMUs must be closed under the closure 
and/or postclosure pennit requirements. The nonnal com
plexities associated with design and construction of the 
future WWTP would escalate if RCRA requirements for 
decommissioning the existing WWTP and underlying soils 
prior to construction of the new system were triggered. 

Under RCRA authority, several regulatory issues can 
apply to closure of the existing WWTP: 
1. RCRA Corrective Action. 
2. TCRule. 
3. Land Disposal Restrictions (LDR). 
4. RCRA Closure and Postclosure Requirements. 

Corrective Action Program 

The Hazardous and Solid Waste Amendments (HSWA) 
of 1984 (Section 3004(u)) instituted the regulatory authority 
to address corrective action for releases of hazardous waste 
or hazardous constituents from any SWMU at the facility. 
On July 27, 1990, regulations ("Corrective Action for Solid 
Waste Management Units at Hazardous Waste Management 
Facilities") were proposed (40 CFR 264, Subpart S) to estab
lish a comprehensive regulatory framework for implement
ing the RCRA Corrective Action Program. Regulatory agen
cies (both state and federal) are initiating activities as if this 
were the final rule. The RCRA corrective action process typ
ically involves the RCRA Facility Assessment (RFA), 
RCRA Facility Investigation (RFI), Corrective Measures 
Study (CMS), and Corrective Measures Implementation 
(CMI). At any time in this process, interim measures (lMs) 
may be initiated. 

An RFA was conducted at this manufacturing facility in 
1987 by the state and federal agencies. 14 SWMUs (includ
ing the WWTP) were identified. Concurrently, a Part B post
closure pennit application was submitted for three of the 
identified SWMUs. One of the postclosure pennit conditions 
issued in 1989 required an RFI at eight of the SWMUs. The 
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existing WWTP was identified as a single SWMU and is 
currently undergoing groundwater sampling and analysis as 
part of the initial RFI. The final RFI work plan has been pre
pared and was submitted to the state and federal agencies for 
review in 1989. Approval (after adjudication of review com
ments) is anticipated in the first quarter of 1991. 

Toxicity Characteristic Rule 

The TC Rule was published by EPA in March 1990 and 
was subsequently adopted by the state. When this rule 
became effective on September 25, 1990, this facility's 
process wastewater became a TC hazardous waste under 
RCRA due to the presence of benzene. As a result, the 
WWTP surface impoundments (equalization and aeration 
basins) receiving process wastewater after this effective date 
became RMUs. A Part A permit and a modification to the 
facility's existing Part B permit were submitted to include 
the newly designated RCRA surface impoundments (defined 
in 40 CFR Part 264.90). 

The settling basin was taken out of service prior to the 
effective date of the TC rule, so it did not become a regulat
ed unit requiring formal RCRA closure, although it remains 
in the RCRA Corrective Action Program. In the preamble to 
the proposed Subpart S rule, voluntary cleanup consistent 
with EPA cleanup goals is encouraged. To integrate the set
tling basin into the WWTP modification program, remedia
tion of this SWMU was proposed as an 1M under the RCRA 
Corrective Action Program as described previously. 

Land Disposal Restrictions 

The "third-third" of the LOR was finalized on May 8, 
1990. The LORs establish treatment standards for land dis
posal units (that is, surface impoundments). Land disposal 
units that receive wastes with hazardous constituents exceed
ing the treatment standards must meet RCRA minimum 
technology requirements or they cannot be used. The actual 
date for promulgating treatment standards for TC wastes has 
not yet been finalized; however, proposed treatment stan
dards are anticipated in March 1992 and final standards are 
expected in April 1993. The TC Rule requires that all sur
face impoundments not meeting RCRA minimum technolo
gy requirements be closed no later than March 1994. 
Therefore, the five existing WWTP surface impoundments 
may have to be closed as early as April 1993 but no later 
than March 1994. Because of the significant impact of the 
treatment standards, the April 1993 deadline was selected as 
the target deadline and is the key regulatory-driven deadline 
for this project. 

Closure and Postclosure Requirements 

The settling basin is currently being remediated as an 1M 
under the RCRA Corrective Action Program due to its desig
nation as an SWMU. This remediation includes removing all 
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sludges from the settling basin for disposal in the on-site 
landfill, sampling and analysis of exposed soil to assess the 
nature and extent of any contamination, and backfilling the 
impoundment with clean soil. Groundwater remediation, if 
necessary, will be addressed by the RFI and CMS. 

The equalization and aeration basins will be closed in a 
technically similar approach but under 40 CFR Part 264/265 
Subparts G and H due to their designation as RMUs. 
Because the equalization and aeration basins were originally 
being addressed as SWMUs under the already initiated cor
rective action program, and have more recently become 
RMUs requiring closure according to 264/265 closure per
formance standards, closure is complicated from a regulatory 
standpoint. Complications are also accentuated because 
these closure activities are an integral part of the new 
WWTP modification program. 

Closure plans for the four RMU surface impoundments 
include the removal of contaminated soils exceeding action 
levels so that contingent closure as a landfill and postclosure 
care would not be required. Soil sampling and analysis will 
be conducted to confirm that action levels are not exceeded 
or that no further remediation is necessary. As with the set
tling basin (SWMU), it has been proposed that groundwater 
contamination be addressed in the RFI under the corrective 
action program. 

Efficient closure of the SWMU and RMU surface 
impoundments (that is, soil sampling conducted one time 
only) is critical to the timely implementation of the WWTP 
modifications due to the phased construction schedule. Any 
delays that result from difficulties in certifying closure under 
RCRA of each surface impoundment will jeopardize the 
existing construction schedule. 

Sludge and soils from the surface impoundments are cur
rently planned to be disposed of in the on-site permitted 
industrial waste landfill. Sampling and analysis to verify that 
these materials are not TC hazardous wastes will be conduct
ed prior to excavation. If they are determined to be haz
ardous, then closure complications will arise. Transportation 
to and disposal at a certified off-site commercial RCM haz
ardous waste treatment storage and disposal facility (landfill) 
will have to be implemented if the sludge and soil are found 
to be hazardous. If the LOR treatment standards for TC haz
ardous wastes are promulgated, then hazardous waste exca
vation and disposal will have to be carefully managed so as 
not to trigger prohibitions on "placement" of restricted 
wastes. 

CIBfln Water Act 

The WWTP is presently operating under an NPOES per
mit which expires in September 1991. As a result of the 
Clean Water Act Amendments of 1987, the new NPOES 
permit must incorporate: 
1. OCPSF effluent guidelines. 
2. Effluent toxicity limits. 
3. General water quality requirements. 
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The OCPSF effluent guidelines establish limits for 
BOD, TSS, and priority pollutants that will be significantly 
more stringent than the current limits. Average day winter 
and summer BOD limits will be reduced from 146 and 110 
mg/!, respectively, to approximately 25 mg/!. Similarly, 
maximum day limits will be reduced from winter and sum
mer limits of 275 and 220 mg/!, respectively, to approxi
mately 60 mg/!. Current average day and maximum day 
TSS limits will be reduced from 101 and 250 mg/!, respec
tively, to 40 and 119 mg/!, respectively. The current permit 
includes limits for ammonia nitrogen; however, the OCPSF 
guidelines for BOD include the nitrogenous demand so the 
ammonia limit may be negotiated out of the permit Table 
I presents both the current and estimated future NPDES 
permit limits. 

State regulations require acute toxicity testing when 
WWTP flows are between zero and 10 percent of the 
receiving stream's 7QIO (average low flow for seven con
secutive days occurring on the average of once in 10 
years). For WWTPs without effluent diffusers, toxicity 
testing must be conducted on 100 percent effluent With an 
effluent diffuser, the toxicity testing can be conducted at 
the instream waste concentration (lWC). Since the IWC of 
the existing WWTP is less than I percent, it would be 
advantageous not to have to conduct 100 percent effluent 
toxicity testing. The existing WWTP cannot pass the efflu
ent toxicity test at 100 percent effluent 

State water quality standards also impact the future 
NPDES permit limits. Specifically, dissolved oxygen (DO) 
limits must be met at the WWTP's point of discharge. 
Also, since the production facility does not generate metal
bearing waste streams as defined in the OCPSF effluent 
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guidelines, water quality standards for metals will apply. 

Regulatory Integration for Effective WWTP 
Improvements 

Integration of RCRA and Clean Water Act compliance 
with the WWTP upgrade has presented numerous technical 
and logistical challenges. 

Technical Challenges 

The future WWTP will consist of preliminary treatment, 
biological treatment, clarification, effluent filtration, efflu
ent diffusion into the river, and mechanical dewatering. 
The preliminary and biological treatment components are 
being driven by RCRA compliance. The clarifier modifica
tions, effluent filtration, and effluent diffusion are being 
driven by Clean Water Act compliance. Mechanical dewa
tering is currently provided and will not be modified. 

The future WWTP will be comprised entirely of above
ground tanks. These unit processes will meet the RCRA 
definition of a wastewater treatment unit and will therefore 
be exempt from permitting, design, and operational stan
dards required for hazardous waste management units. 

Recognizing that the future WWTP will handle charac
teristically hazardous wastewater, secondary containment 
will be provided for all of the new tanks. Although not 
required for compliance, this is being done to provide 
Responsible Care for wastes generated and managed on
site. 

The influent pump stations will be designed to include 
secondary containment and leak detection. Above ground 
piping will be single-walled, and below ground piping will 
be double-walled. 

The preliminary treatment system will be constructed 
over the former location of the settling basin and one of the 
equalization basins. The equalization tanks will also be 
equipped with leak detection. Each tank will be covered 
and vented to an air-pollution control system. Emergency 
power generation will provide backup power to major 
equipment in the event of a power failure. 

The biological treatment system will be constructed 
over the former location of the second equalization basin 
and to the west of the aeration basins. The biological treat
ment system pump station will be designed to handle cont
aminated stormwater and process wastewaters segregated 
to by-pass preliminary treatment Anaerobic treatment is 
being considered since it generates less sludge, allows con
trol of volatile emissions, requires less energy, and gener
ates biogas which can be recovered. However, its applica
tion on this wastewater is not proven, and pilot testing is 
underway to confirm performance. If anaerobic treatment 
is not feasible, tank-based aerobic treatment will be con
structed. 

A diversion tank will be constructed below grade to 
handle peak storm water flow conditions and periods of 
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Activity Description 
~~, ' .,' ,. 

RegulatOry Miiestoiles: 
• oCPSF StatutOry COmpliance 

. . Deatiline (MarCh31, f989) . 
~ Submit ReVised NPDES Pennit 
Application 

- Comply with OCPSF 
Effluent Guidelines 

--Submit Stormwater NPDES Permit 
Application . 

- Stormwater NPDESPerrnit Issued 
- ComPly with Stonnwarer NPDES 
Pennit (November18,.199S) 

'COnstru~lon: 
" ';:Oarifier Modifications 

Emuent Filter 
-Effluent Diffuser 

prolonged power failure. This tank will be constructed with 
both leak detection and secondary containment. 

Log/stlcsl Challenges 

The key logistical challenge in constructing the future 
WWTP is meeting the regulatory-driven schedule. There 
are two critical deadlines driving the construction schedule: 
(1) September 1991 for the new NPDES permit and (2) 
March 1993 for compliance with the LDR treatment stan
dards for TC wastes. The WWTP modifications have been 
designated as either RCRA-driven or Clean Water Act-dri
ven. Both are on critical path schedules for timely comple
tion by the regulatory deadlines. Table 2 illustrates the 
implementation schedule for Clean Water Act-driven activ
ities. Table 3 illustrates the implementation schedule for 
the RCRA-driven WWTP modifications. 

The Clean Water Act-driven WWTP modifications are 
targeted for startup during the fourth quarter of 1991 to 
coincide with the new NPDES permit limitations. Since a 
compliance schedule was not negotiated, construction will 
have to be substantially complete, thereby requiring a fast
track approach to design and construction. 

For the RCRA-driven modifications, an expanded 
implementation schedule is required to allow closure 
according to 40 CFR Parts 264/265 closure performance 
standards, multiple agency review, and closure certifica
tion. The RCRA-driven construction will take approxi
mately two years to complete. The schedule is driven by 
the March 1993 deadline to replace the surface impound
ments to comply with the LDR treatment standards for TC 
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wastes. Delays resulting from certifying closure of each 
basin could jeopardize the construction schedule and ulti
mately impact compliance with the March 1993 deadline to 
replace the surface impoundments. 

The state environmental agency is responsible for con
struction permit approvaL Process definition and predesign 
packages are being submitted to the agency for review 
prior to construction permit approvaL Historically, this 
process has not been timely. Due to the complex phasing of 
this project, a program was established to conduct periodic 
meetings with the agency to expedite adjudication of 
review comments and obtain timely approvals. 

Construction sequencing is also critical from an imple
mentation and cost standpoint. Production continuity must 
be maintained during the entire project. In addition, regula
tory review and approval cycles have to be incorporated 
into the construction sequencing, making the contractor's 
construction period on-site longer and, thus, increasing 
costs. 

Reaching Integration 

The design and operating strategy for the future WWTP 
integrates foreseeable future RCRA and Clean Water Act 
compliance requirements. Unit processes for which the 
technical and regulatory design basis can be clearly defined 
will be incorporated into the project. For foreseeable future 
regulatory requirements that are not yet clearly defined but 
have a defined concept, flexibility will be incorporated into 
the design for later modifications. 

Since the implementation schedule has two very tight 
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regulatory-driven deadlines, a fast-track approach to 
design and construction is planned. The Clean Water 
Act-driven WWTP modifications will be complete in 
1991 , and the RCRA-driven modifications are scheduled 
for completion in 1994. However, regulatory approval 
cycles with multiple agencies, remediation and closure 
construction approaches, and RCRA design requirements 
(for example, secondary containment and leak detection) 
have significant impacts on the technical decisions and 
implementation schedules associated with the RCRA-dri-
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ven WWTP modifications. Therefore, implementation of 
all the WWTP modifications is on the critical path. To 
successfully implement this program, it will be necessary 
to integrate regulatory design requirements into the pro
ject early. coordinate existing production and WWTP 
operation to maintain continuity, conduct frequent and 
timely review meetings with the regulatory agencies, 
carefully manage uncertainties, and regularly prepare and 
update contingency plans. 

Environmental Progress (Vol. 11, No.2) 



Use of Risk Assessment Groundwater Model in 
Installation Restoration Program (IRP) Site 

Decisions 

David K. Goldblum, John M. Clegg 
Air Force Center for Environmental Excellence, Environmental Services Office 
Environmental Restoration Division - Bldg. 624W, Brooks AFB, TX 78235-5000 

and 

John D. Erving 
Michigan State University, Det. 380 - AF ROTC 

122 Bessey Hall, E. Lansing, MI 48824-1033 

Toxic chemicals have created much public concern over the past thirty years due to both environmen
tal pollution and hazardous waste management. Hence, the associated Risk Assessment Process is 
both complicated and crucial in the outcome of decisions concerning remediation. Quantification for 
a particular contaminant can demonstrate that the concentration is adequately low, so that there is no 
need to carry out a remedial action, at that given site. The contaminant's specific calculated risk in a 
risk assessment is directly proportional to the average concentration of that contaminant chemical. 
The total risk is additive for all the contaminants present at that site, for both carcinogenic and non
carcinogenic risks. Further analysis into the risk assessment for a drum storage area at a DOD 
installation rendering airlift support for airborne forces resulted in elimination of an unnecessary 
and costly remedial action. 

Introduction 

Pollution from toxic chemicals and their waste generates 
concern because they affect human health, ecology, and 
non-living systems such as buildings, soil, water 
resources and air quality. Management of these hazardous 
chemicals and their disposal include both assessment of 
the risks of exposure and regulations to control these 
risks. 

Quality data is necessary to assess the risk associated 
with toxic chemicals situated and disposed of at a site; 
quality data is also required to set priorities for clean-ups 
at such hazardous waste sites. This risk assessment 
process estimates total carcinogenic and noncarcinogenic 
risk at each site [1,2,3,4,5). The total risk is the sum of 
the individual risk components associated with the intake 
of each toxic chemical along each exposure pathway, that 
is, inhalation. ingestion. and dermal contact. If the risk 
assessment outcome is borderline. then the individual 
risks may have to be further broken down for separate tar-
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get organ systems within an overall living organism 
(mostly the human body). Thus. the risk assessment 
process can be very complicated and is very important, 
since decisions on remediations are based on the outcome. 

The critical review of a contractor's risk assessment for 
a drum storage area at a military installation prevented a 
costly and unnecessary remedial action; taxpayer money 
was saved. This paper discusses the evaluation of that risk 
assessment. It shows how faulty mathematical calcula
tions and questionable inclusion of a chemical as a com
pound of concern led to an apparent need for clean-up. 
When the risk was recalculated using valid data, correct
ing the faulty mathematical calculations and using appro
priate chemicals of concern, no clean-up was required. 

Background 

The Installation Restoration Program (IRP) is a multi
disciplinary Department of Defense (DOD) program to 
assess and remediate hazardous waste problems on DOD 
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installations [7]. The IRP is driven by the requirements 
governing the Comprehensive Environmental Response, 
Compensation, and Liability Act of 1980 (CERCLA), the 
Superfund Amendments and Reauthorization Act of 1986 
(SARA), and National Contingency Plan. The DOD uses 
the IRP to: 

• Identify past hazardous materials/waste disposal and 
spill sites at active DOD/Air Force (AF) installations. 

• Fully evaluate the environmental threat (if any) 
posed by these sites. 

• Control migration of hazardous contaminants from 
the identified sites at each installation. 

• Mediate hazards to public health, welfare, and the 
environment. 

• Develop and evaluate necessary,feasible remedial 
actions for those hazardous sites. 

These goals are realized thru a staged Remedial 
Investigation/Feasibility Study (RI/FS) process, in which 
conclusions and recommendations hinging on accurate 
and validated data, are used to structure and guide subse
quent activities. The RI/FS process includes scoping to 
define data requirements and objectives, an RI to charac
terize sites for a baseline risk assessment, and an FS to 
define and evaluate alternative remedial actions from 
which a remedial action is selected. Thus, it is obvious 
that insuring the accuracy and usefulness of data collected 
is a critical step in the risk assessment, since the remedial 
action decision follows directly from the baseline risk 
assessment. The baseline risk assessment is .the initial risk 
assessment at a given site where no remedial action has 
been taken. 

The risk assessment for the drum storage area refer
enced above in the introduction to this paper involved 
three chemicals: (a) trans-I,2-dichloroethene (b) 
trichloroethylene (TCE); and (c) poly-chlorinated 
biphenyls (PCBs) (1260 arochlor). However, the concen
tration of the trans-I,2-dichloroethene (noncarcinogenic 
compound) was negligible for all environmental sectors 
(surface water with surrounding sediments, groundwater, 
surface and subsurface soils, and air) so that in this risk 
assessment only the TCE and PCBs were considered. For 
TCE and PCBs, the primary risks are carcinogenic; non
carcinogenic risks were not pertinent for this case and 
only the chronic intake doses are relevant. The primary 
errors in the original baseline risk assessment were that: 

• The average TCE concentration was based on only 
part of the data set resulting in a concentration value 

almost double the actual average over all data 
points. 

• A major part of the risk value resulted from the 
PCB-1260, which was based on an average PCB-
1260 concentration over 3 monitoring wells 
consisting of 2 non-detect values and one estimated 
value below the method detection limit. 

Other considerations in the risk assessment include: 
• The use of nearby bodies of water for example, are 
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they drinking water supplies or not. 
• The surface water analytical results. 
• The rate of migration for the distance between the 

contaminant source and the point of exposure. 

Analytical Models/Methodology 

Initially, overall chronic intake dosages of the TCE and 
PCBs were estimated. These intake dosages were then 
multiplied by the slope factors (also known as carcino
genic potency factors) to compute the risk component 
from that given chemical for that specific exposure path
way. The risk assessment is completed when the individ
ual risk components are summed into the total site risk 
value. The three potential exposure pathways involved in 
this risk assessment were: 

• ingestion of water via drinking. 
• inhalation from showering. 
• dermal exposure from bathing. 

The concentrations of these chemicals were found to be 
negligible in the air, surface water, and both surface and 
subsurface soils. Consequently, inhalation exposure 
results only from inhaling volatiles during showering in 
contaminated groundwater, since levels are negligible in 
the surface water and air, and ingestion exposure results 
only from drinking this groundwater. There would be no 
ingestion nor dermal exposure for very young children 
eating or contacting surrounding soils because soils are 
uncontaminated and access to the site is restricted. 
Swimmers ingesting or contacting surface water would 
not be exposed because surface water is uncontaminated. 
The only possible dermal contact would result from 
bathing in contaminated groundwater. It is worth noting 
that there are presently no wells drawing water from the 
zone of groundwater contamination (the contaminated 
plume). Therefore, the calculated ingestion exposure due 
to drinking the contaminated groundwater is an overesti
mate of actual exposure due to drinking. The ingestion 
term is calculated as if it were an active drinking water 
source to err on the side of caution, therefore demonstrat
ing conservatism in the risk assessment. 

It is worth noting that the chronic intake dosages in the 
risk assessment process are further considerably overstat
ed since these do not take into account the body's metabo
lism and elimination of chemicals. If a comprehensive 
material balance on a chemical in the body were carried 
out, accumulation, generation/ metabolism, intake, and 
elimination (outflow) would be considered. Thus, the net 
chronic intake dosage would be expressed in the accumu
lation term as the difference between intake and elimina
tion. The generation term in a material balance would fur
ther reduce overall chronic dosage, since the body does 
not produce the specific chemical, but metabolizes it to 
some degree. Thus, the overstated chronic intake dosages 
result in a higher final assessment of the risk, this is more 
conservative, in that it errs for caution. 
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Calculation of Exposure from Ingestion 

( 
mg ) (CW)(lRXEF)(ED) 

Intake --- = ~--=-'--.:....:.....--=-'---'-
kg - day (BW)(AT) 

(I) 

For a conservative upper bound estimate on the intake, 
it is assumed that EF*ED/AT = I, that is, EF = 365 
days/yr, ED = 70 years, and AT = 70*365 days = 25,550 
days. Studies have shown that on the average 75% of water 
consumption is for home use [8]. At this site, actual expo
sure is far less, since this site is strictly a work area with no 
residential area nearby. Thus, Eq. (I) simplifies to Eq. (2). 

( 
mg ) 0.75(CW)(lR) 

Intake --- = --'--'-'--'-
kg - day (BW) 

(2) 

The IR value is taken as 2 liters/day [I, 5]. The BW is the 
average adult body weight of 70 kg [1,5]. 

Calculation of Exposure from Inhalation 

( 
mg ) (CA)(/R)(EJ)(EF)(ED) 

Intake --- = (3) 
kJi - day (BW)(AT) 

Similar to ingestion, EF*ED/AT = I, that is, EF = 365 
days/yr, ED = 70 years, and AT = 70*365 days = 25,550 
days. 

( 
mg ) (CW)(lR)(vw:,)(SD BD) Intake --- = -+- (4) 

kg - day (BW) SV BV 

Note that CW*VWs';SV and CW*VWs.;sV represent 
CA for the shower process and additional bathroom expo
sure after showering, respectively. Furthermore, for shower 
ET = SO and ET = BD for additional bathroom exposure 
time after showering. Thus, Eq. (3) becomes Eq. (4). The 
IR value is taken as the average adult value of 20 m3/day, 
see pp. 6-44 in Risk Assessment Guidance for Superfund -
Vol. I - Human Health Evaluation Manual [I]. The BW is 
the average adult body weight of 70 kg [I, 5]. The other 
values pertinent to Eq. (3) and (4) include: SO = BD = 10 
minutes (1/6 hours); and SV = 3 m3; and BV = 10 m3 [8]. 
In addition, a conservative approach for calculating inhala
tion dosage assumes that TCE volatilizes completely. 
However, PCB does not volatilize, therefore PCB would 
not contribute to any chronic inhalation exposure. 

calculation of Exposure from Dermal Contact 

( 
(CW)(SA)(PC)(EJ)(EF)(ED)(CF») 

Intake (5) 
(BW)(AT) 
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Similar to ingestion and inhalation, EF*ED/AT = I, that 
is, EF = 365 days/yr, ED = 70 years, and AT = 70*365 
days = 25,550 days. Thus, Eq. (5) simplifies to Eq. (6). 

( 
mg ) (CE)(SA)(MF)(EJ)(CF) 

Intake --- = (6) 
kg- day (BW) 

The SA value is taken as the average adult value of 18,150 
cm2 [I, 5], and BW as the average adult body weight of 70 
kg [I, 5]. The MF is taken as 0.5 mg/cm2-hr, since this was 
found to be 0.4336 mg/cm2-hr in an absorption study [9]. 
This corresponds to a PC value of 5.0 x 10-4 cm/hr, since 
the TCE is at sufficiently low concentrations such that it 
can be deemed as a dilute aqueous medium. As will be 
illustrated in the Results, the risk associated with dermal 
contact is very small compared with that from ingestion 
and inhalation, such that if a PC value of 8.4 x 10-4 cm/hr 
[I] were used, the risks from dermal exposure would still 
be more than 2 orders of magnitude less than the specific 
risks from the ingestion and inhalation exposure pathways. 

For all of the exposure pathways, the contractor applied 
a factor of 58/68 to the chronic intakes to give a weighted 
chronic intake for adults, where 58 is the number of years 
as an adult out of a 68-year lifetime. Due to large uncer
tainty in expected exposures for the 0-2 age category in 
most cases, the lifetime adjustment takes away these two 
years and the factor applied is 58/68 instead of 58/70, in 
order "to lean on the conservative side of the doubt". The 
pre-teenage (less than 12) group could not possibly be pre
sent at this site. In addition, assuming that the adult period 
starts at age 12 is extremely strict, since a work zone would 
not likely have anyone present under the age of 18, and 
certainly not under the age of 16. Perhaps, inherent in this 
assumption, is that the 12-18 group may be present in spo
radic amounts by visits, so this age group is counted as if 
they were present on a regular basis. Therefore, a factor of 
52/68 or 54/68 would have been more reasonable, but to 
err on the side of caution, the stricter factor of 58/68 was 
retained in this review of the contractor's risk assessment. 

Route/Chemical Specific Risk 

Rjj (SFij) . (Intake)jj 

dimensionless 
Kg-day mg 

(7) 
mg Kg-day 

Note that risk values are dimensionless, since slope fac
tors have units reciprocal to those of intake. Risk numbers 
denote frequency of excess cancer cases above what is to 
be expected for environmental backgrounds (250,000 cases 
per million people, about a quarter, due to natural environ
mental factors). If the risk is 2 x 10-4, then there would be 2 
excess cancer cases in 10,000 people over those expected 
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under environmental background levels [l]. The slope fac
tors (SFs) were obtained from the EPA IRIS (Integrated 
Risk Information System). For TCE, the most recent SF is 
from 7/1/89, and for PCBs, the most recent SF is from 
5/1/89. 

These SFs can be obtained from six sources with the fol
lowing priority (see pp. 7-13 -7-15 from [l]. 

(i) IRIS. 
(ii) HEAST - Health Effects Assessment Summary 

Tables, which are updated quarterly. 
(iii)EPA Criteria Documents. 
(iv)Agency for Toxic Substances and Disease 

Registry (ATSDR) toxicological profiles. 
(v) EPA's Environmental Criteria and Assessment 

Office. 
(vi)Open literature. 

Total Risk 

Total Risk = R = Sum of all Risks from Eq.(7) (8) 

3 2 3 2 

R = I, I,R;j = I, I, (SF;)(Jntake)ij (9) 
;=/ j=/ ;= jj=/ 

Note that total risk is obtained by summing over both 
chemicals and over the three exposure pathways. Since 
PCB is not volatilized at all, only 5 chemical/exposure path
way specific risks are added into the total risk calculation: 
ingestion of PCB and TCE; dermal contact of PCB and 
TCE; and inhalation ofTCE. 

Results 

The first step in analyzing the risk for any given expo
sure pathway is to determine average concentrations of the 
specific analytes in that medium, applicable to the exposure 
pathway. The three above noted exposure pathways indicate 
that the only environmental medium of concern is the 
groundwater. Therefore, the average concentrations of the 
TCE and PCB must be determined. For these two chemi
cals, the results of measurement are normally reported in 
ug/l. However, these are shown in mg/l in order to obtain 
the chronic intakes in (mg/kg-day) since the slope factors 
are in reciprocal (mg/kg-day) and the risk is dimensionless. 

For the TCE, there were a total of 6 measurements from 
4 monitoring wells (MWs): 

MW-I: 0.0027 mg/l 
MW-2: 0.0081 mg/l 
MW-3: 0.08,0.016, and 0.17 mg/l 
MW-4: 0.026 mg/l 

The average of these 6 readings is 0.05 mg/I, but it is 
unclear as to which numbers should be entered into this 
average, since 3 of these readings came from MW-3 and 
these 6 readings were not all taken at the same time. 
Therefore, the average of the 4 wells was taken, where only 
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the highest reading from MW-3 was retained. This average 
is 0.0517 mg/l, which is slightly above the 0.05 mg/l value. 
Moreover, if a weighed average at MW-3 were taken, and 
this were averaged with the other 3 wells, then the average 
would be even lower at 0.0314 mg/l. Hence, the 0.05 mg/l 
average TCE concentration serves as a solid conservative 
upper bound estimate. However, in this risk assessment, the 
contractor used an average concentration of 0.0895 mg/l, 
which seemed to average the MW-2 and highest MW-3 
readings, and ignored the other 4 measurements. This 
resulted in an almost double value for the TCE risks. All 
TCE-readings were well above the method detection limit 
of 0.0006 mg/l [7]. 

For the PCB, there were a total of 3 measurements from 
3 monitoring wells (MWs): 

MW-I: 0.00081 mg/l (estimated) 
MW-2: none detected 
MW-3: none detected 

For the "none detected" measurements, 0.0005 mg/l, half 
the value of the 0.001 mg/l [7] method detection limit, is 
entered into the average to assure that a conservative esti
mate is taken. Thus, the average concentration for PCB is 
0.0006 mg/I, considerably below the detection limit. 
Consequently, the PCB-risk is negligible, since the concen
trations are below the method detection limit. Thus, it is 
highly questionable whether the PCB should have been 
deemed a chemical of concern at this site. However, the 
PCB-risk component is added here to show an upper bound 
risk for these site conditions. 

A comparison of the risk assessment performed for aver
age TCE concentrations of 0.05 mg/l and 0.0895 mg/l fol
lows as shown in Tables I and 2. The intakes are computed 
using Eq. (2), (4), or (6), depending on the exposure path
way calculated. The factor of 58/68 is then applied to the 
intake to give the weighted intake, which in tum is multi
plied by the slope factor (SF) to give the specific risks for 
the particular exposure pathway and given chemical. The 
sum of all of the specific risks then gives the total risk for 
the site, which in this case is a carcinogenic risk. 

From Figure I, it is evident that the quality of the risk 
assessment can make a crucial difference in the outcome in 
a remedial action decision. In case "a", where the PCB-risk 
component was discarded and the correct average TCE-con
centration at 0.05 mg/l was used, the total risk is 6 x 10.5, 

well below the EPA threshold for acceptable cancer risk. In 
case "b", the total risk is I X 104 , when the PCB-risk com
ponent was discarded and the erroneous higher average 
TCE-concentration at 0.0895 mg/l was used. In case "c", 
where the PCB-risk component was included and the cor
rect average TCE-concentration at 0.05 mg/l was used, the 
total risk is I x 104 . In case "d", the total risk is 2 X 104 , 

when the PCB-risk component was included and the erro
neous higher average TCE-concentration at 0.0895 mg/l 
was used. 
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TABLE 1 • Rls~ Assessment (TCE Conce!'ltrat!,on = O.~",g/l) 

Chemlcel 
TCE 
PCB-1260 
TCE 
PCB-1260 
TCE 
PCB-1260 

CW (mg/I) 
0.05 
0.0006 
0.05 
0.0006 
0.05 
0.0006 

Weighted Intake (mglkg-day) 
9.139 xlO'" 
1.097 x 10.5 

3.667-x H/ 3 

non-volatile 
9.215 x 10.7 

1.106 x 1<r8 

The total risk sum of the specific risks is approximately 1.4 x 
10"", which, rounding to one significant figure in accordance with 
USEPA instructions, gives a risk of I x 10"'. This is within the 
acceptable range for USEPA (I, 4, ~). 

Pathway/Equation 
Ingestion/(2) 
Ingestion/(2) 
Inhal/ltion/(4) 
Inhalation/( 4) 
Dennal Contact/(6) 
Dennal Contact/(6) 

SF (mglkg-day)·1 
0.011 (iQgesO 
7.7 (ingest)" 
0.013 (inhale) 
7.7 (inhal~) 
0.01l (d!:\mial) 
7.7 (dermal) 

, Intake (mglkg-daYl! 
l.071x, H)'3 
1.286 x: 10.5 

4.299 ,l\ 10-3 

non-vQlatile 
1.080 X 10-6 
1.2~6 x 10-8 

SpecifiC Risk , 
1.005 x 10'5 
8.444 x 1O-s 
4.767 x l(rs 

TABLE 2 • Risk As~ssment (TCE Conce!'ltr.lon = O.~9S mgtl) 

Chemlcel 
TCE 
PCB-I260. 
TCE 
PCB-I 260 
TCE 
PCB-1260 

CWOngll) 
0.0895 
0.0006 
0.0895 
0.0006 
0.0895 
0.0006 

Weighted Intake (mgtkg-day) 
1.636 x 10-3 

1.097 x 1O-s 
6.563 X 10-3 

non-volatile 
1.649 x 10-0 
1.106 x 10-8 

The total risk sum of the specific risks is approximately 1.9 x 
10"', which, rounding, gives a risk of 2 x 10"'. This falls in the 
high risk category according to USEPA guidelines (1-;1#, 5). Note 
the difference in the specific risks for the TCE exPosures, for all 
three exposure pathways. ' 
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P.thw~Y/E~uation 
IngestiQn/(2) 
Ingestion/(2) 
Inhalation/(4) 
h\hIllatiQn/( 4) 
DennalContact/(6) 
Dennal, Contact/( 6) 

SF (mg/kg-day)·1 
0.011 (ingest) 
7.7 (ingest) 
0.013 (inhale) 
7.7 (inhale) 
0.011 (dennal) 
7 .. 7 (dennal) 

. ' 1'~'~ 
Inta~e (mglkg"y) 

, 1.918 x 10.3 .':ylj . 

1.286 x.10's ij • • ;, 

7;69~ x 10-3 

non-volatile 
1.93~xI0-6 
1.296 X 10-8 

" Specific Iillsk 
1.799 x His' ' 
8.444)( 10-5 

8.533 ~ ' IO's 
non-volatile 
1.814)( 10-8 

,8.514 x 10-8 
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Effect of Conditions on Carcinogenic Risk Estimate 

R = carcinogenic risk (<< pf ''''~U~' FI"' ) 

Figure 1. Effect of conditions on carCinogenic risk 
estimate. a) PCB-risk component discarded and 
correct average TCE-concentration at 0.05 mg/l; 
b) PCB-risk component discarded and erroneous 
higher average TCE-concentration at 0.0895 mg/l; 
c) PCB-risk component included and correct 
average TCE-concentration at 0.05 mgtl; d) PCB
risk component included and erroneous higher 
average TCE-concentration at 0.0895 mgtl. 

Conclusion 

The calculated risk reduction which resulted from using 
the corrected average TCE concentration allowed the Air 
Force to place this site in the No Further Action (NFA) 
status. Moreover, since the PCB concentrations for all data 
points were below the method detection limit, while a 
major part of the calculated risk value was due to the PCB 
component in the ingestion of drinking the groundwater 
supplies, further questions arose concerning the wisdom 
pursuing a costly remedial action at this site. The Air 
Force was considering an expensive pump and treat reme
dial action, which would have been of little value at this 
site. 

Other factors considered in arriving at the NFA deci
sion include the absence of both TCE and PCB in all of 
the other environmental media, namely air, soils, and near
by surface water and sediments. Furthermore, the ground
water present at the site is not used as an active drinking 
water source, since the drinking water is provided to all 
users both on and near this installation by the local town
ship from an alternate water source. In addition, the clos
est municipal well drawing from the alternate water source 
is approximately three miles upstream from this installa
tion. Since there was no PCB nor TCE detected in the 
alternate water source nor in surface water, no contamina
tion problem of domestic groundwater supplies is appar
ent. In addition, although surface water receives discharge 
from the contaminated groundwater, no contaminants were 
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identified in the surface water. 
In summary, when performing a risk assessment, par

ticular attention must be paid to the media of the pathways 
analyzed, methods of analysis, fate and transport of the 
environmental contaminants, as well as proper quality 
assurance and quality control of data and mathematical 
operations to insure a valid portrayal of risk. Figure 2 
illustrates data quality from the perspective of the macro
scopic view of numerous engineering firms. 
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Notation 

AT time interval over which the exposure is aver 
aged,days 

BD average additional exposure time in bathroom 
after shower, hours 

BV volume of bathroom, m3 

BW body weight (70 kg for average adult) 
CA concentration of chemical in air, mg/m3 
CF conversion factor (I liter/I 000 cm3 or I 

liter/106 mg) 
CW concentration of chemical in water, mg/l 
ED exposure duration, years 
EF exposure frequency, days/year 
ET exposure time, hours/day 
Intake = dose intake over the lifetime interval, mg/(kg

day) 
IR intake rate (2 Vday in drinking water; 20 

m3/day in breathing air) 
MF mass flux, mglhr-cm2 

-Bllck·Box-
"Worldly" MIcrOlCoplc View 

Macroscopic View 01 ami 
Engineering Firm .... en by,.,. 

llSl..jmpn..-le+-£JD 
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FIGURE 2. Quality In perspective. 
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PC 

PCB 
R 

Rij 
SA 
SO 
SV 
SF 

TCE 
VW

sh 

chemical-specific dennal penneability con 
stant, cm/hr 
polychlorinated biphenyl 
total risk 
the exposure route/chemical specific risk 
skin surface area of exposure, cm2 

duration of shower, hours 
volume of the shower stall, m3 

slope factor (carcinogenic potency factor), kg
day/mg. SFs are obtained from EPA's 
IRIS(Integrated Risk Infonnation System) 
slope factor for exposure pathway i and chemi 
calj 
trichloroethylene 
average amount of water used during a shower 
(I ()() liters) 

Subscripts 

I, 2, and 3 for the exposure pathways (ingestion of 
drinking water, inhalation during a shower, and der 
mal contact from taking a bath, respectively) 
I, and 2 for the chemicals (TCE, and PCB, respec 
tively) 

sh during the shower process 
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Kinetics of Sulfer Dioxide Uptake on 
Supported Cerium Oxide Sorbents 

Sheila W. Hedges and James T. Yeh 

U.S. Department of Energy, Pittsburgh Energy Technology Center 
P.O. Box 10940 , Pittsburgh, PA 15236 

A thermogravimetric technique has been used to evaluate the apparent rate of S02 absorption by 
ceria supported on alumina. A kinetic model for the sulfation of the CeOiAlp3 sorbent has been 
developed that is first order with respect to the partial pressure of so 2 and Jirst order with respect to 
the fractional unreacted cerium oxide on the sorbent. The reaction was also found to be zero order 
with respect to the oxygen and water vapor content of the gas over a range of concentrations that 
might reasonably be encountered in actual flue gas streams. CeO/AI20~ sorbent is being studied at 
the Pittsburgh Energy Technology Center as a potential new sorbent Jor simultaneous removal of 
90+% of both SOz and NOJrom coal combustion flue gas in a dry, regenerable process. 

Introduction 

Several promising new methods are being developed at the 
Pittsburgh Energy Technology Center (PETC) to remove 
the sulfur and nitrogen oxides from the flue gas of coal
fired utility boilers. The Fluidized-Bed Copper Oxide 
Process developed at PETC is one such new technology for 
the simultaneous removal of 90% of both 502 and NO. 
from the flue gas [1 -3). This process involves the absorp
tion of 502 by copper oxide on an alumina support in con
junction with sorbent catalyzed reduction of NO. by 
ammonia addition. Alternate sorbents to CuO/AlP3 are 
also being considered at PETC for possible improvements 
in reactivity toward 502' regenerability, attrition resistance, 
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and sorbent costs. A similar process concept based on a 
CeOiAlp3 sorbent [4. 5) is being studied in our laborato
ry and is the subject of this report. 

Cerium oxide is a particularly promising new sorbent: 
ceria improves resistance of alumina to thermal loss of sur
face area [6); Ce02 sorbent reacts with 502 over a fairly 
wide temperature range; and when regenerated under the 
appropriate conditions, CeOiAl203 sorbent produces an 
off-gas stream that can be used conveniently in a Claus 
plant for conversion into elemental sulfur [4). The natural 
abundance of cerium is slightly greater than that of copper, 
and extensive deposits are located in the western United 
States as well as in Australia, Brazil, India, and China. 
Rare earth minerals are mined both as a primary product 
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and as a by-product of the mining of such metals as iron 
(in China), tin, titanium, and zirconium. Cerium is pro
duced as a by-product of the isolation of other rare earths, 
and is currently readily available at moderate prices [7]. It 
should be pointed out, however, that the expensive step in 
supported sorbent preparation is fabrication of the alumina 
spheres. 

Experimental 

Sorbent samples were prepared by aqueous impregnation 
of 1.6 mm (1/16 in.) diameter alumina spheres. Reagent
grade, water-soluble cerium salts that can be decomposed 
thermally at moderate temperatures were used, and the alu
mina spheres were obtained from commercial catalyst man
ufacturers. The effects of sorbent preparation on the reactiv
ity of CeOjAI20 3 sorbents toward S02 and on the regenera
bility of the sorbents have been previously described, along 
with details of the thermogravimetric (TG) technique used 
in our laboratory (8). 

Simulated flue gas was blended from certified gas mix
tures and humidified by sparging through water at constant 
temperature. The calculated typical gas composition was 
2,800-3,000 ppm S02; 480-500 ppm NO; 2.8-3.0 % 02; 
13.7-14.7 % CO2; 4.0, 7.0, or 18 vol % Hp; and N2 as the 
balance; other gas compositions are described below. The 
dry gas flow rate through the 25 mm lD reactor was 
3.05xlO·6m3/s (STP), which was sufficient to maintain dif
ferential reaction conditions with respect to S02 for the 
most reactive sorbents. A sample size of 50 mg of sorbent 
was selected to just fill the quartz sample pan; this corre
sponds to about 18-20 of the spherical pellets. A typical 
TG test sequence was composed of four steps: 1) the sam
ple was heated to the desired reaction temperature at 
lOoC/min in dry N2; 2) after allowing the sample to come 
to equilibrium at the test relative humidity, a "dry" sample 
weight was obtained and then the sample was exposed to 
humidified simulated flue gas for one hour; 3) the sample 
was regenerated by reduction in H2 for 30 min followed by 
reoxidation in air for 10 min; and 4) the sample was re
exposed to flue gas for 60 min. 

Since cerium nitrates are thermally unstable above 
250°C and hydrated ceric sulfate is completely dehydrated 
at approximately 350°C [9], all of the weight gain 
observed during the TG tests, which were conducted 
above 350°C, has been attributed to sulfate formation. X
ray diffraction results for several of the spent CeOjAI20 3 
sorbent samples showed weak lines not present in the 
fresh sorbent. However, these lines could not be assigned 
to known cerium sulfate compounds and suggested that 
the Ce02 is converted to an amorphous or highly dispersed 
sulfate on exposure to flue gas. Examination of fresh and 
spent sorbent by FfiR (Fourier transform infrared spec
troscopy) clearly showed the presence of sulfate on the 
spent sorbents, but specific product compounds could not 
be identified. Fresh, regenerated, and spent sorbents were 
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also examined by XPS (X-ray photoelectron spec
troscopy). The fresh and regenerated sorbents were found 
to contain Ce02 and the regenerated sorbent also con
tained small amounts of sulfate, but no detectable sulfide. 
The fully sulfated sorbent was found to contain predomi
nately Ce(lll). (The presence of small amounts of Ce(IV) 
cannot be ruled out from the cerium photoelectron spec
tra.) The weight gain observed during the TG tests was 
therefore analyzed using the following equation: 

Results And Discussion 

Reactivity measurements for CeOjAI20 3 sorbents have 
been made in the thermogravimetric analyzer (TGA) test 
unit to examine the kinetics of S02 sorption as a function 
of gas composition, sorbent metal loading, and experimen
tal conditions. 

First, the data collected in the TGA test unit were eval
uated for suitability for kinetic determinations. Gas phase 
diffusion limitations on the rate of S02 sorption measured 
in this unit were examined. Tests were conducted to verify 
that bulk gas phase mass transfer was not limiting the 
measured S02 uptake: first, the total gas flow rate was 
doubled, and then a larger, more open sample basket was 
substituted to contain the sorbent. Results in both these 
tests were equal to rates determined previously with lower 
flow rate and a shallow, closed-bottom basket; therefore, 
any diffusional limitation that occurs is characteristic of 
the reacting system and is not an artifact of the experimen- . 
tal equipment. The reactor vessel was also partially filled 
with fused silica pellets to substantially reduce the void 
volume and the results were compared to earlier runs. It 
was determined that the true reaction starting time could 
satisfactorily be estimated by simply subtracting the 
"dead" time required to fill the vessel to the level of the 
sample basket. 

The effect of flue gas composition on the rate of S02 
sorption by CeOjAlp3 was examined in detail at 600°C. 
The rate of S02 uptake was found to be independent of the 
relative humidity over the range 4 to 18 vol % H20 , inde
pendent of the CO2 concentration over the range 0% to 
15%, independent of the NO concentration over the range 
o to 500 ppm, and, somewhat surprisingly, independent of 
the 02 concentration over the range 2.8% to 12.7%. 

Reaction Order with Respect to Sulfur Dioxide 
Concentration 

The reaction order with respect to S02 concentration 
was determined using the differential method, that is, by 
measuring the initial slopes of the TG curves. A rate law 
of the following form was assumed: 

(1) 
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REACTION ORDER FOR S02 

10.000 

r (x 10) 

• 12. % Ce 

o 8.2 % Ce 

• 4.2 % Ce 

-Fit 

n = 0.94 

1.000 '---""-....I-""-.I....I ....... ~ 
1000 10000 

ppm S02 

FIGURE 1. Double-logarithmic plot of initial rate 
of S02 uptake, r, by CeOz'AI20 3 sorbents against 
partial pressure of S02' P s' 

where ac is the cerium loading on the sorbent, and Ps is the 
partial pressure of S02 in the flue gas. As pointed out 
above, the TOA test unit was operated as a differential 
reactor with respect to S02' Le., the concentration of S02 
remained constant throughout an individual test run. 
(Although the S02 concentration was not measured during 
these tests, at typical test conditions the rate of addition of 
S02 to the reactor was approximately 2.4 mmole/min., and 
the typical 50 mg sample of 12% Ce sorbent contained 
only 0.044 mmole Ce02. Complete reaction of the sorbent 
within the first minute could have consumed less than 3% 
of the total S02 flowing into the reactor). For short reaction 
times, the concentration of Ce02 remaining on the sorbent 
pellet will not differ appreciably from the starting concen
tration and the rate law may be written: 

r=const. P: (2) 

Taking the logarithm of both sides of this equation yields, 

log r = log const. + nlog P, (3) 
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The reaction order, n, can be determined from a double
logarithmic plot of rate against S02 concentration. Figure I 
shows this double-logarithmic plot for the initial slope of 
the TO curves, for sorbents of three different metal load
ings. The S02 concentrations ranged from 1400 ppm to 
5100 ppm. The slope of the least squares straight line 
through this data is 0.94, indicating that the reaction is first 
order with respect to S02 concentration. 

Reaction Order with Respect to Consumption of 
theSorbent 

In general, the integrated rate law for a first order reac
tion can be written as 

kt = In[a!(a-x») (4) 

where a is the initial concentration of the reactant and x is the c0ncen

tration that has been consumed at time t By considering the data roc a 
single test, the rea:tion ocder with respect to time can be determined 
for the sorben!. Figure 2 shows a plot of Equation 4 for a 
typical TO test. Although a straight line does not fit the 
data throughout the entire consumption of the sorbent, the 
curve is linear up to approximately 75 to 80 percent con-

2 

1.5 

In[a/(a - xl) 

0.5 

• 

10 20 30 40 50 110 70 10 90 

lima (mlnutHI 

FIGURE 2. Test for first-order kinetics of the con
sumption of Ce02 for a typical TG test (2800 ppm 
S02' 600°C, 12% Ce sorbent.) Dashed line repre
sents 80 percent conversion of the Ce02. Solid 
line represents linear least squares fit for data 
from the first 30 min. 
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version of the Ce02 on the sorbent. (The dashed line in 10.0 r-----.------..--------, 
Figure 2 represents 80 percent conversion). The reaction 
can, therefore, be adequately described as first order with 
respect to consumption of the sorbent except as the sorbent 
nears complete saturation. Diffusional effects probably 
contribute significantly at very high sorbent utilization; 
however, this high sorbent utilization region is not normal
ly approached under practical process operations. 

The rate of consumption of the sorbent can therefore be 
written as 

dajdt = kPsac (5) 

Determination of the rate constant 

The rate constant k can be determined from the integrated 
form of the equation 

(6) 

(Recall that in the TGA test unit, the concentration of S02 
is constant.) Figure 3 summarizes data for a large number 
of TG tests conducted at 600°C using 2,800 ppm S02 in 
the simulated flue gas. Each point represents an average 
value for 4 to 10 replicate determinations. Data is included 
for each of the three metal loadings for Ce02 conversions 
up to approximately 50 percent. Clearly, the slopes of the 
lines represented by the data for the three metal loadings, 
and therefore the rate constants for Equation 6, are differ
ent. A single rate constant that represents all the data for all 

CONSUMPTION OF CeOz SORBENT 
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FIGURE 3. Determination of first-order rate con
stant k using Equation 6 for three different sor
bent metal loadings. 
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FIGURE 4. Arrhenius law plot for 502 uptake by 
CeOt'A1203 sorbents over the temperature range 
673 to 923 kelvin. Linear least squares fit line is 
for data over the range 673 to 873 kelvin only. 

three metal loadings may be obtained by multiplying the 
rate constant of Equation 6 times the metal loading on the 
individual sorbent, 

k' = kac = ac {In[aj(ac - x)lllPst (7) 

Table I compares the calculated rate constants from 
Equations 6 and 7 for the data sets plotted in Figure 3. The 
average value of k' for the values reported in Table I (data 
taken at 600°C) is 0.028 ± 0.002 [%Ce s·lkPa·1l. Careful 
examination of the calculated rate constants. in Table I 
shows some slight drift in the values. However, a simple 
first order rate equation describes the conversion of the sor-
bent reasonably well . 

Temperature Dependence of the Rate Constant 

Sorbent reactivity data from the TG tests was also ana-
Iyzed using Equation 7 for temperatures ranging from 
650°C to 400°C. The temperature dependence of the rate 
constant k can be described by the Arrhenius law, 

k = A exp(-E/RT) (8) 

where A is a constant which is usually known as the fre-
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quency factor, E is the activation energy, R is the gas con- 400°C yields an activation energy E = 12 [kJ/mole] and a 
stant, and T is the absolute temperature. Equation 8 may frequency factor A = 0.14 (%Ce s·!kPa·!). 
also be written. 

Conclusion 
In k = -E/RT + In A (9) 

The absorption of S02 on CeOiAlp3 sorbents has been 
The Arrhenius law was tested for the TG data for the found to follow a simple kinetic model which is first order 
Ce02/A120 3 sorbent-S02 reaction by plotting the logarithm with respect to the partial pressure of S02 and approxi
of k' (calculated using Equation 7) against the reciprocal of mately first order with respect to the fractional unreacted 
the absolute temperature. Results are shown in Figure 4. Ce02 on the sorbenl. An empirical rate equation was devel
Examination of the data presented in Figure 4 shows that oped 
the apparent rate constant begins to level off above approx-
imately 600°C. This is consistent with the onset tempera- k'Pst = ac In[a/(ac - xc)] 
tures for sulfate decomposition reported in the literature for 
several cerium sulfate compounds [9,10] and may indicate k' = 0.028 ± 0.002 (% Ce s'!kPa'! at 600°C) 
the thermal onset of reversibility of the reaction. Another 
possible explanation for the decrease in apparent rate is a The temperature dependence of the rate of reaction can be 
high temperature pore diffusion effect, the transition from a described by an Arrhenius law dependence of the rate con
region of intrinsic surface reaction control of the rate to a stant on temperature 
region of significant pore diffusion, the internal-diffusion 
regime [11]. The work presented here does not address the k' = A exp(-E/RT) over the range 400°C to 600°C 
relative contributions of these two effects; however, the 
cerium oxide process is not expected to be operated beyond where 
600°C in future PETC studies. The least squares straight 
line fit to the data over the temperature range 600°C to E = 12 kJ/mole and A = 0.14 % Ce s' !kPa'! . 
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Notation 

a = initial concentration of reactant 
A = frequency factor 
ac = initial concentration of cerium on the sorbent 
E = activation energy 
k = general rate constant 
k' = rate constant calculated from Equation 7 
m = reaction order with respect to fractional unreacted 

cerium oxide on the sorbent 
n = reaction order with respect to partial pressure of S02 
P s = partial pressure of S02 
r = rate of consumption of cerium oxide 
R = gas constant 
t=time 
T = absolute temperature 
x = concentration of reactant that has been consumed at 

time=t 
Xc = concentration of cerium oxide that has been consumed 

at time = t 

Disclaimer 

Reference in this paper to any specific commercial 
product, process, or service is to facilitate understanding 
and does not imply endorsement or favoring by the United 
States Department of Energy. 
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Pharmaceutical Wastewater Treatment 
Comparison Of Process Scale-up 

From Bench to Full-Scale: 
A Case Study 

Kevin D. Torrens, Jack L. Musterman, 
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Alexander Drohobyczer 
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Wastewater treatability investigations were conducted for a specialty batch pharmaceuticals produc
tion facility which typically produces small quantities of numerous chemicals and pharmaceuticals. 
Production campaigns typically range from two days to four weeks in duration. Due to these produc
tion changes, the organic loading and chemical makeup of the wastewater constantly varies, resulting 
in less than optimum treatment plant performance. In addition, the facility planned to increase pro
duction in the future, thereby increasing wastewater flow and organic load. 

Introduction 

Wastewater was biologically pretreated at the facility prior 
to discharge to the local Publicly Owned Treatment Works 
(POTW). A new pretreatment discharge permit went into 
effect in January 1988 with the following instantaneous 
maximum discharge limits: 

BOD 
TSS 
COD 
Oil and Grease -
Cyanide 

300mg/l 
300 mg/l 
1,000 mg/l 
lOOmg/l 
33.5 mg/l 

The existing wastewater treatment facility was not capable 
of consistently achieving these discharge limitations at the 
existing flow condition and would also be incapable of 
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achieving these treatment levels with the intended increase 
in production. 

An investigative program was conducted to determine 
system upgrading requirements to ensure future compli
ance with these new discharge limitations. The project was 
conducted in three phases: 

• Phase I 
• Phase II 

• Phase III 

Process Investigations 
Wastewater Treatment & 
Facilities Modifications 
Plant Start-up 

This paper summarizes the results of the process investiga
tions and definition phases and compares predicted plant 
performance based on treatability studies to actual plant 
performance during 21 months following implementation 
of the recommended modifications. 
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FIGURE 1. Existing wastewater treatment system 
process flow diagram. 

Phase 1 - Process Investigations 

Existing Wastewater Treatment Facility 

Wastewater is generated from various production areas 
as a result of washdown, biowdown, and general house
keeping activities. The existing wastewater treatment facili
ty (WWTF) was designed for pretreatment of the produc
tion plant wastewaters prior to discharge to the local 
POTW. The facility consisted of neutralization, equaliza
tion, and biological treatment. A process flow diagram of 
the system is presented in Figure I with associated design 
criteria presented in Table I. 

Treated effluent from the clarifier flowed to a manhole 
where domestic sewage and other lightly contaminated 
wastestreams (such as maintenance and laboratory washwa
ters) from the facility entered and were combined to form 
the final effluent used for discharge monitoring purposes. 
Therefore, treatment of the process wastewater to below the 
permit limits was required due to the contribution of the 
sanitary and other miscellaneous wastestreams to the total 
effluent. 

Historical Data Evaluation 

An evaluation of historical wastewater facility data was 
performed to determine any significant events, correlations, 
or trends which could be useful for wastewater treatability 
studies and process design. Various parameters and rela
tionships, i.e., temperature variations, pH fluctuations, 
wastewater variability, and nondegradable COD, were 
developed in an attempt to isolate factors which could be 
causing poor plant performance. 

The data review indicated that aeration basins tempera
tures ranged from approximately 18°C in winter to 40°C in 
summer, with a corresponding effect on the specific organic 
removal rate. The high summer temperatures were due to 
the high organic strength of the wastewater in combination 
with a consistent two-foot foam layer on the aeration basin 
surface which provided excellent insulating properties. 

The data also indicated there were substantial pH swings 
in the aeration basin contents which were attributed to pH 
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controller problems and short circuiting in the upstream 
equalization basin. The short circuiting in the equalization 
basin also contributed to increased aeration basin effluent 
variability. Analysis of BOD and COD data indicated that 
the minimum achievable effluent COD was approximately 
1,100 mg/! with complete BOD removal, with the effluent 
COD varying from 1100 to 5,000 mg/!. The implications of 
these data are that there is a minimum concentration of 
effluent COD which can be achieved through biological 
treatment alone and that this COD level will on the average 
be greater than the permit limitation of 1,000 mg/1. 
Therefore, to consistently achieve the permit limits, supple
mental treatment would be required. Upgrading possibilities 
included pretreatment to enhance biodegradability and/or 
post-treatment for removal of residual COD. 
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Process Screening Evaluations 

In view of the historical data evaluation results that indi
cated high refractory COD levels in the biological plant 
effluent, several processes, including adsorption, chemical 
oxidation, and coagulation/ precipitation, were screened for 
applicability. Chemical oxidation and coagulation/precipi
tation alone were found to provide inconsistent results due 
to the highly variable nature of the wastewater and were 
therefore not considered for further evaluation. As a result 
of these screenings, further investigative efforts were con
centrated on the following treatment process train: neutral
ization, equalization, activated sludge, sand filtration, and 
granular activated carbon (GAC) adsorption. 

Wastewater Variability Dampening 

The original equalization basin (EQB) had a nominal 
operating volume of approximately 189,000 gal (715 m3). 

The EQB was unmixed except for a 72,000 gpd (272 
ml/day) recirculation pump which transferred basin con
tents from the northwest comer of the EQB to the southeast 
comer thus providing a basin turnover rate of approximate
ly once every 2.8 days. Based on a review of the EQB 
effluent data, it was apparent that there was a high degree 
of short circuiting. For this reason, and due to concerns 
regarding basin construction , size and integrity, a new 
complete mix equalization tank was designed. 

Based on the highly variable nature of the wastewater 
constituents, the selected design equalization basin effluent 
organic load variability was approximately ±25 percent of 
the mean such that the organic loading to the biological 
treatment unit was relatively constant. At the design aver
age flow rate of 40,000 gpd (151 m3/day), the required 
complete mix equalization volume to achieve 25 percent 
load variability in the equalization basin effluent would be 
190,400 gal. (720 m3) . The effluent variability of the 
existing equalization basin system with limited mixing was 
back-calculated from available data. This calculation 
showed an actual effluent variability of 42 percent over the 
same data collection period. Therefore, since the existing 
and new equalization system volumes were essentially the 
same, the addition of mixing alone would reduce EQB 
effluent variability by at least 17 percent. A new equaliza
tion tank was installed for replacement of the existing in
ground basin due to the need identified in Phase I to elimi
nate short circuiting and provide a more uniform feed for 
the aeration basin. 

Bench-Scale Treatability Investigations 

Based on the results of the preliminary screening tests, it 
was determined that activated sludge/activated carbon 
treatment offered the most cost-effective and reliable 
means of achieving the required treatment goals. The pre
liminary carbon adsorption tests indicated that activated 
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carbon alone could reduce biological treatment plant efflu
ent COD to well below 1,000 mg/l on a consistent basis 
and the addition of a coagulation/filtration step prior to the 
carbon system would be required to reduce suspended 
solids in the carbon system influent. 

The experimental design included operation of two 
bench-scale activated sludge reactors. Reactor I received 
the projected near term loading while Reactor 2 was 
designed to simulate the performance of the system under 
increased production conditions, that is, twice normal flow. 
It was assumed that the future waste strength would remain 
essentially the same as the current wastewater, but the 
wastewater volume would be doubled under increased pro
duction conditions. Results from Reactor 2 could then be 
compared to those from Reactor I to determine the actual 
capacity of the existing treatment facility and for definition 
of process requirements for increased capacity. Table 2 
presents a summary of pertinent analytical results for the 
two reactors. Results for individual parameters of interest 
are discussed below. 

Effluent COD 

Reactors I and 2 achieved average effluent soluble 
COD (COD5) values of 1,992 and 2,067 mg/l, respective
Iy, with no significant statistical difference in performance. 
These results indicate that the existing facility should be 
capable of operating at twice the existing hydraulic and 
mass organic loadings while achieving essentially the same 

Environmental Progress (Vol. 11, No.2) 



effluent quality. Statistical analysis of the data did, howev
er, indicate more variability in the Reactor 2 effluent with 
standard deviations of 257 mg/l and 519 mg/l for Reactors 
I and 2, respectively. 

Effluent BOD 

Reactor I and 2 effluent soluble BOD (BOD5) averaged 
57 and 119 mg/l, respectively. These results indicate that 
the residual COD in Reactor I is essentially all non
biodegradable material. Reactor 2 did not achieve the 
same level of BOD removal as Reactor I which is most 
likely attributable to the reduced HRT. The difference in 
effluent COD between Reactors I and 2 is essentially 
equal to the difference in effluent BOD assuming a 
biodegradable COD/BOD ratio of 1.4: I (see Table 2). The 
difference in effluent BOD for Reactors I and 2 is 62 
mg/l which yields an equivalent COD of 87 mg/l. If this is 
added to the Reactor I effluent COD of 1,992 mg/l, the 
resulting COD concentration of 2,079 mg/l is essentially 
equal to the 2,067 mg/l observed. This reaffirms that the 
effluent COD of Reactors I and 2 is primarily non
biodegradable and must be removed by other means such 
as carbon adsorption. 

Sludge Production 

Production of excess sludge is inherent to biological 
treatment systems with the amount of sludge production 

dependent on operating conditions and substrate character
istics. Calculation of sludge production in each of the reac
tors was by mass balance. Table 2 shows that the sludge 
yield factors for Reactors I and 2 were 0.20 and 0.19 g 
MLYSS/g BOD removed, respectively. This value is with
in the expected range for systems operating at sludge ages 
near 50 days. 

Sludge Settling 

Sludge settling, as characterized by the sludge volume 
index (SYI) test, was evaluated. Results of these tests are 
given in Table 2 and indicate improved settling at the 
higher loading rate of Reactor 2. Effluent TSS concentra
tions following polymer addition indicate the facility 
would be in compliance with pretreatment effluent TSS 
limits. However, due to the need for granular activated car
bon for removal of refractory COD, additional suspended 
solids removal consisting of sand filtration was required to 
prevent fouling of the GAC adsorption system. 

Carbon Adsorption 

Carbon adsorption tests on the reactor effluent were 
conducted by Calgon Corporation. The initial testing con
sisted of development of isotherms followed by accelerated 
column testing (ACT), and carbon reactivation evalua
tions. ACT testing indicated that the carbon usage rate 
based on an influent COD of approximately 2,400 mg/l 
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and effluent COD of 900 mg/l was 1.3 g carbon per g 
of COD removed. 

Phase II • WWTF Modifications 

A process flow diagram of the modified treatment 
system is presented in Figure 2. Specific information on 
equipment sizing is shown on Table 3. Raw wastewater 
enters the existing neutralization system for pH stabi
lization. Following pH neutralization, the wastewater is 
pumped to a new above-ground, completely mixed, 
250,000 gal. (946 m3) equalization tank. The new tank 
was installed for replacement of the existing in-ground 
equalization basin due to potential regulatory require
ments relating to surface impoundments. Provisions for 
a future tank were also included. The new equalization 
tank operates as a variable level , completely mixed tank. 

Equalized wastewater is pumped at a relatively con
stant rate to the existing aeration basin . The aeration 
basin was modified such that the former integral clarifi
er now serves as a biological selector to improve sludge 
settling charachteristics. A new 28-ft (8.53 m) diameter 
external secondary clarifier was installed. Additional 
aeration capacity was added to the existing aeration 
basin to accommodate flows up to 40,000 gpd (151 
m3/day).(Provisions for a future aeration basin were also 
included.) 

The aeration basin mixed liquor flows by gravity to 
the new external clarifier. Polymer is injected into a 
flash mix tank prior to the clarifier to enhance suspend
ed solids separation. Settled sludge is returned to the 
biological selector via return activated sludge (RAS) 
pumps. 

A portion of the RAS is wasted to either of two aerat
ed sludge holding tanks. This waste sludge is then thick
ened in the sludge holding tanks by intermittently aerat
ing and settling the sludge. The supernatant is returned 
to the biological selector. Further thickening with a 
gravity belt thickener substantially reduces the quantity 
of sludge for hauling to the final disposal site. 

Following the secondary clarifier, the flow is directed 
to the sand filter (72 sq ft or 6.69 m2 area) and granu
lar activated carbon columns (two IO-ft. or 3.05m diam
eter units) . Typically, 50 to 80 percent of the flow is 
treated in the GAC system with the remainder bypassing 
the GAC system and flowing to the discharge point for 
blending with the GAC treated flow. This mode of oper
ation increases the carbon utilization efficiency by up to 
50 percent since the anticipated effluent COD from the 
GAC system is typically less than 300 mg/l. The GAC 
treated effluent then combines with the biologically 
treated effluent from the sand filter which was not treat
ed by the GAC system to provide a composite effluent 
COD within the 1,000 mg/l permit limit. If the dis
charge COD concentration from the carbon system or 
aeration basin changes, the percentage of flow treated by 
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Table 3 (cOntlnue(f) • System ~xpan.lon 0.81gn 
Conditio,.. anet RtcoriUMnded ~ulpmentSIZe 

Backwash 
Row Capacity 

Gravity Belt Thickener 

Manllal backwash syste!Jl 
>80,000 .gpd 

(New, Designed for 80,000 gpd flow) 

Type 
Cap;ICity 
Influent TSS 
Thickened Solids 
Polymer Addition 

. Continuous belt, gravity type 
50 gpm max; 25 gpm avg 
1.5 to 2.5 percent · 
5 to 7.5 percent 
Integral to system 

Metric Units Conversion Factors: 
gpd x 0.03785 = m3/day 
gal x 0.03785 = m3 

Ib/day x 0.4536 = kg/day 
gpm x 0.03785 = m3/min 
Ib/hr x 0.4536= kg/hr 
ftx 0.304=m 
ft2 x 0.0929 = m2 

gpd/ft2 x 0.0035 = m3/day/m2 

gpmIft2 x 0.0035 = m3/day/m2 
Ib x 0.4536 = kg 

the carbon is changed accordingly. The carbon system is 
sized to accept the entire future flow rate of 80,000 gpd 
(303 mJ/day). 

Comparison Of Predicted And Actual Plant 
Performance 

Data collected from the modified WWTF over a period 
of 21 months were evaluated for comparison to the data 
collected during the bench-scale treatability program. 
Table 4 presents the monthly average summary data from 
the modified full-scale WWTF for the 21-month evalua
tion period for parameters of interest. Table 5 presents a 
comparison of key operational and performance parameters 
from the bench-scale studies and the 21 month full-scale 
operating period. 

Equalization System Comparison 

The performance of the full-scale equalization basin can 
be evaluated by comparing the actual effluent variability 
(COD basis) to that predicted for design based on the 
method developed by Novotny and Englande [1]. The 
equalization basin design was based on data from a three
per-week sampling schedule and included some assump
tions and manipulation of data to reflect expected waste
water characteristics. The results of the equalization analy
sis predicted the equalization basin effluent COD variabili
ty as a percent of the mean COD loading would be ±25 
percent with a 95 percent confidence limit. Actual plant 
operating data indicate the average variability was 33 per
cent of the mean loading with a 95 percent confidence 
limit over the course of the 21 month evaluation period. 
The actual variability of the equalization basin effluent was 
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8 percent higher than that predicted from the process 
design and is attributed to the assumptions required in the 
data evaluation phase and to changes in production since 
the wastewater investigations were conducted. This small 
increase in variability from the predicted design value is 
not considered significant and should not impact biological 
treatment system performance. 

Activated Sludge System Comparison 

Comparative data from the bench-scale studies and the 
21-month full-scale operation evaluation period are shown 
on Table 5. Data for aeration basin effluent COD, SVI, 
and secondary clarifier effluent TSS are shown on Figures 
3,4 and 5, respectively. 

The full-scale operating data indicate the average flow 
to the aeration basin was essentially the same as the basis 
of design of 40,000 gpd (151 m3/day). However, the aver
age influent COD to the aeration basin was 8,884 mgll in 
contrast to the predicted design value of 11,700 mgll. The 
reduced loading may be attributable to source reductions in 
the production area. As a result of the reduced organic 
loading, the full-scale F/M ratio (COD basis) was 0.21 
day· I as compared to the design value of 0.30 day-I. This 
reduced loading resulted in an improvement in biological 
treatment performance. 

Wastewater biodegradability can be compared on the 
basis of the organic removal rate constant (K) as follows 
[2l, 
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(So - y)(So - St) = K(S _ ) 
Xt e Y (1) 

" 
influent substrate concentration 
effluent substrate concentration 
nonbiodegradable substrate concentration 
aeration basin ML VSS concentration 
hydraulic residence time 

The K rate developed from the bench-scale studies was 
14.5 darl at 22°C. If this K rate is used to evaluate data 
from the full-scale plant, the results indicate the effluent 
nondegradable COD would be 862 mgll with a degradable 
COD of 96 mgll for a total average effluent COD concen
tration of 958 mgll. No BOD data were collected on the 
full-scale aeration basin effluent, however, assuming a 
COD/BOD ratio of 1.4, the effluent BOD would be 
approximately 69 mgll which is consistent with the bench
scale treatability results. 

The observed average activated sludge system effluent 
COD value was 919 mgll during the 21-month operating 
period compared to 2,000 mgll predicted from the bench
scale studies. However, when all actual average operational 
parameters are accounted for (that is, actual HRT, ML VSS, 
temperature, and substrate concentration), use of Eq. I as 
described above yielded a predicted effluent COD value of 
958 mgll using the bench-scale K rate value which checks 
closely with the actual observed value of 919 mgll. The 
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FIGURE 3. Aeration tank effluent soluble COD. 

changes in production at the plant appear to have resulted 
in a reduction of the nondegradable portion of the COD as 
reflected by the effluent COD data. 

Over the 21-month period the sludge yield coefficient 
averaged 0.34 g ML VSS/g BOD removed, with a sludge 
age of 29.5 days. This yield value is in reasonable agree
ment with the 0.20 g ML VSS/g BOD removed that was 
predicted by the bench-scale study when sludge age was 
controlled at 50 days. The following equation can be used 
to compare plant and bench-scale study conditions [3]: 

Where: Yob, 

(2) 

observed yield, Ib ML VSS/lb BOD 
removed 
true yield, Ib ML VSS/lb BOD 
removed 
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FIGURE 4. Sludge volume Index. 
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q sludge age, day 
Kd endogenous decay coefficient, day·1 

Using a typical Kd value of 0.05 day·I, the resulting Y, val
ues for the bench and full-scale conditions are 0.70 and 0.84, 
respectively. It is likely that the increased mixing in the new 
equalization tank resulted in an increase in aeration basin 
influent TSS and VSS concentrations, thereby resulting in the 
observed increase in sludge yield. 

The oxygen requirement developed from the bench-scale 
studies was 0.80 mg O/mg COD removed. The average 
actual observed oxygen requirement was 0.62 mg O/mg 
COD removed in the plant. This lower value; however, is 
consistent with the lower operational sludge age (29.5 days 
vs. 50 days in the bench-scale study) and the higher sludge 
yield coefficient. Thus, during full-scale plant operation 
more COD was channelled into cell synthesis with a resulting 
decrease in the oxygen consumption per unit weight of COD 
removed. Using the sludge yield coefficients obtained from 
the bench-scale study (0.20 g ML VSS/g BOD removed) 
and the full-scale plant operation (0.34 g ML VSS/g BOD 
removed), it can be shown that the oxygen requirement corre
sponding to a yield of 0.34 Ib ML VSS/lb BOD removed 
would correspond to 0.66 mg O/mg COD removed. This 
compares well with the measured value of 0.62 mg O/mg 
COD removed in the full-scale plant operations. This com
parison is based on the following relationship: 

Therefore, for I mg of COD removed, the bench-scale 
studies yielded a COD respiration of 0.8 mg O/mg 
COD removed and a cell yield of 0.2 mg ML VSS/mg 
BOD removed. Assuming a COD to BOD ratio of 1.4 and 
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a COD equivalent for ML YSS of 1.4 mg COD, the bal
ance shown in Eq. 3 checks at I mg 02/mg COD 
removed. Using this same approach, the full-scale plant 
data balance within 4 percent of the theoretical value: 

1.0 mg COD removed@ 0.62 mg Ozlmg COD removed 

+ 0.34 mg ML YSS/mg BOD removed 

1.0 mg COD removed @ 0.96 mg O2 

A chronological comparison of the aeration basin efflu
ent COD over the 21-month evaluation period to the pre
dicted value is shown in Figure 3. As indicated by the 
average aeration basin effluent COD value of 919 mg/l as 
compared to the design value of 2,000 mg/l, the full-scale 
plant performed better than predicted; however, this 
improved performance is largely attributable to the 
reduced organic loading during the 21-month evaluation 
period. This is supported by the K rate comparison dis
cussed previously and an associated reduction in non
degradable COD. 

Sludge settling characteristics (Figure 4) and effluent 
TSS values (Figure 5) from the 2 I-month full-scale eval
uation period were also better than predicted. The effluent 
TSS values from the plant indicate periods of upset associ
ated with the plant start-up followed by a general improve
ment over time. The clarifier effluent suspended solids 
averaged approximately 20 mg/l over the last six months 
of the evaluation period reflecting stabilized system opera
tion and polymer optimization. The data also indicate that 
bench-scale test data may not provide an accurate quantifi
cation of solids/liquid separation performance as reflected 
by the greatly reduced effluent TSS concentrations over 
the last six months of plant operation as compared to the 
predicted bench-scale results. 

Granular Activated Carbon System 

The GAC system installed at the facility was designed to 
provide sufficient capacity for the future plant expansion 
flow condition of 80,000 gpd (303 m3/day). As can be 
seen from the design data in Table 3, the GAC system is 
lightly loaded on a hydraulic basis. The primary parameter 
of concern from an operational standpoint with GAC is the 
carbon utilization rate. Process definition information 
developed by Calgon Corporation indicated a carbon uti
lization rate of 1.3 g carbon/g COD removed at an influ
ent COD concentration of 2,400 mg/l. As described previ
ously, the actual aeration basin effluent COD (GAC influ
ent COD) was 919 mg/1. Since adsorption is a concentra
tion dependent process, the reduced driving force resulting 

112 May 1992 

from the lower influent COD concentration would be 
expected to result in an increase in carbon utilization rate 
on mass per mass basis. Operational data over the 
2 I-month evaluation period indicate the actual carbon uti
lization rate was 1.74 g carbon per g of COD removed 
which appears to be consistent with the reduced influent 
COD concentration. 

The full-scale treatment facility bypassed approximate
ly 30 percent of the wastewater flow around the GAC sys
tem due to the low COD concentrations in the activated 
sludge effluent. The remainder of the flow was maintained 
through the GAC system, even though on average it was 
within permit limits, to provide a buffer in the event of 
activated sludge effluent variability which could result in 
permit excursions. The original design anticipated a 
bypass rate of approximately 20 percent of the flow based 
on treatability test results. 

Conclusions 

Bench-scale treatability studies are a cost-effective 
means to develop process definition and design criteria for 
wastewater treatment applications. Bench-scale testing can 
provide an excellent predictive tool for developing process 
design criteria such as oxygen utilization, sludge produc
tion, and specific organic removal rates, and for projecting 
treatment process performance, provided the wastewater 
used in the testing is representative of the full -scale sys
tem. 

Results of this case study indicate that the full-scale 
treatment system provided similar treatment operation and 
performance as projected by the bench-scale studies after 
differences in wastewater organic loading between the 
bench- and full-scale systems are accounted for. The use 
of representative wastewater samples in the bench-scale 
phase is the single most important factor in obtaining rep
resentative performance and design information. 
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An integrated anaerobic-aerobic process for the complete mineralization of 2,4,6-trichlorophenol 
(used in this work as the model toxic halogenated aromatic compound to degrade) was successfully 
tested and operated. The sludge obtained from the anaerobic digester of a commercial treatment plant 
was used to obtain an anaerobic consortium capable of partially dechlorinating 2,4,6-trichlorophenol 
(2,4,6-TCP). The clarified and sterilized effluent from the same anaerobic digester was used as the 
medium for the anaerobic consortium. During the anaerobic process 2,4,6-TCP was first dechlorinat
ed to 2,4-dichlorophenol and then to 4-chlorophenol (4-CP). Stoichiometric amounts of 4-CP were 
recovered. Similar results were obtained when the anaerobic microorganisms were immobilized on 
Manville R-635 silica beads. After immobilization, the consortium was able to dechlorinate 150 ~ of 
2,4,6-TCP in four days. Pseudomonas Glathei and an indigenous culture obtained from same sludge 
used to produce the anaerobic enrichment culture were shown to be able to degrade the 4-CP pro
ducedfrom the anaerobic dechlorination of2,4,6-TCP. However,for the aerobic 4-CP mineralization 
to occur the medium had to be buffered with phosphate, since high pH would inhibit the aerobic bacte
rial activity. It is expected that the proposed approach will be used to treat recalcitrant halogenated 
compounds that are not amenable to conventional biological treatment. 

Introduction 

The biological treatment of wastewaters containing low 
concentrations of pollutants is typically one of the most 
efficient and cost-effective waste treatment technologies 
available to industry. However, as waste contaminants 
become more toxic and recalcitrant, the commonly used 
technology of employing well aerated tanks containing an 
acclimated mixed population may no longer be successful. 
It is becoming increasingly evident that a more sophisticat
ed approach is required to treat such complex wastes as 
streams contaminated with halogenated aromatic com
pounds [1,2,3]. In particular, it has been found that multi
halogenated aromatic compounds can be very recalcitrant 
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to dehalogenation and mineralization by aerobic microor
ganisms. In addition, the compound recalcitrance appears to 
increase proportionally with the number of halogen atoms 
on the molecule, and to be affected by their position [4]. 

However, it has also been shown that anaerobic 
microorganisms have great potential for attacking these 
multi halogenated compounds by means of reductive 
dehalogenation [5, 6, 7, 8, 9] . In addition, their ability to 
dehalogenate typically increases with the level of halo
genation of the molecule. These factors make the possibili-. 
ty of using anaerobic microorganisms in hazardous waste 
treatment very attractive. However, a major drawback of 
the use of these microorganisms is in their difficulty to 
completely mineralize the partially dehalogenated com-
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pounds produced in the process. Aerobic microorganisms, 
on the other hand, have been successfully used in the past 
to attack and completely mineralize many non-halogenated 
(or only lightly halogenated) compounds [1 , 10, 11). This 
indicates that the potential exists for treating halogenated 
organic molecules using a sequential, two-step, anaerobic
aerobic treatment process, in which anaerobic dehalogena
tion is followed by complete aerobic mineralization. 

Therefore, the objective of this work is precisely to 
study such a process in which an integrated anaerobic-aero
bic system is used to degrade a model toxic compound, that 
is, 2,4,6-trichlorophenol, as well as its reductive dechlori
nation products. 

Previous Literature on Anaerobic-Aerobic 
Biological Treatment and Related Processes 

The literature in this area has been reviewed by Reineke 
and Knackmuss, [4] and Muller and Lingens (12) for the 
anaerobic case, and by Chaudhry and Chapalamadagu, [1] 
and Gibson [13) for the aerobic case. However, only a very 
limited number of references can be obtained for the case 
of a combined anaerobic-aerobic treatment process. 
Pioneering work was carried out by Salkinoja-Salonen and 
co-workers on the use of a two-stage reactor system for the 
treatment of waste effluents from paper pulp bleaching 
plants [14, 15). In these studies, the overall removal of the 
pollutants of interest (typically mixtures of chlorophenols) 
was reported, but the extent of biodegradation due to each 
system was not determined. 

An anaerobic-aerobic treatment process was also inves
tigated by Slonim et al. [16] for the removal of 4,6-dinitro
o-cresol from wastewater using an anaerobic recycle flu
idized bed reactor followed by an aerobic activated sludge 
reactor to mineralize the compound. Dienemann et al. [17] 
have reported the use of serial anaerobic-aerobic reactors 
packed with soil and sand to treat a Superfund site leachate 
containing high levels of Total Organic Carbon (TOC) but 
no pesticides, Polychlorinated Biphenyls (PCBs) or other 
halogenated organics. High carbon removal rates were 
observed. Collivignarelli et al. [l8] recently presented 
results for an anaerobic-aerobic industrial pilot plant for the 
treatment of municipal wastewaters. The emphasis of this 
work was on the removal of Chemical Oxygen Demand 
(COD), Biological Oxygen Demand (BOD), and nitrogen 
from wastewaters, and not on the treatment of hazardous 
substances. 

In a recent patent (19) an anaerobic-aerobic treatment 
process (Zimpro/Passavant, Inc.) was also described, in 
which the majority of COD was removed in the anaerobic 
step, and further wastewater purification was achieved by 
biophysical aerobic treatment. The aerobic degradation was 
carried out in a reactor also containing powdered activated 
carbon particles in suspension. This patent is based on 
other recent patents which also utilized activated carbon in 
conjunction with anaerobic microorganisms (20), or aero-
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bic bacteria [21]. The combined use of activated carbon 
and biological degradation activity is a key aspect of the 
PAC'f® treatment process (22) which is currently used in 
many industrial facilities, such as the DuPont Deepwater, 
NJ, facility [23]. 

All these recent studies focused on anaerobic-aerobic 
treatment (many of them industrial applications) clearly 
demonstrate the potential use and industrial interest for this 
kind of process. However, the majority of the studies 
reported above show that these processes are primarily 
focused on the treatment of wastewaters containing high 
levels of TOC, and not on the use of the specific degrada
tion capabilities of each class of microorganisms (anaero
bic vs. aerobic) to attack and eventually mineralize halo
genated organic toxic compounds. By contrast, this is one 
of the key features of the process described in this work. 

Apparatus, Materials, and Procedures 

Inocula, Media, and Buffer Solution Preparation 

Anaerobic enrichment cultures were established in 
serum bottles (as explained below) in the presence of 2,4,6-
trichlorophenol, using samples taken from anaerobic 
digesters of two local sewage treatment plants, that is, the 
Livingston (NJ) Sewage Treatment Plant, and the Joint 
Meeting Sewage Disposal Commission facility in Elizabeth 
(NJ). The enrichment cultures served as inocula for all the 
anaerobic as well as the aerobic systems used in this work. 
This implies that the aerobes (or facultative anaerobes) pre
sent in the anaerobic cultures could survive under anaero
bic conditions for a significant period of time. The aerobic 
cultures were selected from the start for degraders of 4-
chlorophenol since this was expected to be the final prod
uct of the anaerobic dechlorination of 2,4,6-trichlorophe
nol. In addition, ATCC culture # 29195 (Pseudomonas 
Glathei) was also tested as a possible sources of inoculum. 

The medium used for both the anaerobic and the aerobic 
processes was obtained by autoclaving for 20 minutes at 
121°C, and diluting 1:1 with deionized water the liquor 
taken from one of the above mentioned treatment plants. 
After settling overnight, the supernatant was removed, and 
centrifuged or filtered to remove any remaining solids. The 
COD of the final medium was measured by dichromate 
digestion at 150°C, and was found to be 500 mg/l. When 
the medium was used for the anaerobic process 2,4,6-
trichlorophenol and resazurin dye, as an oxygen indicator, 
were also added. Then, the solution was autoclaved again. 
When the anaerobic experiments were first started, a mix
ture of Cysteine.HCl and N~S·9Hp (0.025% of each), 
typically used for the most stringent anaerobes, was 
employed as the reducing agent. However, it was later 
found that the consortia adapted to the environment so well 
that the reducing agent was not needed in the medium. 

When the medium was used for the aerobic cultures 4-
chlorophenol was added. A second type of aerobic medium 

Environmental Progress (Vol. 11, No.2) 



was also used, namely the supernatant from the anaerobic 
cultures after the anaerobic dechlorination of 2,4,6-
trichlorophenol to 4-chlorophenol was complete. This 
medium, containing the dechlorination products of the 
anaerobic process, had a pH that was too high for the aero
bic cultures. Therefore, a phosphate buffer solution was 
added. KH2P04 (monobasic) and Na2HP04 (dibasic) were 
used to prepare buffer solutions. The concentration of the 
stock phosphate buffer was I M at the beginning of the 
project, but it was later changed to 0.5 M because of the 
difficulty in preparing I M Na2HP04 solutions. A stock 
solution of pH 6.S was used throughout the project to dilute 
the aerobic culture medium, when appropriate. 

Analytical Determination of Chlorophenols 

2-chlorophenol (2-CP), 3-chlorophenol (3-CP), and 2,6-
dichlorophenol (2,6-DCP), were obtained from Aldrich 
Chemical Company, and 4-chlorophenol (4-CP), 2,4-
dichlorophenol (2,4-CP), and 2,4,6-trichlorophenol (2,4,6,
TCP) from Sigma Chemical Company. 2,500 ppm stock 
solutions for each of these compounds were prepared in 0.1 
N NaOH. Some of these compounds (such as 2,4,6-TCP or 
4-CP) were directly tested for degradation during the 
experiments. Others (such as 2-CP or 3-CP) were only used 
to identify the possible reaction products of the biological 
degradation processes. 

The samples taken from any of the serum bottles or 
reactors were stored at -20°C. After thawing, each sample 
was centrifuged, and the supernatant was acidified with 
acetic acid, aspirated into a syringe, and passed through a 
13 mm x 20 ).UTI filter unit containing filter paper for High 
Performance Liquid Chromatograph (HPLC) samples 
(Gelman Science). Sample volumes of 25 IJI were injected 
into an HPLC Waters Component System, consisting of a 
Waters 600E System Controller, a Waters Model U6K uni
versal liquid chromatograph injector (which was later 
replaced by a Waters 715 Ultra Wisp Sample Processor) 
and a Waters 484 Tunable Absorbance Detector. The col
umn used was an Alltech Econosphere C8 5U 4.6 mm i.d. 
x 150 mm. An Alltech Direct Connect Refillable Guard 
Column filled with Guard Column Refill Pell. CS was 
employed to protect the column. Mobile Phase A (I % 
acetic acid in methanol) and Mobile Phase B (I % acetic 
acid in Milli-Q Water), 50:50, were run isocratically. The 
flow rate was I ml/min. UV detection was at 2S0 nm, 0.5 
AUFS. The data were processed by PE Nelson chromatog
raphy software (rev. 5.10) interfaced with 760 series Model 
2600 data acquisition unit. The system was calibrated using 
solutions of known concentrations of 2,4,6-TCP, and its 
anaerobic metabolites, 2,4-DCP, 4-CP and phenol. The 
degradation products of the biological processes were first 
identified by comparison with the retention times of the 
known standards in the HPLC. The results were further 
confirmed by comparing the UV spectra of the dechlorina
tion products with those of the standards. 
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Experiments with the Anaerobic Cultures 

Initially, the anaerobic experiments were performed in 
125-ml serum bottles. The bottles were filled under nitro
gen with medium, anaerobic inoculum, 2,4,6-TCP (typical
ly 100 11M), and resazurin (0.0001%), sealed with a butyl 
rubber stopper and an aluminum crimp seal, and incubated 
in the dark at 30°C. Samples were taken by inserting a 
syringe needle through the rubber stopper. Successive spik
ings of 2,4,6-TCP were made by syringe injection through 
the rubber stopper. In a second series of experiments in 
serum bottles, different aliquots of I M phosphate buffer 
solutions were added to bottles containing anaerobic mixed 
cultures in which 2,4,6-TCP dechlorination to 4-CP had 
been observed. The final concentrations of phosphate was 
equal to 0, 50, 100 and 150 mM, respectively. These bot
tles were additionally spiked with 2,4,6-TCP to assess the 
effect of the phosphate concentration on 2,4,6-TCP degra
dation. 

A series of experiments were conducted in the recircula
tion reactor system shown in Figure la. The reactor was a 
Lucite cylinder, 5.08 cm in diameter and 20.3 cm high, 
provided with an inlet port located 1.5 cm above the bot
tom and an outlet port 1.5 cm below the top. The reactor 
was filled with porous silica cylindrical beads (Manville 
Celite Catalyst Carrier, R-635), roughly 3 mm in diameter 
and 5 mm in height. A screen supporting the beads was 
located above the inlet point. The reactor outlet was con
nected to a 250 ml storage flask, with a working volume of 
approximately 100 ml. The storage flask was also connect
ed to a flask full of water, for the release of gases produced 
by the microorganisms. The outlet from the storage flask 
was connected back to the bottom of a reactor via a peri
sta�tic pump (Pharmacia Fine, Model P-3). Only rubber 
tubing was used. Other types of tubing like PVC or tygon 
were found to be subject to oxygen permeation. The recir
culation reactor system was filled with autoclaved medium 
and resazurin, under nitrogen. After inoculation, 2,4,6-TCP 
was added. The system was kept in the recirculation mode 
at all times. When the 2,4,6-TCP was completely depleted 
the system was spiked again. Additional anaerobic dechlo
rination batch experiments were carried out in the com
bined anaerobic-aerobic system, as described below in 
greater detail. 

Experiments with the Aerobic Cultures 

The aerobic batch mineralization process was conducted 
using 4-CP as target compound since previous experiments 
had shown that this was the final product of the anaerobic 
dechlorination reaction. The aerobic experiments were ini
tially performed in 250 ml fernbach flasks with plastic 
caps. The working volume was 100 ml. Air was supplied 
by shaking the flasks in an incubator shaker. In the experi
ments with the ATCC culture # 29195 the organism was 
grown for three days in the medium made of sterilized 
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FIGURE 1a. Recirculated anaerobic reactor system. 

supernatant from the treatment plant prior to adding 4-CP. 
Other aerobic batch experiments were carried out in the 
combined anaerobic-aerobic system, as described in the 
next section. 

Experiments with the Anaerobic-Aerobic System 

Anaerobic-Aerobic Batch System 

The anaerobic component of this system consisted of a 
cylindrical Lucite batch reactor, 12.7 cm in diameter and 
45.7 cm in height. The reactor was filled up with Manville 
Celite R -635 porous silica beads. Then, both ends of the 
reactor were sealed by rubber stoppers with glue and sili
con rubber sealant. Because of the presence of the beads 
the void fraction in the reactor was 0.4 [24], and the vol
ume of the liquid was 2.3 liters. The reactor was connected 
to a water reservoir creating a hydraulic seal to relieve the 
pressure buildup resulting from gas production. The reactor 
was filled up with the autoclaved medium containing 101.3 
IlM of 2,4,6-TCP and the inoculum. After a few days, a 
biofilm indicating microbial immobilization could be 
observed on the beads. Initially, the anaerobic reactor was 
operated under nitrogen to ensure that no oxygen was pre
sent in the system. This precaution was later found to be 
unnecessary, as determined by the color of the resazurin 
dye. Samples from the reactor were taken at different times 
to monitor the dechlorination of 2,4,6-TCP to 4-CP. 

The aerobic component of the system was a cylindrical 
glass batch reactor, lOA cm in diameter and 40.7 cm in 
height, sealed with rubber stoppers. The working volume 
was approximately 1.9 liters due to the absence of packing. 
The aerobic step of the batch anaerobic-aerobic process 
consisted of transferring the content of the anaerobic reac
tor (upon completion of the anaerobic dechlorination 
process) to the aerobic reactor, and letting the indigenous 
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aerobic microorganisms present in the anaerobic culture 
attack the reaction product of the anaerobic step (4-CP). A 
0.5 M phosphate buffer (pH 6.8) was also added in the 
ratio 1:4 to eliminate the negative impact of the high pH of 
the anaerobic solution on the aerobes. The aerobic culture 
was suspended in the medium by air bubbling (50 ml of 
air/min). The entire system was located in an environmen
tal chamber kept at 30°C. 

Anaerobic-Aerobic Continuous System 

The components of this system were the same ones used 
in the anaerobic-aerobic batch system. However, the reac
tors were connected as shown in Figure I b. All the liquids 
were pumped throughout the system via Micro Perspex 
two-channel peristaltic pumps (LKB Inc., Model 2132). 
The tubing for the pump was inspected every 100 hours 
and changed after 500 hours to minimize flow fluctuation 
due to worn tubing. 

This system was started in batch mode with 2,4,6-TCP 
in the anaerobic reactor and 4-CP in the aerobic one. After 
the reactions were completed in both reactors, the continu
ous mode was started by opening the valves connecting the 
reactors, and feeding 20 ml/hr of a continuous sterile medi
um containing 2,4,6-TCP (231.9 1lM) to the anaerobic reac
tor via a peristaltic pump. The flow direction in the anaero
bic reactor was downward in order to minimize the chan
neling effect that had been observed in some preliminary 
experiments when the feed stream was fed to the bottom of 
the reactor. The output port of the anaerobic reactor was 
located approximately 5 cm above the reactor bottom and 
was provided with a T-connector for sampling purposes. 
Therefore, there were about 500 ml of dead reactor volume 
at the bottom of the reactor when the reactor was run in the 
continuous mode. This made the working liquid content of 
the reactor equal to 2.1 liters (as opposed to 2.3 liters in the 
batch mode). 

The continuous aerobic reactor had a working volume 
of 2.15 liters. It received material from two sources: the 
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FIGURE 1 b. Anaerobic-aerobic reactor system. 
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effluent from the anaerobic reactor (20 ml/hr), and a 0.5 M, 
pH 6.8 phosphate buffer solution. The flow rates of these 
two sources were in the ratio of 10: I, so that the final con
centration of the phosphate buffer in the aerobic reactor 
was about 50 mM. A pH electrode was inserted through the 
top lid of the aerobic reactor to monitor the pH of the solu
tion. The overflow from this reactor was collected to anoth
er reservoir operating as an air/liquid separator. The resi
dence times for the anaerobic and aerobic reactors were 
105 and 97.7 hours, respectively. 

Results and Discussions 

Anaerobic Dechlorination of Tri- and 
Dichlorophenols 

The anaerobic dechlorination activity was first tested in 
the experiments conducted in serum bottles. The bottles 
were spiked with some 100 11M 2,4,6-TCP and the dechlo
rination reaction was followed as a function of time. Figure 
2 shows the results . 2,4,6-TCP was dechlorinated in the 
process, and this reaction was accompanied by the produc
tion of 2,4-DCP, which was , in turn, reduced to 4-CP. 
Small amounts of phenol were also produced. The figure 
also reports the differential concentration of 4-CP, that is, 
the concentration of 4-CP minus the concentration of 4-CP 
at the time the new 2,4,6-TCP spiking was made. In this 
run , the initial 4-CP concentration was different from zero 
because of the accumulation of 4-CP resulting from previ
ous spikings (and subsequent anaerobic dechlorination) of 
2,4,6-TCP. A mass balance for the same experiment is 
given in Table 1. The total number of aromatic molecules 
in the system remained approximately constant, indicating 
the a mass balance for 2,4,6-TCP and its dechlorination 
products could be closed. No other reaction products 
beside those shown in Figure 2 were produced in signifi
cant amounts during the reductive dechlorination reaction. 
These experiments also indicated that the anaerobic culture 
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FIGURE 2. Anaerobic dechlorination of 2,4,S-TCP 
in serum bottles. 
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Table 1 - Ma .. Bal.ance for the Aruteroblc 
Dechlorlnatlono! 2,4,6-Tep ,by Ans!ilrobl.c 
. Consortlumlf,lSerulJtBottl88 

Time 2,4,~TCP 2,4-DCP' 4-CP Phenol TO.ta1 Total 
(hours) {JIM) (JIM) (11M) (11M) (JIM) (%) 

0 108.7 0:0 196.0 8.4 313.1 100 
48 59.3 21.9 226.0 8.7 315.9 101 
120 0.0 21.0 285.5 11.9 318.4 102 
168 0.0 0.0 309.5 21.1 330.6 106 
216 0.0 0.0 315.5 26.6 342.1 109 
264 0.0 0.0 319.4 26.8 346.2 111 

was unable to further degrade 4-CP at any significant rate. 
When all the 2,4,6-TCP had been degraded to 4-CP an 
additional spiking of 2,4,6-TCP was made and the process 
was started anew. 

In the aerobic experiments described below a phosphate 
buffer was added to the aerobic cultures to control the pH. 
Therefore , experiments were also conducted in which the 
anaerobic organisms were exposed to phosphate buffers. 
However, when a phosphate buffer solution was added to 
the anaerobic bottles bringing the final concentration of 
phosphate to 50, 100 and 150 mM, respectively, the 
dechlorination activi ty slowed down considerably, and 
came to a complete halt when the phosphate concentration 
was the highest. Additional details are published elsewhere 
[25]. Therefore, no phosphate solutions were added to any 
of the subsequent anaerobic experiments. 

Active dechlorination was obtained with immobilized 
microorganisms when the recirculated anaerobic reactor 
was used. Figure 3 shows the results. The entire dechlori
nation process was completed within two days and nearly 
stoichiometric amounts of 4-CP were recovered. Table 2 
shows that the mass balance for this process could be 
closed within ± 12% at all times. 
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FIGURE 3. Anaerobic dechlorination of 2,4,S-TCP 
in the recirculated anaerobic reactor. 
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Table 2 ~ Mass Balance for the Anaerobic 
Dechlorination of 2,4,6-TCP In the. Recirculation 

Reactor with ImmobilIZed Microorganisms 

Time 2,4,6-TCP 2,4-OCP 4-CP Total Total 
(hours) ()JM) ()JM) ()JM) (11M) (%) 

0 152.0 0.0 112.8 264.8 100 
24 70.4 30.1 131.4 231.9 88 
50 0.0 0.0 236.4 236.4 89 
95 0.0 0.0 277.6 277.6 105 
119 0.0 0.0 297.0 297.0 112 
143 0.0 0.0 275.3 275.3 104 

Finally, the anaerobic dechlorination process was tested 
during and after the immobilization of the microorganisms 
on R-635 Manville Celite silica beads in the anaerobic 
reactor of the anaerobic-aerobic system. Dechlorination 
during the microbial immobilization process was tested by 
adding a suspension of microorganisms spiked with 101.3 
J.IM of 2,4,6-TCP to the reactor containing the beads. The 
first sample was taken after 51 hours and showed no trace 
of 2.4,6-TCP, but only 23.9 J.IM of 2,4-DCP and 80.1 J.IM 
of 4-CP. After one week a biofilm of microorganisms 
could be observed on the surface of the beads. After 316 
hours only 120.5 J.IM of 4-CP could be found in solution. 
The system was then spiked with additional 40.5 J.IM of 
2.4,6-TCP which were degraded to 4-CP within one day. 
Figure 4a summarizes these results. The mass balance for 
this process is shown in Table 3. To ensure that the immo
bilized microorganisms were responsible for the dechlori
nation reaction the content of the reactor was drained and 
replaced with fresh autoclaved medium spiked with 152 
J.IM of 2.4,6-TCP. The results shown in Figure 4b indicate 
that 2,4,6-TCP was degraded to 2,4-DCP and subsequently 
to 4-CP, as previously observed. The mass balance for all 
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FIGURE 4a. Anaerobic dechlorination of 2,4,6-TCP 
during the immobilization of microorganisms on 
Manville R-63S beads in the anaerobic batch reactor. 
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Table 3 • Mass balance tor the anaetobIc" dechiOft. 
natIOn of 2,4,6-:rCP during the Iml'i1oblllzatlon of 
the microorganisms on ManVille R-635 beads In 

the anaerobic batch reactor 

TiIM 2,4,6·TCP 2,4-OCP 4-CP Total Total 
(hourn) (11M) (11M) ()JM) (J.IM) (%) 

0 101.3 0.0 0.0 101.3 100 
51 0.0 23.9 80.1 104.0 f03 

316 0.0 0.0 120.5 120.5 119 
"317 40.5 0.0 118.2 158.7 100 
336 0.0 0.0 136.1 136.1 86 
362 0.0 0.0 141.5 141.5 89 
407 0.0 0.0 152.4 152.4 86 
431 0.0 0.0 146.2 146.2 92 

"New spike 

the aromatic compounds in the system was satisfactorily 
closed, as shown in Table 4. From these experiments it was 
concluded that the immobilized bacteria were responsible 
for the dehalogenation reaction. 

Aerobic Mineralization of the Anaerobic 
Dechlorination Products 

Results are reported here for two types of cultures, 
namely Pseudomonas Clathei (ATCC culture # 29195) and 
the indigenous aerobic culture from the anaerobic reactor. 
Pseudomonas Clathei was grown for three days in a shaker 
flask with the medium obtained from the sterilized super
natant from the treatment plant. Then, 4-CP was added so 
that its concentration was 140 J.IM. After 78 hours only 84 
J.IM were left. The culture was spiked again with 4-CP 
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FIGURE 4b. Anaerobic dechlorination of 2,4,6-
TCP after the immobilization of microorganisms 
on Manville R-63S beads in the anaerobic batch 
reactor. 
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(201.4 f.iM). However, the degradation reaction proceed
ed at an even slower pace and after 46 hours 168.7 f.iM of 
4-CP still remained in the culture. The experiment was 
repeated starting with a 4-CP concentration of 165 f.iM. 
After 42 hours the pH of the system had risen to about 9 
and minimal degradation had taken place (final 4-CP 
concentration: 147 f.iM). The culture was reinoculated, 
and a phosphate buffer was added to lower the pH to the 
range 7.8 - 8.2. After additional 45 hours the culture was 
tested for the presence of 4-CP, but no 4-CP was found. 
When phosphate was not added an increase in pH was 
also noticed in all the unbuffered aerobic cultures exam
ined. However, no satisfactory explanation for the 
observed pH change can be provided at the moment. 

All successive aerobic experiments were conducted in 
the presence of different concentrations of phosphate 
buffer. This markedly increase the degradation effective
ness, as shown in Figure 5. The initial pH's of the 
Pseudomonas Glathei cultures were always between 7.0 
and 7.2. Despite the phosphate addition, the pH went up 
to the final values of 8.41, 7.64, and 7.43 when the phos-
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FIGURE 5. Aerobic mineralization of the 4-CP 
contained In the effluent of the anaerobic batch 
reactor by Pseudomonas Glathei (AlCC # 29195) 
as a function of phosphate concentration. 
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FIGURE 6. Aerobic mineralization of the 4-CP 
contained In the effluent of the anaerobic batch 
reactor by the Indigenous aerobic culture as a 
fucntion of phosphate concentration. 

phate concentrations were 50, 100 and 150 mM, respec
tively. 

Experiments were also conducted to determine if the 
anaerobic culture responsible for the 2,4,6-TCP dechlori
nation also contained aerobic organisms capable of 
degrading the final dechlorination product, that is, 4-CP. 
In these experiments the solution from the anaerobic 
reactor of the anaerobic-aerobic system was drained and 
transferred to a number of shaker flasks. This solution 
contained 138.4 f.iM 4-CP produced from the anaerobic 
dechlorination of 2,4,6,-TCP. No external inoculum was 
added. Different amounts of phosphate buffer solutions 
were added to some of the bottles to make the phosphate 
concentration equal to 50, 100 and 150 mM, respective
ly. The results are shown in Figure 6. The culture con
taining no buffer showed no degradation of 4-CP and no 
change in pH, which remain at a rather high value around 
8.7. In the 50 and 100 mM phosphate solutions, the 
indigenous cultures degraded 4-CP in a period of 18 
hours. For an even higher concentration of phosphate, 
that is, 150 mM, the activity of the culture was inhiBited, 
and the degradation was slowed down appreciably. In all 
cases, a rise in pH was observed. 

These experiments indicate that the aerobic organisms 
responsible for the degradation of 4-CP were originally 
present in the anaerobic culture. It was somewhat sur
prising that aerobic microorganisms could survive in the 
anaerobic system. However, a similar observation was 
made before by other researchers, such as McCarty et al. 
(26), (1962) Toerien (27), (1967) Taylor et al. [28], 
(1970) Ferry and Wolfe (29), (1976) and Hakulinen et al. 
[30), (1985) who have isolated pseudomonas species 
from anaerobic conditions. Hakulinen et al. [30] (1985) 
found that the survival of pseudomonas under anaerobic 
conditions might be due to the presence of another anaer
obic microorganism, Klebsiella oxytoca. 
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Results Obtained for the Integrated Anaerobic
Aerobic Process 

Batch System 

The first experiment conducted in this system utilized 
the immobilized anaerobic microorganisms that had been 
used in the anaerobic experiments described above. Prior to 
this experiment, the anaerobic reactor had not been in use 
for approximately a month during which the immobilized 
microorganisms had not been fed any 2,4,6-TCP, but had 
just been immersed in the sterile medium containing some 
4-CP from previous runs. The new experiment began by 
draining the liquid content of the reactor and replacing it 
with fresh sterile medium containing resazurin and 106.4 
j.iM of 2,4,6-TCP. The 2,4,6-TCP was not attacked for two 
days, but it was completely dechlorinated in the following 
three days, as shown in Figure 7. As the dechlorination 
reaction began, 2,4-DCP was produced and then converted 
to 4-CP in another three days. At the end of this period, the 
concentration of 4-CP reached 104.2 j.iM, before slightly 
dropping to 98 j.iM during the next day. The lag phase in 
the dechlorination of 2,4,6-TCP was probably due the peri
od of inactivity of the culture during the preceding month. 
The pH value of the solution started at 8.6 and remained at 
this level when the 2,4,6-TCP was not dechlorinated. 
However, at the end of the second day, the pH began to 
drop from 8.5 to 8.3 in a period of four days. At the begin
ning of the seventh day, the anaerobic medium was trans
ferred to the aerobic reactor to degrade the 4-CP generated 
anaerobically. In the aerobic reactor, the initial concentra
tion of 4-CP was 75.1 j.iM, which was different from the 
final concentration of 4-CP in the anaerobic reactor (98 
j.iM) because of the addition of the phosphate buffer solu
tion. 4-CP was completely degraded in less than three days. 
The corresponding pH value increased from 7.2 to 8.0 and 
then remained constant. 

The fast recovery of the anaerobic dechlorination activi
ty against 2,4,6-TCP indicated that the consortium was 
very stable and that it needed little maintenance to retain its 
activity. This is consistent with the claim made by 
Anderson et al. (31) The pH varied in both the anaerobic 
and aerobic reactors in a manner similar to previous experi
ments (that is, the pH dropped during the anaerobic reac
tion and rose in the aerobic one). Volatile fatty acids pro
duced from the sterile sewage under anaerobic processes, 
and HCI produced from the reductive dechlorination of 
2,4,6-TCP, were expected to lower the pH (32]. 

The entire 2,4,6-TCP degradation process took nine 
days to complete. However, if the two-day lag period is 
deducted, and if the anaerobic solution had been trans
ferred just after the complete disappearance of the 2,4,6-
TCP from the anaerobic reactor, then the entire process 
would have been expected to take only six days, roughly 
evenly divided between the anaerobic and aerobic process
es. If the lag period is not accounted for, the dechlorination 
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FIGURE 7. Anaerobic-aerobic mineralization of 
2,4,6-Tep and pH evolution during batch mode 
operation. 

and mineralization rates are comparable to those obtained 
in previous experiments (Figures 2 and 6). 

A separate experiment was conducted to ensure that the 
disappearance of 4-CP in the aerobic reactor was not 
caused by air stripping. The aerobic reactor was charged 
with the sterilized medium containing 4-CP but no inocu
lum, and the reactor was sparged with air at the same flow 
rate used when the microorganisms were present. Over a 
period of four days the concentration of 4-CP in the reactor 
dropped by less than 5%. 

Continuous System 

The anaerobic reactor was first started in the batch mode 
by spiking it with 231 .9 j.iM of 2,4,6-TCP, all of which dis
appeared within three days (Figure 8a). Within a period of 
six days, 2,4-DCP was produced and consumed, and 4-CP 
accumulated from an initial value of 51.3 j.iM to 289.3 j.iM. 
Meanwhile, 205.3 j.iM 4-CP had been added to the aerobic 
reactor containing the indigenous culture. As shown in 
Figure 8b, 4-CP was mineralized within two days. After 6 
days of batch operation (corresponding to the time required 
for the completion of the slower, anaerobic step) the con
tinuous operation mode began by connecting both reactors 
as shown in Figure I b. The system was operated continu
ously and successfully for the next three weeks. During this 
period, the feed stream concentration of 2,4,6-TCP was 
kept approximately constant within the range 113.4 to 
130.6 j.iM. This variation was caused by the extensive 
length of the experiment and the need to switch feed tanks 
having slightly different 2,4,6-TCP concentrations. 

Figure 8a shows the concentration of the different 
chlorophenols in the outlet from the anaerobic reactor. The 
transient operation of the anaerobic reactor before steady 
state was reached lasted about nine days. This is approxi
mately twice the hydraulic retention time of the anaerobic 
reactor. The figure also shows that no 2,4,6-TCP was pre-
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FIGURE 8a. Anaerobic dechlorination of 2,4,6-
TCP followed by aerobic mineralization of the 
dechlorination products. 

sent in the outlet from the anaerobic reactor at any time 
during the continuous operation, and that small concen
trations of 2,4-DCP were only present during the tran
sient operation. At steady state the outlet of anaerobic 
reactor contained 4-CP in nearly stoichiometric amounts 
with respect to the 2,4,6-TCP fed to the system. Figure 
8b shows the corresponding 4-CP concentration at the 
outlet of the aerobic reactor. 4-CP was completely miner
alized throughout the entire continuous operation of the 
system. 

Conclusions 

The anaerobic-aerobic process proposed in this work 
relies on the specific degradation capabilities of two 
classes of microorganisms to completely degrade toxic 
halogenated compounds, that is the reductive dehalogena
tion of highly halogenated molecules of anaerobes, com-
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FIGURE 8b. Anaerobic dechlorination of 2,4,6-
TCP during the continuous operation of the 
anaerobic-aerobic process. 
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bined with the oxidative mineralization of the resulting 
dehalogenation products by the aerobes. These capabili
ties appear to be complementary. Therefore, this process 
is expected to have a potential in the industrial treatment 
of recalcitrant halogenated aromatic compounds. 
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Treatment and Stabilization of a 
Hexavalent Chromium Containing Waste Material 

Jerome H. Jacobs 

Metcalf & Eddy, Inc., Five Commerce Park Square, Suite 425 
23200 Chagrin Blvd., Cleveland, Ohio 44122 

In order to stabilize such wastes, it is necessary to convert the Cr+6 to the trivalent (Cr+3) form, before 
solidifying the waste through the use of cementitious materials such as portland cement or pozzolime 
(cement kiln dust). A treatment scheme was developed using ferrous ammonium sulfate (FAS) as reduc
ing agent. With FAS the reaction kinetics are sufficiently rapid at neutral or alkaline pH ranges. With 
most other reducing agents, such as sodium metabisulfite or ferrous sulfate, it would first be necessary 
to adjust the pH to about 2 S.U. in order for the reduction reaction to proceed in reasonable time. 
Bench scale tests were conducted in which the waste material containing about 6,000 mg/kg of Cr+6 
and with pH approximately 11 S.U.,was reacted with varying doses of FAS at pH levels of 4.5,7, and 
as received. The reaction was found to be essentially complete after 3 days and selective for Cr+6. 
Further tests were conducted in which pozzolime was added to the mixture after the reduction. With an 
approximately 1:1 ratio of FAS: waste and pozzolime ratios of between 0.5:1 and 1:1, residual hexava
lent chromium and total chromium concentrations were well below 100 mg/kg of waste, which corre
sponds to the EP Toxicity limit of 5 mg/L. The costs for full-scale FAS/pozzolime stabilization were 
estimated. Testing of alternative reducing agents, which would require first acidifying with sulfuric 
acid, was deemed not warranted. The acid quantities required would be costly, and such operations in 
field conditions were felt to be not prudent. 

Introduction 

The use of chromium as an industrial material dates 
back to the first attempts to produce corrosion resistant 
metals and coatings over 100 years ago. The discoveries 
that the addition of chromium to steel in combination with 
other elements could extend the service life of the metal 
and that a coating of chromium could be attractive as well 
as functional set the stage for the use of large quantities of 
this metal in many products. The concurrent discovery that 
a number of useful dyes and pigments could be produced 
from chromium containing compounds further increased 
the usage of this metal. 

The production of chromium and chromium compounds 

Environmental Progress (Vol. 11, No.2) 

involves the extraction of this metal from ores and its sub
sequent purification for use in the various products. Waste 
materials are generated during the production of chromium 
metal and ferroalloys, in the production and use of chro
mate solutions for electroplating and other manufacturing, 
and in the production of chromium containing pigments 
and dyes such as chrome oxide green. A number of these 
waste materials have been designated as hazardous wastes 
due to their toxicity and leaching potential. See Table I. 

Of the various forms that chromium can exist in, the 
most toxic is the hexavalent (+6) form. This form, which is 
commonly found in the raw material for electroplating and 
occurs as a by-product in the waste materials from most of 
the other uses of chromium, is very mobile in the environ-

May 1992 123 



· Wastewater T~nt Sludge 
wa$rewater ti:eatmenfSludge 

· . W~~aIer 'fJiatinetlt Silidge 
Wastewater T~t Sludge 
Wastewater TreaunentSIUdge 
Wastewater T~tS~ 
Was~w~r treatment Sludge ' 
Oy~Il'~sicj~; 
DAFFloiIt ' ,;;, 

· s,'OJl,piI .. ~$iOO 8,oli!ls 
' & Bxth .• CIeaplng Sluclge': 
~i Separltof"Sludge 
E!nission·Con\lOI· Dust/Sludge 

' SperitPiclde lJiquOr 
Pond Solids· 
Was~ater Treaanent Sludge 

:" Emf~iOn Coolrol Duit/SIUdge ' . , 
'! ,,~i 

.' ~ssion~ Conu.()IDu$t/Sludge 
,EmiSsion Control Dust/S!U<Iae ' 

" ', .. ' 

ment and is both an acute and chronic hazard. Numerous Case Study 
sites in the United States where chromium has been used 
are currently contaminated with this toxic, hexavalent 
form. 

A number of proprietary methods have been introduced 
in recent years to stabilize a wide range of waste materials 
so that they may be successfully landfilled. In the case of 
waste materials containing hexavalent chromium, these 
methods have not been successful. Up to the present time 
no universal method of stabilization for these soils has 
been found. A recent site cleanup resorted to placing 
untreated hexavalent chromium containing soil in a secure 
landfill cell until a suitable method to permanently dispose 
of the material could be developed [1]. 

40 60 80 100 120 
FASDOSE%BYWT@pH 

• AS REC . • 1 S.U. • 4.5 S.U. 
pH for FAS Addilion 

FIGURE 1. FAS treatability testing: leach results 
after 3 day cure. 
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Metcalf & Eddy (M&E) was retained by an industrial 
client to investigate the possible stabilization of hexavalent 
chromium containing soils discovered during a plant prop
erty transfer. The hexavalent chromium concentrations of 
this waste material averaged about 600 mg/kg but in some 
soils were greater than 6,000 mg/kg (that is, 0.6% chromi
um). 

A number of commercial waste fixation technologies 
had been tested on a bench scale basis and all had been 
found to not adequately fix the hexavalent chromium so 
that an EP Toxicity or a TCLP extraction would yield a 
suitable extract, that is. one with less than 5 mg/L of 
chromium. 

In order to stabilize hexavalent chromium containing 
material it is necessary to first convert the hexavalent 
chromium (Cr+6) to a more chemically stable form, the 
trivalent (Cr+3) form. Once the chromium is in this reduced 
form, it is then possible to solidify and stabilize the waste 
materials through the use of cementitious materials such as 
portland cement or pozzolime (cement kiln dust). 

The use of a reducing agent to convert hexavalent 
chromium to the trivalent form is widely practiced in treat
ing industrial wastewaters. Chemicals such as sodium 
metabisulfite (NaHS03), ferrous sulfate (FeS04), and fer
rous ammonium sulfate [FAS] (FeS04(NH4)2 (S04)2 • 
6HP) can be utilized to reduce the hexavalent chromium. 
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FIGURE 2. FAS treatability test: leach results after 
7 day cure. 

With most of these reducing agents, it is first necessary to 
acidify the waste to a pH of approximately 2 S.U. in order 
for the kinetics of the reaction to proceed in a reasonable 
time period. However by the use of ferrous ammonium sul
fate the reaction kinetics are sufficiently rapid at neutral or 
even alkaline pH ranges. The overall reaction stoichiome
try for chromium reduction with FAS is represented as fol
lows: 

0.5 N~Cr207 + 3 Fe(NH4)2 (S04)2 • 6~0 
+ 5 CaC03 + 8.5 Hp --> 
Cr (OH)3 + 3 Fe(OH)3+ 3 CaS04 + 3 (NH4)2 S04 
+ 18 ~O + 2 Ca(HC03)2 + NaHC03 (I) 

In Reaction (I), CaC03 represents alkalinity present in the 
waste material, which is consumed during the reduction. 

Reduction Tests 

Because of the possible acceptable reaction rates for fer
rous ammonium sulfate under alkaline conditions, it was 
decided to conduct a series of bench scale tests to verify 
the applicability of this method for the actual waste materi
al, which had a pH of II S.U. A series of experiments was 
conducted in which the most concentrated waste material 
containing about 6.000 mg/kg of hexavalent chromium was 
reacted with varying doses of ferrous ammonium sulfate at 
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FIGURE 4. FAS treatability: semllog plot of leach 
results after 3 day cure. 
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FIGURE 3. FAS treatability test: leach results after 
10 day cure. 

pH levels of 4.5, 7, and as received (approximately II). 
Total chromium and hexavalent chromium were analyzed 
after 3, 7 and 10 days and the results compared to deter
mine the effects of time or pH levels on the residual hexa
valent chromium level. As can be seen in Figures I through 
3, the reaction was essentially complete after 3 days. It was 
essentially quantitative until only a low level of hexavalent 
chromium remained and other side reactions then probably 
began to be significant. Figure 4 through 6 show the same 
results on a log basis. 

At the same time the alternative use of sodium bisulfite 
or ferrous sulfate was considered. Although they are capa
ble of producing the required reduction reaction, further 
testing was deemed not warranted due to the requirement 
to first reduce the high pH of the waste material to a value 
of about 2 S. U. and subsequently to neutralize the excess 
acidity. The overall stoichiometry for the hexavalent 
chromium reduction, including pre-acidification and post
neutralization reactions is as follows, based on sulfuric 
acid, ferrous sulfate and lime reactants: 

0.5 N~Crp7 + 3 FeS04 
+ 3.5 H2S04 + 6 Ca(OH)2--> 
Cr(OH)3 + 3 Fe (OH)3 + 6 CaS04 
+ 3.5 H20 + 0.5 N~S04 (2) 

This does not include reactions of the alkalinity of the 
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FIGURE 5. FAS treatability: semilog plot of leach 
results after 7 day cure. 
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FIGURE 6. FAS treatability: semilog plot of leach 
results after 10 day cure. 

waste material, which averaged about 50,000 mg/kg as 
CaC03, 

Hence, the acid quantities required would be significant 
and the use of large quantities of the extremely hazardous 
material in field conditions was felt to be not prudent as 
well as costly. 

Reduction and Stabilization Tests 

Because the ferrous ammonium sulfate successfully 
reduced the hexavalent chromium to the trivalent form, a 
further series of tests was conducted in which pozzolime 
(cement kiln dust) was added to the mixture after the 
reduction_ Residual hexavalent chromium was measured 
after reacting the waste materials with FAS and pozzolime 
at varying pH levels_ A modified procedure using water 
extraction at a neutral pH was used to analyze for hexava
lent chromium after stabilization_ Results showed that a 
suitable stabilized waste product could be obtained with the 
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FIGURE 7. FAS· pozzolime leach test resuHs. 

addition of approximately a I: I ratio of FAS: waste and 
pozwlime:waste ratios of between 0.5: I and I: I. Residual 
hexavalent chromium and total chromium concentrations 
were well below 100 mg/kg of the waste, which corre
sponds to the EP Toxicity limit of 5 mg/L. Figure 7 shows 
the results graphically. 

By-product FAS is available in quantity for an approxi
mate cost of $2oo/ton. In the case of a typical waste (600 
mg/kg Cr+6) in which this material is mixed at a 10% ratio 
the cost for in-place disposal (area covered and graded) of 
the reduced material is approximately $85/ton. The addi
tion of pozzolime costing $25/ton at a 0.5: I ratio will 
increase this cost to about $IOO/ton. The resulting fixed 
waste is stable and will not leach chromium at TCLP haz
ardous levels. 
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Low Temperature Thermal Treatment for 
Petroleum Refinery Waste Sludges 

Richard J. Ayen and Carl P. Swanstrom 

Chemical Waste Management, Inc., Geneva Research Center 
1950 S. Batavia Avenue, Geneva, IL 60134 

Treatment requirements for waste sludges generated by petroleum refinery operations and designated 
as waste codes K048, K049, K050, K051 and K052 under the Resource Conservation and Recovery 
Act (RCRA) became effective in November, 1990 under the "Landban" regulations. An experimental 
program evaluated low temperature thermal treatment of filter cakes produced from these sludges 
using laboratory and pilot-scale equipment. One set of experiments on waste samples from two differ
ent refineries demonstrated the effective removal of organics of concern from the sludges to meet the 
RCRA Best Demonstrated Available Technology (BDAT) treatment standards. Cyanides were also 
within the acceptable limit. Combined with stabilization of heavy metals in the treatment residues, 
low temperature thermal treatment therefore provides an effective and efficient means of treating 
refinery sludges, with most hydrocarbons recovered and recycled to the refinery. A milder thermal 
treatment was used to remove the bulk of the water from a previously filtered waste sludge, providing 
effective waste minimization through a 40% decrease in the mass of sludge to be disposed. The heat
ing value of the sludge was increased simultaneously by one-third, thereby producing a residue of 
greater value in an alternative fuels program. A process based on this approach was successfully 
designed and commercialized. 

Introduction 

Chemical Waste Management, Inc. (CWM) initiated devel
opment of a low temperature thermal treatment process in 
1987 after laboratory testing had shown that at the relative
ly low temperatures of 2S0-4S0°C many organic com
pounds, including high boiling compounds (PCBs), could 
be successfully separated from solids. Since then, a process 
termed X*TRAXTM has been defined and scaled up to a 
liS metric tons per day commercial unit. U.S. Patent No. 
4, 864, 942 has been granted for the process. 

The process can handle soils and dewatered solids such 
as sludges and filter cakes. Economics favor feedstocks 
with low moisture content, but high moisture feeds, includ
ing one that was pumped into the process, have been treat
ed. Organic contaminants can range from high boiling, 
semivolatile compounds, such as PCBs, polynuclear aro-
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matic hydrocarbons and pesticides, to low boiling, volatile 
compounds such as spent solvents regulated under the 
Resource Conservation and Recovery Act (RCRA). 
Mercury is effectively removed, but other metals are left 
intact. 

In the course of the development effort, treatment sys
tems have been built at three distinct sizes, termed labora
tory scale, pilot-scale and commercial. Two laboratory 
units are used for performing treatability studies. One unit 
is operated by CWM subsidiary Chern-Nuclear Systems, 
Inc. (CNSI) for performing treatability studies on mixed 
wastes (RCRA and radioactive). The other unit is operated 
by CWM's Engineering and Technology Department locat
ed in Geneva, Illinois. This unit typically processes one to 
two kg/hr of waste and is used for tests on RCRA and 
TSCA (Toxic Substances Control Act) materials. The pilot
scale system, which has a capacity of approximately 4.S 
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ORGANICS 

ROTARY DRYER 

DRY PROOUCT 

FIGURE 1. Process flow diagram - low tempera
ture thermal treatment process. 

metric tons per day, was used to confirm the design parame
ters and is now used as a demonstration unit. The first com
mercial unit has been completed and will be moved to a 
Superfund site in 1992. 

Process Description 

The process, shown in Figure I, uses an indirectly heated 
rotary dryer to volatilize water and organic contaminants in a 
sealed system. The hot treated solids are cooled and wetted 
to reduce dust formation using the condensed water removed 
from the feed. An inert carrier gas (nitrogen) transports the 
volatilized components to a gas treatment train. This system 
removes the entrained particulate solids with a scrubber and 
then cools the entire gas stream to less than 5°C to condense 
the volatilized organics. Ninety to ninety-five percent of the 
carrier gas is reheated to 315°C and recycled to the dryer. 
The remainder of the carrier gas passes through a two 
micron filter and a carbon adsorption system before being 
discharged to the atmosphere. The condensed liquid organic 
removed from the waste is disposed off-site. The sludge 
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stream, which carries the same waste codes as the original 
waste feed, can be filtered, with the filter cake added to the 
feed to the rotary dryer. Detailed descriptions of the process 
and the units constructed have been presented in previous 
papers [/,2,3). 

Refinery Sludges 

Petroleum refineries generate waste sludges at a number 
of sources. RCRA waste codes K048 through K052 are 
assigned to these wastes depending on the generation 
source. Table I describes the sources of these wastes and 
indicates the respective volume generated in the U.S. in 
1990. KOSI, API Separator Sludge, was generated in the 
largest volume, at 409,000 to 545,000 metric tons. K048, 
Dissolved Air Flotation Sludge, was next highest at 
204,000 to 275,000 metric tons. The other three waste 
types were generated in minor amounts in comparison. 

A thermal treatment process operated at a significantly 
higher temperature than used in the process described in 
this paper is being used commercially to treat K048-52 
wastes (4). The use of solvent extraction processes [5,6,7) 
is being explored, as is the use of the Carver-Greenfield 
Process® [8). Incineration is employed commercially, as 
well as use as a fuel in a cement kiln [9). This latter con
cept will be described later in this paper. 

Experimental Program 

Treatability studies were carried out on four samples of 
filter cakes produced from refinery sludges. As shown in 
Table 2, these studies were on two scales, employing the 
laboratory scale unit and the pilot plant. 

Two types of thermal studies were carried out. The first 
type had as the goal the achievement of the BDAT (Best 
Demonstrated Available Technology) requirements, espe
cially for the organic compounds as given in the Code of 
Federal Regulations (40 CFR 268.41). Maximum allowable 
total concentrations in the treated product are listed for sev-

Approxinlate V.Clenerated 
, (1990 Metric t'Py iillOOO's) 

30% 
S% 
3%. 

6()%. 
2% 
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Table 2 
Low Temperature Thermal Treatment Studies 

Type of 
Sample Waste Codes Scale Thermal Treatment 

A 

B 
C 
D 

K048. 49. 50 Laboratory 
K051 Laboratory 

K048. 49. 50 Pilot 
K048. 49. 50 Laboratory 

Achieve BDA T 
Achieve BDAT 
Achieve BDA T 
Dry Only 

eral organic compounds and for cyanide. Most of the 
volatile and semi volatile organics present must be 
volatilized from the solids to meet the BDAT requirements. 
The regulations also set limits on the leachability of two 
metals. nickel and chromium, in the treated waste. The 
process does not remove metals, with the exception of mer
cury, and hence would not be expected to be effective in 
meeting the heavy metals BDA T requirements. Under this 
mode of operation, essentially all of the water would be 
expected to be removed. 

The other mode of operation listed in Table 2, "dry 
only," refers to a very mild thermal treatment aimed at 
removing only the bulk of the water. The goal of this 
approach is to increase the heating value of the filter cake, 
making it a more attractive feedstock for an alternative 
fuels program. Cement kilns now consume the largest vol
ume of these fuels. 

Sample A was processed in the laboratory scale system 
with the goal of meeting the BDA T requirements. The sys
tem. located in Geneva, Illinois, was operated under an 
Illinois authorization for RCRA treatability studies. 

The laboratory unit employs an electrical furnace to heat 
the rotary kiln in place of the propane-fired system used on 
the pilot- and full-scale systems. The furnace surrounds the 
kiln. which is a 10 cm diameter by 122 cm long rotating 
cylinder. The sample A feed material was a refinery waste 
filter cake which was moist and sticky, but easily crumbled 
by hand. The filter cake was placed in a hopper and was 
augered into the feed end of the kiln. A nitrogen sweep gas 
was also introduced into the kiln. During operation, the 
material passing through the kiln was heated to 315-425°C. 
Treated material exited the kiln and was collected in a 
product hopper as a dry, powdery solid. Volatilized hydro
carbons and water were transported with the nitrogen 
sweep gas to the gas treatment system. A small fraction of 
the feed solids was entrained into this gas stream. 

The initial step in the gas treatment process was a spray 
scrubber which removed virtually all of the particulate 
material and some of the less volatile hydrocarbons. The 
remaining gas stream, now saturated with water, then 
passed through two heat exchangers, the second of which 
was refrigerated, reducing the gas temperature to about 
5°C. This stream was then treated with activated carbon 
and vented. Note that for the pilot and commercial units, 
most of this gas stream is recycled to the kiln. 

Tables 3 and 4 present the key results of the treatability 

Table 3 - Results of Laboratory Scale Treatability Study on Sal11ple"A 
Organic Components and Cyanide 

Total Constituent Analysis Concentration (mg/kg) 
Component Feed Treated Product sDAT for K048~$0*** i " 

Anthracene 
Benzene 
Benzo(a)pyrene 

, Bis(2-ethylhexyl)phthalate 
Chrysene 
Di-n-butylphthalate 
Ethylbenzene* 
Naphthalene* 
Phenanthrene 
Phenol 
Pyrene 
Toluene* 
Xylenes* 
Cyanide 

*Exceeded BDAT standards in feed. 

14 
6.9 
6.7 

BDL(13)** 
12 

BDL(13)" 
50 
110 
30 

BDL(l3)** 
16 
50 
130 
1.2 

**BDAT standards are lower than method detection level. 
***Nonwastewaters 
BDL(X) = Below detection limit of X rng/kg 
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BDL(13) 
1.'6 ' 
BDL(13)** 
BOL(13)** 

' BOL(13) , 
BOL(13)** 
0.33 
BOL(13) , 
BDL(13) 
BDL(13)** 
BQL(13) 
1.7 
0.84 
BDL(O.5) 
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Table 4 • Results of Laboratory Scale Study for 
Sample A Heavy Metals 

Component 

Chromium , 
Nickel 

TCLP Leachate Concentration (mg/l) 
Feed Treated Product BDAT for 

<0.05 
<0.07 

<0.05 
<0.07 

K048-50* 
1.7 

0.20 

*Non-wastewater. Most stringent requirements for the K048, 
K049 and KOSO waste codes. 

study and compare them with the most stringent BOAT 
treatment standards for the nonwastewater K048, K049 and 
K050 waste codes. Analyses are shown for the organics 
and heavy metals for which BOAT treatment requirements 
are listed. Note that BOL(X) refers to an analytical result 
being below a detection limit of X mg/kg. Detection limits 
are variable, depending on the sample matrix and, at times, 
the size of the sample. For organics, total constituent analy
sis (TCA) is mandated. Ethylbenzene, naphthalene, toluene 
and xylenes TCA concentrations clearly exceeded the 
BOAT requirements in the feed. Unfortunately, the detec
tion levels for three components, bis(2-ethylhexyl)phtha
late, di-n-butylphthalate, and phenol, were higher than the 
treatment standards, though we view this as more of a reg
ulatory issue than a treatability issue. Lower detection lev-

els for these compounds may be possible with specialized 
analytical procedures. However, the laboratory used for 
these analyses routinely estimates constituent concentra
tions at levels down to one tenth of the stated detection 
level. No estimates were provided, and their absence pro
vides evidence that these materials were not present in the 
feed at concentrations above the treatment standards. 

Using the same arguments, the information presented in 
the "Treated Product" column in Table 3 provides evidence 
that the treatment standards were met for all organic com
ponents and for cyanides. Note especially the dramatic 
reductions for ethylbenzene, naphthalene, toluene and 
xylenes, the four components which clearly exceeded the 
treatment standards in the feed. 

Table 4 shows that both the feed and product samples 
leached chromium and nickel at well below the treatment 
standard, as indicated by the regulation-mandated toxicity 
characteristic leaching procedure (TCLP). 

Sample B, carrying waste code K051, was obtained 
from a different refinery. The laboratory scale treatability 
study used essentially the same procedure as that used for 
sample A, with the goal again being the meeting of BOAT 
standards. Results are shown in Tables 5 and 6. Only 
anthracene clearly exceeded the BOAT requirements in the 
feed. Again, estimates are provided for concentrations 
down to one-tenth of the detection limit. Based on this 
guideline, evidence is presented that all other organics met 
the BOAT requirements with the possible exception of di-

3.1 " 

130 

Component 
" idtat9>!lsti~Ul!nt ~y,sis Co!lCCntrati~n (mglkg) 

Feed ,' :1":,,;; ?-,TreatedPrOduct ' BDATforK048-50··· 

Anthracene* 
Benzene 
Benzo(a)antIJracene 
Benzo(a)pyrene 
Bis(2-ethylhexyl)phthalate 
Chrysene 
Di-n-butylphthalate 
Ethylbenzene 
N~thalene 

Phenantbrene 
Phenol 
Pyrene 
Toluene 
Xylenes 

·Exceeded BDAT standards in feed. 

BDL(74)** 
BDL(74)** I ,~ 
BDL(74)** 
BDL(74)*~ , 
BDLf74)*~ 

0.84 
. 38·*" 

BDL(74)·~ 
j, .Iii 

BDI,;(74)*,!, 
BDL(7~)*~ 

1 1.1 
7.2' 

·*BDAT standards are lower tban method detection level. 
···Non-wastewaters 
·-·· Estimate 
BDL(X) = Below detectiOn limit of X mg/kg ' 
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lJ !, 

BDL(33) 28 
BDL(0.095) 14 
, BDL(33) 20 

BDL(33) ' 12 
BDL(33) 7.3 
BDL(33) .is 
BDL(66). 3.6 

BDL(O.09S) 14 
BDL(33) 42 
B01,..(33) 34 
BDL(33) 

" 

3:6 ' 
BDL(33)' 36 

" " 
0.14 14 

BDL(O.09S) 22 
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Table 6 - Results of Laboratory Scale Treatability 
Study on Sample B Heavy Metals 

TCLP Leachate Concentration (mg!l) 
Component Feed Treated Product BOAT for 

Chromium 

Nickel 
BOL(0.05) 

0.21 

*Non-wastewater. 

BOL(0.05) 
BOL(O.07) 

BOL(X) = below detection limit of X mg!l 

KOSI· 
1.7 

0.20 

n-butylphthalate for which the BOAT standard was less 
than one-tenth of the detection limit. 

As shown in Table 6, chromium was well below the 
BOAT standard in both the feed and product. Nickel 
leached at just slightly above the standard in the feed, but 
was well below the standard in the treated product. 
Apparently, nickel was converted to a less soluble form 
during the thermal treatment process. 

For pilot-plant testing, sample C was obtained from the 
same refinery as Sample A, which was used for the initial 
laboratory scale study. This sample again carried waste 
codes K048, K049 and K050, and the treatment goal was 
meeting the BOAT standards. The moisture content was 
49% by weight and the oil and grease content was 23%. 

For this study, the pilot plant was located at CWM's 
Kettleman Hills, California facility. As previously stated, 
the kiln on the pilot plant was propane-fired, and 90 to 95% 

of the nitrogen sweep gas was recycled to the kiln. 
Otherwise, the process and treatment procedure were simi
lar to those of the laboratory unit. A total of 1,050 kg of fil
ter cake was fed to the pilot plant at an average feed rate of 
145 kg/hr. 

After processing through the pilot plant, the moisture 
content of the filter cake was nil, and the oil and grease 
level had been reduced to 3.4%. Table 7 presents the ana
lytical results for organics and cyanide. 

The feed sample was a composite, based on three sam
ples from each of several drums of material fed to the 
process. The treated product analysis was carried out on a 
single sample collected after reaching a steady-state operat
ing condition. 

The pilot plant was operated at three sets of conditions. 
The primary variables for a kiln are feed rate and tempera
ture. The feed rate for the three runs was kept constant at 
145 kg/hr. Kiln set point temperatures were varied over a 
relatively narrow range, resulting in product temperatures 
in the 290-360°C range. The data presented in the "Treated 
Product" column are from the run carried out at the upper 
end of the temperature range, which gave the best results. 
Seven organic components of the feed filter cake clearly 
exceeded the BOAT standards, and these are marked with a 
single asterisk in the table. Phenol might have exceeded the 
standard; the detection level was more than ten times the 
BOAT standard. 

Inspection of the "Treated Product" column then reveals 
the most important findings presented in this paper. 
Concentrations of all organics of regulatory concern were 

Table 7 - Results of Pilot Plant Treatability :!'iTI •• nv"nn·; 

Component 

Anthracene 
Benzene 
Benzo(a)pyrene 
Bis(2-ethylhexyl)phthalate* 
Chrysene 
Di-n-butylphthalate* 
Ethylbenzene* 
Naphthalene 
Phenanthrene* 
Phenol 
Pyrene* 
Toluene· 
Xylene(s)* 
Cyanide 

·Exceeded BDAT standards in feed. 
**BOAT standards are lower than rnelJioeldetectionJe 
*"Non-wastewaters 
BOL(X) = Below detection limit of X m~ 
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reduced to well below the BDAT standards. These 
results were found on a large pilot scale, with a pilot 
plant which closely simulates the full-scale process. 

Cyanides were present in the feed at the 0.5 mg/kg 
level. They were not analyzed foT in the product sample 
represented in Table 7, but, as would be expected from 
the 0.5 mg/kg concentration in the feed, they were well 
below the regulatory requirement of 1.8 mg/kg in sam
ples obtained at the two less optimal pilot plant operat
ing conditions. Actual measurements were 0.9 and 0.2 
mglkg. 

Results for metals leaching are shown in Table 8. 
Again, results are shown for the two less optimal run 
conditions. The BDAT standards were not achieved, and 
additional treatment of this waste stream would be 
required before disposal. The logical choice would be 
the addition of a metals stabilization step. On the full
scale system, the treated solids discharged from the 
dryer are conveyed to a blender in which condensed 
water from the process is used to cool and wet the 
solids. It would be relatively straightforward to add a 
reagent silo, a reagent metering system and a 
waste/reagent ratio control system to carry out the 
required stabilization. 

The condensed oil recovered from the phase separator 
had an ash content of less than 0.5% and a heating value 
of 10,800 cal/g (19,400 Btu/lb). Recycling of this stream 
to the refinery as a slop oil for refining is entirely feasi
ble. 

Since treatability studies were carried out on both the 
laboratory and pilot scale on samples from the same 
refinery, it is of interest to compare the results obtained 
on the two scales. By comparing the results shown in 
Tables 3 and 7, it can be observed that both systems 
were able to yield treated products with organic compo
nent concentrations below their BDAT treatment stan
dards. Overall percentage removal of organics for the 
two scales was remarkably similar, with 98.9 found for 
the laboratory unit vs. 98.2 for the pilot plant. 

Sample D was obtained from yet a third refinery . As 
previously stated, this material was processed through 
the laboratory unit with different objectives from that 
employed for samples A, Band C. The goal was to 
remove most of the water, leaving the hydrocarbons and 
solids intact. One would of course expect that some of 
the more volatile hydrocarbons would be removed along 
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with the water, and this is in fact what happened. 
The procedure used for treating sample D was essen

tially the same as that used for samples A and B, with 
the exception that considerably lower temperatures were 
employed. The results are shown in Table 9, which 
shows heating value, oil and grease, solids and water 
contents for feed and treated product samples. A key 
result is the increase in heating value from 4,000 cal/g to 
5,330 cal/g (7,200 Btu/lb to 9,600 Btu/lb). This substan
tial (33%) increase in the heating value makes the waste 
stream a much more viable candidate for an alternative 
fuels program. The most likely use of this stream would 
be as fuel to a cement kiln. It would either be added to 
the kiln as a solid, or, more likely, it would be slurried 
with a liquid fuel and fed to the kiln in a liquid form. 

Assuming conservation of the solid fraction, the data 
in Table 9 imply that about 97% of the water and 28% 
of the oil was removed from the feed. The thermal des
orption process recovers these materials as condensate. 
In a refinery, the oil fraction would be recycled, and the 
water would be sent to a wastewater treatment process. 
About 60% of the original mass remains, providing a 
substantial reduction in the amount of waste which is 
sent off-site. 

The data generated for sample D were used to design 
and successfully commercialize a mobile sludge drying 
system with a capacity of about three tons per hour. This 
system is similar in concept to the X*TRAX process and 
is now in commercial use at oil refineries. 

Conclusions 

Low temperature thermal treatment is an effective 
and efficient technique for meeting BDAT standards for 
RCRA waste codes K048, 49, 50 and 51, sludges from 
petroleum refinery operations. Effectiveness was 
demonstrated on a pilot scale at an operating rate of 145 
kg/hr. 

Low temperature thermal treatment can also be effec
tively employed to reduce the volume of sludge generat
ed by a refinery, while at the same time increasing by 
one-third the heating value of the residue, which may 
then be used in an alternative fuels program. A process 
based on the laboratory study discussed in this paper has 
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been successfully commercialized. 
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Formation of NOx by Digestion of 
Phosphate Ores 

with Concentrated Nitric Acid 

Ir. J.T. Tinge 

R&D Department of Process Technology, DSM Research 
P.O. Box 18, 6160 MD Geleen, The Netherlands 

The digestion of twelve phosphate ores with concentrated nitric acid has been studied in order to 
quantify the formation of nitrogen oxides, NO . The experiments were performed in a batch laborato
ry-scale reactor under reaction conditions which are representative of the acidulation of phosphate 
rock with nitric acid in the nitrophosphate process, an important process for the production of com
pound fertilizers. The results obtained from these experiments show that the amount of NO formed 
during digestion is directly proportional to the organic carbon content and is only marginallY related 
to the carbonate and fluoride contents of these phosphate ores. It is assumed that organic material in 
the ores is partly oxidized by nitric acid, which in its turn is reduced to NO and NOz. On the basis of 
our results the following correlation between the organic carbon content and the quantity of nitrogen 
produced in the form of nitrogen oxides is proposed: [NO -NJ = A . [C J in which A = 0.65 if [NO -
NJ and [Cor) are both expressed on a weight basis and A x= 46 if [NO ::f!J and [C rl are expressed tn 
mol/tonne 01 pps and kg/tonne of PP5' respectively. The result is i~portant in ~pecifying the value 
of phosphate ores for the nitrophosphate process because it quantifies the possible emissions of NO 
into the atmosphere as well as the amount of wasted nitric acid. x 

Introduction 

Phosphoric acid is an important chemical intermediate, 
which is used in many areas of the chemical industry, 
mainly as an ingredient in the production of fertilizers. 
Phosphate ore or phosphate rock is the raw material for the 
production of phosphoric acid. Most phosphate rocks are 
basically made up of calcium phosphate containing varying 
quantities of other anions and cations. The most common 
constituents are f]uorapetite, francolite, dahllite and 
hydroxyapetite . The chemical composition of all these 
components is expressed as: 

In acidulation the various phosphates ores exhibit a wide 
range of chemical reactivities connected to differences in 
geological origin. Most of the phosphates used for the pro
duction of phosphoric acid are sedimentary phosphates, 
also called marine phosphates, and have been formed by 
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precipitation of dissolved phosphate from prehistoric seas. 
These phosphates generally contain a lot of impurities. 
Phosphates of igneous origin, which for instance are found 
in northern Europe, generally have a high phosphate con
tent. Ores of sedimentary origin are in general much more 
reactive and tend to be softer, which means they need less 
grinding. Moreover, the deposits are usually larger, easier 
to mine and located closer to the coast than igneous phos
phates. Over 50 elements are present in phosphate rock as 
impurities [I]. Fortunately, however, most of them are pre
sent in very low concentrations. The impurities are in gen
eral undesirable because they influence production and 
product quality (for example, aluminium, iron, magnesium 
and carbonate), are a dangerous pollutant (for example, flu
orine), are poisonous (for example, cadmium), cause corro
sion (for example, chloride), cause erosion (for example, 
silicon) or are even radioactive (for example, radium and 
uranium). 

Phosphoric acid production processes fall into two cate
gories: wet processes and furnace processes (14). Furnace 
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process acid is made through reduction of phosphate ore to 
phosphorus, which is subsequently oxidized and hydrated. 
Wet process acid, which is mainly used for fertilizer pro
duction, is produced by the reaction of a (mixture of) 
strong mineral acid(s) with the phosphate rock. To destroy 
the apetite lattice sulphuric (mostly), phosphoric, nitric or 
hydrochloric acid is used. For the processes based on this 
latter technique the calcium to phosphate ratio is important 
because it determines the amount of acid needed for the 
production of a certain amount of phosphoric acid. Ores 
with a high calcium content and a low phosphate value 
give large quantities of wastes after acidulation (gypsum, if 
sulphuric acid is used as digestion agent), which can some
times cause large environmental problems. Nitric acid is 
widely used, especially in western Europe, in the acidula
tion of phosphate rock to produce nitrophosphate; the acid 
is used for dissolution of the ore at moderate temperatures 
(60 - 85°C) as well as for the addition of nitrate nutrient to 
the fertilizer product. To obtain a highly water soluble 
phosphate the calcium has to be partly or completely 
removed before the acidulate is ammoniated and dried to 
give a solid nitrophosphate product. Compound fertilizer 
types, which contain nitrogen, phosphorus and potassium, 
can be produced via addition of a potassium salt, in general 
potassium chloride or potassium sulphate, to the mixture 
before the water is evaporated and the slurry is solidified 
by granulation or prilling. The calcium can be removed by 
cooling the acidulate. Then the calcium nitrate crystallizes 
and can be separated by filtration or centrifuging (Odda 
process). Another method, used by DSM, is the removal of 
the calcium as calcium sulphate dihydrate (gypsum) 
obtained by precipitation of the calcium with ammonium 
sulphate. In Figure I a schematic representation of the 
DSM gypsum precipitation nitro phosphate process is 
given. In the first step of the nitrophosphate process, the 
digestion of the phosphate rock with concentrated nitric 
acid, side-reactions occur due to the presence of impurities 
in the raw material [5 ,6] . During the acidulation, for 
instance, fluorine is partly liberated as hydrogen fluoride, 
carbonate is decomposed to carbon dioxide and organic 
material is partly oxidized. Due to this oxidation nitrate 
ions are reduced to nitrogen oxide, NO, and nitrogen diox
ide, N02, giving rise to NO, emission. The combination of 
production of gaseous components (mainly carbon dioxide) 
and the presence of organic material may lead to formation 
of stable foams which cause problems in the digestion sec
tion of the nitrophosphate plant. High concentrations of 
organic material may also lead to problems in the filtration 
section of the calcium containing by-product and to discol
oring of the final fertilizer granules. The emissions of 
hydrogen fluoride and nitrogen oxides can be reduced by 
efficient scrubber systems. The work reported in this paper 
concerns the formation of NO, by digestion of phosphate 
rocks with concentrated nitric acid. Based on the experi
mental data on 12 rocks from different origin it is shown 
that there is a correlation between the content of organic 
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FIGURE 1. Schematic representation of the DSM 
gypsum precipitation nitrophosphate process for 
the production of NP(K) fertilizers. 

material in these ores and the quantity of nitrogen oxides 
produced. 

Chemistry 

Due to the complex nature of phosphate rock, the diges
tion involves several reactions. For the sake of simplicity 
the overall dissolving reaction with nitric acid is subdivid
ed into the reactions with the three major calcium salts. 
A. Tricalcium phosphate is converted to phosphoric acid 
and calcium nitrate: . 

B. Calcium carbonate reacts with nitric acid to produce car
bon dioxide, calcium nitrate and water: 

C. Calcium fluoride is converted to hydrogen fluoride and 
calcium nitrate: 
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The hydrogen fluoride fonned may react with silica to pro
duce silicon tetrafluoride: 

The silicon tetrafluoride may hydrolyze to fluosilicic acid: 

In industrial practice the quantity of nitric acid used for the 
dissolution of phosphate ore depends on the process that 
has been chosen and is between 5 percent deficiency up to 
an excess quantity of 25 percent with respect to the stoi
chiometry. 

Nitric acid is a powerful oxidizing agent; it reacts with 
reducing agents via several routes. The two main redox 
reactions between nitric acid and organic matter can be 
represented as: 

and 

where nitrogen peroxide and nitrogen oxide are produced, 
respectively. These reactions have been the subject of the 
investigation. 

Experimental 

Figure 2 shows the experimental set-up used to deter
mine the production of nitrogen oxides in the digestion of 
phosphate rocks with concentrated nitric acid. The diges
tion reactor (I), which is a glass cylindrical flat-bottom 
vessel with a volume of 1.0 dm3, is equipped with a two
bladed stirrer (2), a temperature sensor (3), a phosphate ore 
inlet (4), a gas inlet for air (5) and a gas outlet (6). The 
temperature of the reaction mixture is kept constant by a 
thermostatted jacket (7). The digestion starts after a 
weighed amount of phosphate rock is added to a precalcu
lated quantity of concentrated nitric acid. The initial tem
perature of the nitric acid is about 20°C lower than the final 
reaction temperature. Simultaneously, with the beginning 
of dosing of phosphate ore, a fixed flow of air is introduced 
into the reactor (via (5». With this air stream nitrogen 
oxides fonned during digestion are led via a cooler (8) to 
an NO, - absorber (9). This absorber is a packed column 
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FIGURE 2. Experimental setup used to determine 
the quantity of NOx formed by digestion of phos
phate ores with nitric acid. 1. digestion reactor, 2. 
two-bladed stirrer, 3. temperature sensor, 4. 
phosphate ore Inlet, 5. gas Inlet for compressed 
air, 6. gas outlet, 7. thermostatted water bath, 8. 
gas cooler, 9. packed column NOx-absorber, 10. 
liquid Circulation pump, 11. 'police' bubble col
umn NOx-gas absorber. 

which is operated countercurrently (liquid flows down
wards and gas upwards). The column is filled with Berl
saddles to obtain a large gas-liquid contact area. The 
absorption liquid is an aqueous 2 molar sodium hydroxide 
solution with approximately 3 wt % hydrogen peroxide and 
is circulated during the digestion (10). In this column the 
oxides of nitrogen are quantitatively absorbed and convert
ed to nitric acid. Finally, the scrubbed gas stream is fed to a 
semi-batch wise operated bubble column (II), with a sin
tered gas distributor to produce small gas bubbles. This 
column, which is also filled with the aqueous 2 N NaOH 
solution with 3 wt % H20 2, acts as a 'police absorber', 
catching small quantities of non-absorbed NO, from the 
gas stream. The experiment is continued for 30 minutes 
after the dosing of phosphate ores is stopped. Then the total 
amount of nitrogen in the liquid in the packed column 
absorber as well as in the bubble column absorber is deter
mined (Kjeldahl method; Vapodest; error: approx. 3%) and 
the NO.-emission, expressed as kg NO.-N I tonne P, is cal
culated. More experimental details are given in Table I. 
The experimental work was perfonned with 12 samples of 
phosphate rocks. In a few cases different samples from the 
same producer were used. Due to the natural origin of the 
raw material even in these cases the composition was not 
constant. The chemical composition of the ores used in this 
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FIGURE 3. The amount of NOx formed by digestion 
of phosphate ores with concentrated nitric acid 
against the organic carbon content of these ores. 
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infrared spectroscopy. The error is approx. 5%. It is com
mon practice to express the grade of phosphate rock either 
as P, P20 S' or by its BPL (= Bone Phosphate of Lime) con
tent, which is the phosphate content measured as tricalcium 
phosphate, C~(P04)2' 

Results and Discussion 

All experiments were performed with a fixed quantity of 
phosphate rock and a fixed excess of nitric acid in relation 
to the phosphate content. The applied excess of nitric acid, 
given in Table 1, is in reasonable agreement with condi
tions applied in nitrophosphate plants. The experimentally 
determined amounts of nitrogen oxides formed during the 
digestion of the several phosphate rock samples are given 
in Table 2. Figure 3 shows the relation between the organic 
carbon content of these ores and the measured quantities of 
oxides of nitrogen formed. It is clear from this figure that 
the amounts of NO. produced during the acidulation with 
concentrated nitric acid are directly proportional to the 
organic carbon content of the used rocks. As a check for a 
possible correlation between the carbonate or fluoride con
tent of these rocks and the NO. emissions, Figures 4 and 5 
show the effects of the CO2 and the fluoride contents on 
the amounts of oxides of nitrogen formed during digestion, 
respectively. From these two figures it can be seen that the 
produced amounts of NO. are only marginally dependent 
on the carbonate and fluoride concentrations. 

On the basis of these results the following correlation 
between nitrogen in the form of oxides, NO. -N, and organ
ic carbon, Corg' is proposed: 

(NO.-N) = A. (Corg) (1) 

in which A = 0.65 if [NO.-N] and [C?rj] are both expressed 
on a weight basis, A = 0.56 if [NO.-N] and [Cor] are both 
expressed on a mole basis and A = 46 if [NIS.-N] and 
[Corg] are expressed in moVtonne of P20 S and kg/tonne of 
PzOs' respectively. The numerical constants were obtained 
by the least-squares method. The value of the correlation 
coefficient is 0.99. With the aid of the simple formula (I) 
and knowledge of the organic carbon contenf of a phos
phate ore, the maximum NO. emission can be easily pre
dicted. If we assume that the organic carbon in the rock is 
present in the form of - (CH2)n - and is completely oxidized 
to carbon dioxide and water and that the nitric acid is 
reduced in equal amounts to NO and N02 then four moles 
of NO. should be formed per mole of organic carbon. This 
value is much larger than the experimentally determined 
value of 0.56 mol NO/mol Corg' which means the organic 
components are only partially oxidized. 

In contrast to other wet phosphoric acid processes, in 
the nitric phosphate process there is the environmental 
problem of controlling emissions of OXides of nitrogen 
formed by partial reduction of nitric acid by organic mate
rials. In addition, more nitric acid per tonne of final product 
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Table 2 • Composition and NOx·Productlon During Dissolving In . 
Nitric Acid of the Phosphate Rocks Used In this Study . 

phosphate CaO COz F SiOz 
P PzOs BPL 
% % % % % % % 

Bucraa 15.5 35.45 77.5 50.75 2.0 4.0 5.4 
DjebelOnk 14.2 32.5 71.0 53.50 2.0 4.0 1.8 
florida 14.6 33.4573.1 47.65 3.1 3.5 4.5 
Jordan-I 14.4 33.0572.2 50.15 4.5 3.5 4.5 
Jordan-2 14.7 33.6 73.4 51.75 4.7 3.5 2.0 
Khouribga-I 13.9 31.75 69.4 50.80 5.2 3.8 1.3 
Kho)ll'ibga-2 14.1 32.3070.6 50.90 4.7 3.2 2.0 
Khouribga-3 13.2 30.3 66.2 49.6 5.8 3.5 3.9 
Kola 16.7 38.2 83.5 51.3 0.1 2.1 2.2 
Palfos 17.3 39.5586.4 53.85 1.2 2.5 0.2 
Sraouertane 13.0 29.7 64.9 49.2 7.3 2.6 4.4 
Zinn 14.9 34.1 74.5 54.50 3.5 3.0 0.3 

N.A. = not analyzed 

is used because some of the nitric acid is reduced, which 
increases the production costs of the fertilizers. The envi-
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FIGURE 4. The quantity of NOx formed by acidula· 
tlon with nitric acid against the CO2 content of the 
phosphate ores. 
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Hz° CaOfP2Os ignition organicc NO. -production 
Losses 

% mol/mol % % kg/tonneP kg NO.-N/tonne P 

1.35 3.62 2.3 0.07 4.5 4.3 
0.10 4.17 2.1 0.09 6.3 2.4 
1.5 3.61 10 0.28 19.2 14.5 
1.1 3.84 7 0.14 9.7 5.5 
0.37 3.90 5 0.18 12.3 6.4 
1.35 4.05 7.4 0.18 13.0 7.8 
1.0 3.99 6 0.15 10.6 7.2 
1.0 4.14 8 0.25 18.9 8.2 
1.15 3.40 N.A. 0.035 2.1 1.4 

N.A. 3.45 1.2 0.03 1.7 1.2 
0.3 4.19 8.5 1.1 84.9 55.7 
0.1 4.05 N.A: 0.11 7.4 8.6 

ronmental problem has been approached from two different 
angles: reducing the emission of the pollutants by eliminat
ing the sources or removing the pollutants before they 
leave the plant with the off-gases. 

Reduction of the formation of NO. can be done by 
applying phosphate rocks with a low organic carbon con
tent. To reduce the content of organic material, which is 
present in all marine phosphates, the raw phosphate rock 
can for instance be calcined at a high temperature to drive 
off the organic material prior to usage in the nitrophosphate 
plant. As already shown, the organic impurity content of 
phosphate rocks varies widely. In some cases the calcina
tion process can even be performed autothermally, that is, 
without additional fuel. In general, calcining is an expen
sive process step. It is performed on a large scale by only a 
few raw material producers, and of course it has an impact 
on the cost price of the ores from these producers. 
Reduction of the amount of desorbed NO.-gas from the 
digestion vessels to the off-gas stream can be achieved by 
adding chemicals to the reaction mixture. Addition of for 
example, a few kilograms of urea (CO(NH2)2) per ton of 
phosphate rock already reduces the NOx -emission signifi
cantly. If the final product contains unreacted urea, its 
quality (for example, caking tendency) will deteriorate. 
Therfore it is not recommendable to add excessive quanti
ties of urea, even through this will result in further reduc
tion of NOx-emission. Urea reacts with the oxides of nitro
gen in the liquid phase before they are desorbed to the gas 
phase and reduces them to inert nitrogen . 

Finally, the off-gas stream can be scrubbed with water 
for the partial removal of NOx' A simple and effective way 
is using a scrubber of the open spray tower type in combi
nation with a collecting device for fine droplets. The last 
two options increase both the fixed costs, due to invest-
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FIGURE 5. The quantity of NO. formed by acidula
tion with nitric acid against the fluoride content of 
the phosphate ores. 

ments, and the variable costs due to usage of chemicals and 
effluent treatment. In practice a combination of the above
mentioned environmental control measures is applied to 
reduce the emission of oxides of nitrogen to within the 
specified limits. 

Conclusion 

From the experimental results obtained during this 
investigation, it is clear that the quantities of nitrogen 
oxides formed by digestion of phosphate rocks with con
centrated nitric acid are directly proportional to the organic 
carbon content of these ores. Furthermore it is seen from 
the present work that these amounts of NO. are not directly 
related to the carbonate and fluoride concentrations of the 
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various phosphate ores used. It was found that approxi
mately 0.65 kg of NOx-N (= 46 mol NO.) was formed per 
kg of organic carbon in these raw materials . 
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Nomenclature 

a 
A 
BPL 

constant 
constant (Eq. I) 
phosphate content measured as 
CaiP04)2 
calcium content measured as CaO 
inorganically bound carbon (e.g. C032-) 

content 
organically bound carbon 
oxides of nitrogen 
nitrogen present as oxides of nitrogen 
phosphate content measured as P20 5 
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A Review of Trace Element Emissions 
From The Combustion of 

Refuse-Derived Fuel With Coal 
Glenn A. Norton 

Ames Laboratory, Iowa State University, Ames, Iowa 50011 

The effects of cocombusting refuse-derived fuel (RDF) with coal on stack emissions of trace elements 
in the ash stream were reviewed. The large number of variables and uncertainties involved precluded 
drawing definitive conclusions regarding many of the trace elements. However, it is evident that 
cocombustion resulted in increased emissions of Cd, Cu, Hg, Pb, and Zn. Emissions of As and Ni 
tended to decrease when RDF was fired with coal. Modeling studies indicated that ambient levels of 
trace elements during cocombustion should be within acceptable limits. However, periodic monitor
ing of Cd, Hg, and Pb may be warranted in some instances. 

Introduction 

The annual generation of municipal solid waste (MSW) 
was projected to be on the order of 200 million tons (1.81 x 
10" kg) by the year 1990 [1]. Due to increasingly stringent 
disposal regulations, rapidly decreasing landfill space, and 
a growing interest in energy recovery from MSW, numer
ous facilities have burned MSW with coal in power plants 
for the production of electricity. The MSW is first 
processed into "fluff' refuse-derived fuel (RDF), which 
produces a fuel consisting largely (typically 50-70%) of 
paper and paper products. On a dry basis, the heat content 
of the RDF can be as high as 7,000 Btu/lb (16,280 kJ/kg) 
[2, 3). The fluff RDF is sometimes compacted into pellets 
or briquets to form densified RDF (d-RDF). In some rare 
cases, powdered RDF has been tested as a fuel supplement. 

Many potentially toxic elements, such as Cd, Cr, Hg, 
Pb, and Zn, are enriched in RDF relative to coal. Therefore, 
the toxicity of the ash streams from coal/RDF combustion 
may be enhanced relative to ash derived from com busting 
coal only. In addition, the results of some studies showed 
that the solubility of many constituents, including Pb, 
increased when the ash was derived from the combustion 
of RDF with coal (4). The portion of the ash passing 
through the emission control devices and into the ambient 
environment through the stack system is of particular con
cern. Those ash particles are the most respirable and con-
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tain the highest concentrations of many elements of envi
ronmental concern, including As, Ni, Pb, Sb, Se, Zn, and V 
(5). In addition, many of those elements are concentrated 
on the particle surfaces (6), where they are most accessible 
for environmental interactions. 

This paper summarizes typical trends in trace element 
emissions that may be anticipated as a result of firing 
coal/RDF blends relative to firing coal alone. Trace ele
ment emissions in the ash stream released to the atmos
phere from conventional coal-fired boilers are discussed, 
while emissions upstream from particulate control devices 
are beyond the scope of the paper. In assessing the data, an 
emphasis was placed on the elements As, Be, Cd, Cr, Co, 
Hg, Mn, Ni, Pb, Sb, and Se, which are included in the list 
of hazardous air pollutants in the 1990 amendments to the 
Clean Air Act (7). However, a lack of data precluded dis
cussions for several of those elements. 

Site Descriptions 

A summary of the facilities [8-20) discussed in this 
paper are presented in Table I. Stoker firing was always 
used for d-RDF, while fluff RDF was fired in either stoker
or suspension-fired units. Emission control devices varied 
from the relatively low efficiency mechanical collectors to 
the relatively efficient electrostatic precipitators (ESPs). 
The nominal boiler loads and percent RDF fired for the 
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Table 1 • Site Descriptions for CoaIlRDF Combustion Studies 

Site Unit(s) SteamAow 
(Reference Number) Used (kg/s)a 

Ames.lA 7 45.4 
City Power Plant [8] 

Ames.lA 5.6 12.0 
City Power Plant [9.10] 15.7 

Arlington, VA 4 8.8 
G.S.A. Virginia Heating 
Plant [11. 12] 

Hagerstown, MD 9.8 
Maryland Correctional 
Institute [13] 

Madison. WI 5 15.7 
Oscar Mayer and 
Company [14] 

Milwaukee County, WI 3 13.8 
MilwaUkee County Institu-
tions' Power Plant [I5] 

Rochester. NY 3 58.6 
Rochester Gas and Elec-
tric' s Russel Station [16] 

SI. Louis. MO 116 
Union Electric Meramec 
Plant [17 J 8] 

Wright-Patterson Air 10.1 
Force Base. OH [19,20] 

a At nominal capacity. 

results reported in this paper are presented in Table 2. The 
variations in the percent RDF fired and the boiler load 
within and among studies should be noted. 

Composition of Fuels 

In Table 3, ratios of trace elements in RDF relative to 
coal at a given site are shown. Only the ratios are being 
reported since the purpose of this paper is to make relative 
comparisons between emissions from coal/RDF combus
tion vs. firing coal alone. The omission of a facility in 
Table 3 indicates either that no data were presented for the 
elements discussed in this paper or that spectral interfer
ences or lack of analytical sensitivity precluded obtaining 
meaningful data. Although the magnitudes of the ratios 
varied considerably among studies. elements showing an 
enrichment in the RDF relative to the coal were consistent. 
The RDF was generally enriched in Cd, Cr. Cu, Hg. Mn. 
Pb. and Zn relative to coal, while the coal was generally 
higher in As. Ni. V, and Se. Definitive conclusions on typi
cal fuel enrichments for some elements (for example. As) 
could not be made because of insufficient data . 
Meaningful data were generally not reported for Be. 
although the results of one study indicated that the ratio of 
the concentration of this element in RDF relative to coal 
was about 0.6 [15]. 
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Type of Type Particle 
Firing ofROF Collector 

tangential fluff ESP 

stoker fluff /' multicyc\one 
j 

stoker dRDF air plenum. 
multicyc\one 

stoker dROF multicyc10ne 

slOker fluff multicyclone 

stoker dROF mech. collector, 
ESP 

tangential fluff ESP 

tangential fluff ESP 

stoker dROF multicyc10ne 

Sampling and Analysis 

Sampling was usually performed by employing isoki
netic sampling using EPA Method 5 samplers and sam
pling protocol. An exception was the study performed by 
Norton et al. [8] in which isokinetic sampling was approxi
mated using a Source Assessment Sampling System. In 
that study. constant sampling flow rates (rather than precise 
isokinetic flow rates) were used to maintain the desired 
cyclone cutoff points in 'the sampler. 

A variety of analytical techniques were used to analyze 
the ash samples for trace elements. These include atomic 
absorption. inductively-coupled plasma, spark source mass 
spectrometry. and x-ray fluorescence. Analytical errors can 
be substantial and must be taken into account when inter
preting the data. However. they were not discussed in most 
of the studies. Depending on the analytical methods 
employed. anticipated accuracies can range from ±5% (rel
ative) to ±20% or more. In some cases, reported results 
were considered to be only semiquantitative. 

Emisssion Results 

The units used to report emission results included ppm. 
ug/m3. ug/MJ. and g/hr, thus complicating data interpreta
tion. In view of this. reporting the results in this paper was 

May 1992 141 



simplified by giving only the percentage change in the con
centration or emission rate of a given trace element when 
RDF was fired with coal. This approach is preferable since 
the purpose of this paper is only to make relative compar
isons in emissions from coal and coallRDF combustion. 

Results of the emission tests are shown in Table 4. 
Results from individual tests often deviated from the mean 
by more than 20%, and deviations of 50% or more were 
not uncommon, even when the samples were collected 
under similar experimental conditions. In many cases, 
some of the elemental concentrations were near the detec
tion limits, thus complicating interpretation of those data. 
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In view of the analytical and experimental uncertainties, all 
values were rounded to a maximum of two significant fig
ures. The lack of an entry for a given element at a facility 
indicates either that the element was not determined or that 
satisfactory analyses could not be performed because of 
analytical limitations. 

Based on the data as a whole, the most consistent 
increases in trace element emissions resulting from cocom
bustion appear to be for Cd, Cu, Hg, Pb, and Zn. Of those, 
increases in Cd, Hg, Pb, and Zn were the most prominent. 
These results were consistent with some incinerator studies 
in which the ash component of the stack effluents was most 
notably enriched in Cd, Hg, Pb, and Zn (21). Emissions of 
As and Ni tended to decrease during cocombustion. Trends 
for the other trace elements were either mixed or uncertain 
due to a lack of data or because changes were less promi
nent. It must be kept in mind that this paper reviews only 
the trace element emissions in the ash stream. This is par
ticularly significant for As, Hg, Sb, and Se, which are 
largely or partially in the vapor phase in the combustion 
effluents. Thus, trends in the ash fraction do not necessarily 
reflect those for total emissions of those elements. The 
trends in trace element emissions were generally consistent 
with the trace element enrichment factors presented in 
Table 3. The most prominent deviations from anticipated 
trends were for Se at Madison and for Hg and Zn at 
Milwaukee County. However, since Hg and Se are largely 
in the vapor phase, this does not necessarily constitute an 
anomaly for those elements. In addition, Hg concentrations 
in the ash stream at Milwaukee County were near the ana
lytical detection limit, resulting in a probable decrease in 
accuracy. 

In some of the cocombustion studies, sampling, analyti
cal, or mathematical errors were evident. Also, in some 
cases, results reported using one set of units contradicted 
trends observed using a different set of units. Although 
such contradictions are possible in view of the numerous 
firing parameters involved, the magnitude of the discrepan
cies suggested that some of the data were suspect. In such 
cases, the most reasonable data sets (based on detailed data 
evaluations) were reported in this paper. 

Discussion 

The trends presented in this paper for a given site do not 
necessarily reflect current emissions at that site or current 
operations of the facility in question. Many of the facilities 
have discontinued co-firing operations. Also, the amount of 
data obtained was minimal in some studies, since the goal 
was only to gain operating experience and to perform a 
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, . 

As Be Cd Co Cr Cu Mn Ni 

Ames [8] -5 210 0 23 10 17 17 

Ames [9) 
UnitS 3 130 ,28 -44 
Unit 6 310 140 1I0 -30 

Arlington [11 . 12) 

Hagerstown [13) -73 >1900 -3 >85 >150 35 -3 

Madison [14) -67 550 -60 >480 62 640 260 200 -75 490 " :; 
!lI 

Milwaukee Co. [15) 50 870 -50 64 -15 i 
'. 

Rochester [16) 1I >100 -74 -66 65 270 92 -94 >700 -64 

St. Louis [17] 88 -16 180 >170 320 

Wright Patterson 
AFB [19.20) 1900 

a A negative value indicates an emission decrease. The lack of a value for a given element indicates that either data were I\I'It rep,ortCd 
for ibat element or else analYtical interferences or lack of sensitivity precluded obtaining meaningful data. . 

b The entry for Rochester includes mercury in the gas phase as well as in the ash. 

qualitative evaluation of boiler performance during 
cocombustion. Because sampling was minimal in many 
instances, reported trends may also not truly reflect nor
mal operating conditions or typical emissions at the time 
the studies were conducted. Also, it must be remembered 
that a particular RDF composition could cause widely 
varying changes in the ash composition between two sites, 
depending on the coal composition, firing parameters, and 
other experimental factors. 

In assessing the emissions, some of the variables which 
affect the results must be considered. Fm example, the 
samples were not collected far enough downstream from 
flow disturbances in many of the studies , which could 
result in unrepresentative particulate samples. In such 
instances, sampling at an ideal location was usually not 
possible. The minimal number of samples collected in 
some cases contributed to statistical uncertainties. 
Numerous other variables, such as fuel composition, boil
er design, boiler load, firing parameters, types of emission 
control devices, percent RDF fired, RDF type (fluff or 
densified), analytical and sampling methodologies, and 
duration of tests often made it difficult to draw definitive 
conclusions. 

Analytical uncertainties must also be considered. For 
example, the concentration of a particular trace element 
could be reported to increase from 0.1 to 0.2 ppm. In some 
cases, these two values would be considered to be analyti
cally identical. This is particularly true in cases where the 
concentrations are near the detection limit for that ele
ment. However, it may incorrectly appear as a 100% 
increase in concentration if the numbers are viewed as 
exact, depending on the element and analytical technique 
employed. 

Because of limited sampling statistics, site-specific 
variations, and numerous uncontrolled variables, compari-
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son of actual emission levels among various sites is not 
warranted. Similarly, correlations between emission 
results and specific variables such as the percent RDF or 
percent load at a given site are difficult to make . 
However, interstudy comparisons are valuable for identi
fying trends. Because of the considerable experimental 
and analytical uncertainties and variables involved, only 
the most prominent emission trends can be considered to 
be statistically significant. Data interpretation was often 
complicated by excessive data scatter. The data scatter 
reflects all uncertainties and variables, including analyti
cal and sampling errors, variations in combustion condi
tions, and fluctuations in composition and feed rates of the 
coal and RDF. 

A large increase in the concentration or emission rate 
of a given element does not necessarily constitute a sub
stantial increase in any health risk, since increased emis
sions of a given trace .element may still be within accept
able environmental limits in view of atmospheric dilution. 
In one study, estimates of ambient air concentrations were 
obtained by dividing stack concentrations of various trace 
elements by 1,000 [22). None of the predicted ambient 
concentrations exceeded the TL V for a given element. In 
another study, trace element impacts predicted from com
puter modeling were well within ambient standards for all 
elements showing an increase in the fly ash during 
coal/RDF combustion [16). In a third study, calculations 
indicated that ambient Pb levels may exceed 1/100 of the 
TL V when RDF was fired with coal, while other trace ele
ments that showed ali increase did not appear to pose a 
potential risk [17). 

Conclusions 

The limited amount of analytical data and the lack of 
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stringent control of operational variables precludes draw
ing conclusions about the effects of any specific variable, 
such as boiler design, type of particulate control device, 
and boiler load, on trace element emissions. Trends are 
often not definitive in view of the sampling and analytical 
uncertainties as well as statistical limitations. Trace ele
ment data on RDF are minimal and can vary widely. 
Additional trace element analyses on RDF and coal sam
ples from numerous sources should be performed to draw 
more definitive conclusions on the trace element enrich
ments in RDF relative to coal. Also, uniform analytical 
methodologies should be used to allow for more meaning
ful data interpretations. Additional "stack" testing for 
trace elements is needed to more thoroughly and accurate
ly evaluate the effect of cocombustion of RDF with coal 
on emissions of trace elements. 

Although it generally appears that no environmental 
hazards will be posed from increased emissions of trace 
elements during cocombustion, monitoring of Cd, Hg, and 
Pb may be warranted in some instances. Because many 
trace elements of environmental concern are most concen
trated on the smaller particle sizes, it is important to con
trol emissions of those particles to minimize the potential 
for adverse environmental effects. 
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Aerobic Biological Activated Carbon (BAC) 
Treatment of a Phenolic Wastewater 
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Organic removal rates achieved in the aerobic BAC process were comparable to rates typically 
reported for traditional aerobic fued-film systems. When operated at organic loading rates lower 
than 0.03 g COD/g GAC-d and air as the oxygen source, greater than 90 percent COD removal and 
99 percent phenol removal was achieved. At higher organic loading rates, oxygen limitations resulted 
in less than optimal performance. Observed oxygen limitations were mitigated by the use of pure oxy
gen. Long-term stability/of operation of the BAC process was excellent with one aerobic BAC column 
operated under the same conditions in excess of 260 days. During that time, consistent column per
formance was achieved without the need to provide supplemental carbon or carbon regeneration. 
System biomass yields ranged from 0.05 to 0.30 g VSS/g COD removed and increased with effluent 
COD concentration. 

Introduction 

As part of a multiphase study, the biological activated car
bon (BAC) process was tested to assess its applicability for 
treating a wastewater with high phenol concentration pro
duced by the Durez Division of Occidental Chemical 
Corporation (OCC), located in North Tonawanda, New 
York. A sequenced anaerobic/aerobic biological activated 
carbon (BAC) process was conceptualized and proposed 
for study. As conceptualized, the goal in the first stage 
anaerobic BAC (AnBAC) process was to achieve signifi
cant organic biodegradation under anaerobic conditions for 
the purposes of reducing ultimate oxygen supply require
ments, lowering biological sludge disposal costs, and pro
duction of methane gas. Results from studies conducted to 
assess the AnBAC process for strong liquor treatment have 
been published previously [1]. Because of the uncertainty 
in final discharge options for the anaerobically treated 
strong liquor, studies also were conducted to assess the 
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potential for an aerobic BAC to provide final 
treatment/polishing of the strong liquor. The goal of these 
studies was to assess aerobic BAC process treatment rate 
and efficiency as a function of organic loading when aera
tion was supplied by either air or pure oxygen. The purpose 
of this paper is to present the results of these studies. 

Background 

The principal mechanisms leading to organic removal in 
BAC processes are carbon adsorption and biodegradation. 
In the early stages of BAC operation, adsorption of organ
ics on the carbon is responsible for the majority of organic 
removal. At steady-state, the role that GAC particles play 
is not understood clearly. Ultimately, however, the princi
pal organic removal mechanism in BAC processes is 
biodegradation unless carbon replacement is practiced. 
Biodegradation and organic removal rates in BAC systems 
are dependent on organic concentration and empty bed 
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.; . T8bIe 1 - Qperatlng Ov~rvIew of Selected Previous BAC Studies 

!).ull)or Principal Column Carbon· 
Substrate Diameter Size 

em. mesh 

~e,t81. [l] phenol 2.5 1Ox16 
phenol 18 8x16 / 

Fox et al. [2] 'coal gas 10 16x20 
~etal.[3] phenol 5.0 lOx20 
Wang et al. [4] phenol 10 16x20 
Suidan et aI. [5] catechol 5.0 1Ox20 
IQm et aI. [6] phenol 10 1Ox20 
Ying and Weber [7] sucrose 5.0 . 16x20 
Kim .and Pirbazari [8] glucose 1.9 25x30 

sucrose 1.9 25x30 
Andrews and Tien [9] valericacid 7.6 25x30 

contact time (EBCT) which when take jointly represent 
process organic loading rate . duration of reaction . 
Accordingly, organic loading rate is used as the principal 
operational and design parameter in BAC systems. 

A variety of studies have been conducted to assess the 
treatment potential of BAC processes. A number of these 
studies are compiled in Table I along with the various 
attributes of the study conditions. Based on this summary, 
the majority of long-term operational assessments of BAC 
processes have been conducted under anaerobic conditions 
with relatively high organic loading rates. The focus for 
most of these studies was to gather operational data for 
specific high strength wastestreams. By necessity, these 
types of studies required long operational periods for 
acclimation and stability. While anaerobic BAC treatment 
is not the focus of this paper, it can be seen from these 
studies that long-term BAC process operation is possible 
with excellent treatment efficiencies achieved. 

Conversely, the majority of aerobic studies have been 
short-term with a primary focus on the mechanistic aspects 
of BAC operation, namely adsorption and subsequent 
biodegradation. In these studies, as typified by those by 
Ying and Weber [7], Kim and Pirbazari [8], and Andrews 
and Tien [9], collection of operational data has been limit
ed generally to a week or less and compared to mechanis
tic predictive models to assess model validity. Additional 
examples of these types of studies are those conducted by 
Speitel and Digiano [10] and Speitel et al. [11] to deter
mine GAC bioregeneration rates. Because of the focus of 
these studies, steady-state operational data were not col
lected. 

Stensel and Leglise [12] reported operational data for a 
biological aerated filter bed containing activated carbon as 
the media. While the actual length of operation was not 
reported in the paper, it was implied that effluent concen
trations for COD and BODs reported as a function of 
organic loading rate were obtained after an extended peri
od of time. During the study, between 80 and 90 percent 
COD removal was achieved over a loading rate range of 
2.5 to IS kg COD/m3-d. Effluent concentrations of COD 
and BODs increased at the higher organic loading rates 
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Study Loading Rem. 
Environ. Length gCODI Eff. 

days gGAC-d % 

anaerobic >600 0.062 91 
anaerobic >600 0.020 98 
anaerobic >400 0.Dl1 95 
anaerobic >700 0.015 90 
anaerobic >900 0.019 94 
anaerobic >600 0.012 95 
anaerobic >600 0.Dl8 var. 
aerobic <6 0.220 40-60 
aerobic <3 0.230 20 
aerobic <3 0.220 42 
aerobic <4 0.138 88 

investigated, which likely was a result of oxygen limita
tions. 

Experimental Facilities and Protocol 

Descriptions of the aerobic BAC reactors employed 
during this study are presented here. In addition, protocols 
for wastewater makeup, column start-up, daily operation 
and sampling, analytical procedures and study operation 
are presented. 

Aerobic SAC Reactor Design 

Four bench scale BAC column systems were designed 
and operated to accomplish the goals of this study. A 
schematic flow diagram of the BAC system is shown in 
Figure I. The column was constructed of a 2.54 cm ID 
plexiglass tube with an overall length of 130 cm. Each col
umn was divided into three zones: I) inlet zone, where the 
feeding and recycle water were mixed; 2) reaction zone, 
which was separated from the inlet zone by a 25 mesh 
stainless steel screen; and 3) outlet zone, which consisted 
of a 5 to 15 cm water headspace. The reaction zone con
tained 50 g of pulverized Calgon F-300 granular activated 

Clarilier 

. ---I2S1--of"..-.,... .. Elflu ••• 

FIGURE 1. Schematic of bench-scale aerobic BAC 
column. 
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carbon (20/28 mesh). 
Early in BAC column operation, detached biomass 

from the carbon/biomass particles in the column resulted 
in significant growth in the aeration tank and recycle lines. 
As a result, the suspended biomass concentration in the 
column increased causing flow restrictions in the recycle 
line. To mitigate these problems, a clarifier was employed 
before recycle. The hydraulic detention time in the clarifi
er ranged from 0.5 to 2.5 hours, depending on the recycle 
method and rate employed. 

Recirculation was provided in the system to expand the 
carbon bed and as a means of providing oxygen. Column 
effluent was recycled from the clarifier as shown in Figure 
I. After clarification, the recycle water was pumped to the 
aeration tank where it was oxygen saturated with air or 
pure oxygen. From the aeration tank, recycle water flowed 
to the column by gravity. The aeration tank had a 
hydraulic detention time of approximately 0.25 hours to 
ensure oxygen saturation in the recycle water. 

To increase oxygen supply rates over those that could 
be achieved through recycle, direct column aeration was 
attempted as an auxiliary method of oxygen supply. Air 
was delivered into the column through a fine bubble 
porous diffuser located on the bottom of the column. 
Because of the small column diameter, only a very small 
amount of air could be supplied to the column before larg
er air bubbles were fonned through coalescing of smaller 
bubbles. Once large bubbles were fonned, carbon bridging 
occurred, which generally resulted in carbon spillage from 
the columns. As a result, direct column aeration was not 
employed in these studies. 

Wastewater Makeup 

At the time of this study, the average concentration of 
phenol, formaldehyde, methanol, and COD in the OCC 
Durez waste were 11 ,500 mg/L, 1,500, 1,700, and 31,100 
mg/L, respectively. To achieve the expected aerobic BAC 
influent concentration, tap water was used to dilute strong 
liquor to either 200 or 400 mg/L COD. With this dilution 
ratio, the principal component of the feed was phenol. 

A phosphate buffer consisting of KH2P04 and K2HP04 
was used to adjust the influent pH and to provide a moder
ate buffer capacity. The pH in the systems was controlled 
at 7.0±0.2. Nitrogen requirements for biological growth 
were satisfied with addition of NH4CI. Additional nutri-
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ents required for growth were satisfied by the tap water. 
The actual composition of the BAC influent is presented 
in Table 2 for an influent COD concentration of 200 mg/L. 
For the 400 mg/L COD feed, all ratios between COD, 
nitrogen, and phosphorus were held constant. 

Study Protocol 

Column Start-up 

To initiate BAC column operation, 50 gram aliquots of 
prepared 20/28 mesh Calgon F-300 GAC were added to 
each column. Before being added to the columns, the 
sieved carbon had been washed with distilled water to 
remove fine particles, dried in a 103°C convection oven 
for 48 hours, and stored in capped glass bottles. After car
bon addition, the columns were filled with distilled water 
and left idle for one day to allow degassing of the GAC. 

After degassing, the carbon was pre saturated with 
influent having a phenol concentration of 200 mg/L. The 
systems were then seeded with a phenol acclimated bacter
ial population. Acclimation was conducted in a 3 liter fill 
and draw batch reactor fed with diluted strong liquor daily 
for approximately one month. Seeding of the columns was 
accomplished by using 150 mL of batch reactor super· 
natant. After seeding, feed was initiated to the columns 
and daily operation begun. 

Organic Loading Rate Studies 

BAC process performance data was collected using 
organic loading as the primary operational parameter. 
Organic loading was varied by changes in volumetric feed 
rate and influent COD concentration. A range of organic 
loading were studied with the maximum limit being dictat
ed by oxygen transfer and/or organic removal limitations. 
A single aerobic BAC column was operated under a con
stant organic loading rate throughout the study to evaluate 
the long-tenn carbon placement/regeneration needs and 
operational characteristics of BAC systems. 

In the initial organic loading rate studies, compressed air 
was used as the oxygen source. To overcome olj:ygen limi
tations experienced with air, pure oxygen was used in later 
studies. When recycle lines were aerated with 99.9% purity 
oxygen, a dissolved oxygen concentration of 37.3 mg/L 
was achieved vs. 8.2 mg/L for air. 

Dally Aerobic Bench BAC Column Operation 

Throughout all the studies, the bench scale BAC 
columns were operated in an upflow expanded mode. The 
expansion height of the carbon bed was controlled by the 
recycle rate. At steady state, the carbon bed was expanded 
by 250 to 300 percent. Feed and recycle flow rates were 
checked and adjusted daily. The BAC systems were operat
ed continuously at room temperature (21±2°C). 

To minimize the growth of biomass outside the reaction 
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Table 3 - Performance Data from BAC Columns Employing Air a, ~ ~~, : 

COO Emp. Bed Leng!h COD Phenol 
mg/L 1qadiDg, Flow Recycle coptact of mg/L Percent 

COD 
I:emoval 

Percent' 'J 

g COOl rate ratio time, operation, 
g GAC-d lJd days days Inf. Eff. S.D. Inf. Eff. S.D: 

phenol . 
removal . 

0.020 5.1 
0.025 ' 6.5 
0.034 , 8.7 
'0.034 8.7 
0.045 11.5 
0.045 11.5 
0.045 11.5 
0.056 14.5 

4.9 
4.0 
3.0 
5.5 
1.9 
4.6 
5.8 
2.0, , 

S.D.: standard deviation 

0.031 
0.025 
0.019 
0.019 
0.014 
0.014 
0.014 
0.011 

170 
260 
43 
98 
36 
60 
41 
90 

194 
194 
194 
194 
194 
194 
194 
194 

zone, routine cleaning was conducted. Aeration tanks, feed 
and recycle lines were cleaned with bleach once per week. 
The support screens on the bottom of the columns also 
were cleaned periodically depending on the degree of col
umn headloss. To minimize bacterial alteration of feed 
character, influent feed solution was made daily and con
tainers were cleaned with bleach before new feed was 
added to them. 

Samples of feeding solution and effluent from each col
umn were taken daily during the experiments. Samples 
were filtered through Whatman GF/C filter paper and ana
lyzed for pH, phenol, and COD. Using separate aliquots, 
phenol and pH were determined immediately after sam
pling. COD samples were acidified to below pH 2 using 
concentrated sulfuric acid and stored below 4°C. 

The dissolved oxygen concentration was measured in 
the columns and aeration tanks using membrane electrode 
method. Total and volatile suspended solids (TSS and 
VSS) concentration necessary for system yield calculations 
were measured by mixing solids captured in the clarifier 
and clarified effluent. 

~~------------------~ 

Iil 
~-
E 

.~8 
g - O.ll2O • COOl. IK-d 0.056 • ClIl/. IK-d 
~ J-----o~--~.~~~I/~.-IK---d---+-o-m-I-.~~--I~/.-IK---~~ 

dlil 

100 ISO 200 2SO 
IIlDe. days 

FIGURE 2. Effluent COD and phenol concentra
tions as a function of time at an organic loading 
rate of 0.020 and 0.056 g CODlg GAC-d. 
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lI"V 2.8 
[4.8 4.1 
21.0 5.9 
21.7 3.7 
33.4 5.0 
30.3 6.6 
21.3 3.5 
42.9 9.3 

94 
92 
89 
89 
83 
s4 
89 
78 

72 0.3 
72 0.4 
72 , 1.6 
72 1.8 
72 6.3 
72 4.0 
72 2.2 
72 , 8.9 

0.2 ' 
0.5 
1.1 ' 
0.7 , 
1.5 
1.0 
0.9 
.2.3 

>99 
>99 . 
. 98 

97 1 : ... ' ~9i 

94' 
97 
'88 

Analytical Procedures 

Phenol analyses were conducted using spectrophotomet
ric techniques and the 4-aminoantipyrine (4AAP) method 
(13). For the spectrophotometric method, a Bausch and 
Lomb Spectronic 2000 with a thermoelectric flowcell was 
employed for spectrophotometric measurement. Phenol 
absorbency was measured at 270 nm and 25°C. While this 
method provided quick determination of phenol in relative
ly clean samples, biomass and biodegradation byproducts 
were noted to result in positive interferences in the spec
trophotometric technique at low phenol concentrations. 
These interferences were not mitigated by simple filtration 
though GF/C filters. The aminoantipyrine (4AAP) method 
was not affected by biomass or biodegradation byproducts 
and thus was utilized as the definitive phenol measurement 
technique after biomass development. Effluent formalde
hyde and methanol concentrations were not measured dur
ing the study. 

The closed flux method (Standard Methods 508B) [13) 
was used to determine COD concentration. A Hach COD 

~.-------------------~ 
0l.R I oms , COOl, CR:-dov 

0.009 • Phonol/. (JAC-dov 
o : Effluenl coo 
6 : Em .. nl Phonol 

$. -.. ~ ... .... ..... ,-. 1'iII,.... .... -ro. .............. a • ~ ___ "lI- or ... 

o~D~~~SO~~~IOO~~~lwSO~~~200~--~2S0~ 

Time, day. 

FIGURE 3. Effluent COD and phenol concentrations 
as a function of time and recycle rate at an organic 
loading rate of 0.034 g COD GAc-d. 
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reactor Model 16500 with 15xlOO mm borosilicate screw
capped culture vials was employed for test procedure. Two 
ranges of digestion solutions, 0-1,500 mg/L COD and 0-
150 mg/L COD, were used for the measurement of influent 
and effluent columns samples, respectively. Total and 
volatile suspended solids were measured using Standard 
Methods S-209C and S-209D [131, respectively. 

Dissolved oxygen in the aeration tanks and columns 
were measured with a Model 1-8500 Neste Inst. Oxygen 
Meter. The 00 probe was calibrated daily with oxygen sat
urated water. 

Aerobic BAC Column Results 

Column Startup 

After pre saturation and seeding, it took approximately 
15 days for the column effluents to reach steady state with 
respect to effluent phenol and COD concentrations. These 
trends are shown in Figures 2, 3, 4, and 5 for columns 
operated at different loading rates. Because the columns 
were presaturated with a feed solution of higher phenol 
concentration than the influent feed used in the remainder 
of the study, initial effluent concentrations were higher 
than the influent concentration as a result of desorption. 
This phenomenon was short-lived and effluent concentra
tions were reduced quickly with concurrent biomass 
growth. Within two days of column initiation, biomass 
growth could be observed clearly and effluent turbidity 
increased as a result of numerous free bacteria which were 
observed in the effluent. By the third and fourth day, 
biofilm growth on the carbon surface was evident based on 
microscopic evaluation. 

Steady-state SAC Performance 

Operating conditions employed and process perfor
mance data collected during the loading rate studies are 

~:~------------------~ 

Ii! 
~-
e 

[lJ! I 0.034 9 COOl, tR:-d 
0.012 , Phlnoll, tR:-d 

olE ffIulnl coo 
• I EffIuenl Ph.nol 

50 100 ISO 200 
TIlDe, days 

FIGURE 4. Effluent COD and phenol concentrations 
as a function of time and recycle rate at an organic 
loading rate of 0.034 g COD/g GAC-d. 
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50 

OLR : 0.045 • COO/9 ORe-doy 
0.016 9 Phlnoilg tR:-dov 

o : Efflulnl coo 
• : EffIuenl Ph.nol 

100 
TIme, days. 

150 200 

FIGURE 5. Effluent COD and Phenol concentrations 
as a function of time and recycle rate at an organiC 
loading rate of 0.045 g COD/g GAC-d. 

presented in Table 3. At organic loading rates of 0.020 and 
0.025 g COD/g GAC-d, effluent COD concentrations aver
aged 11.5 and 14.8, respectively, which corresponds to 
removal efficiencies of 94 and 92 percent. Effluent phenol 
concentrations for these loading rates were below 0.5 mg/L 
and constitute greater than 99 percent removal. The tempo
ral operating characteristics of columns operated at these 
loadings are presented in Figures 2 and 3. As shown, 
process performance was stable for both COD and phenol 
at organic loading rates of 0.020 and 0.025 g COD/g GAC
d. To provide an indication of operational stability, stan
dard deviation for effluent COD and phenol concentrations 
at these loading rates are given in Table 3. 

At a loading rate of 0.034 g COD/g GAC-d, two recycle 

~~----------------~ c 

0.01 0.02 om 0.04 0.05 O.os 
Mass Loading, g COD/g GAC-day 

FIGURE 6. COD removal rate as a function of CQD 
loading rate when oxygenated with air (for multi
ple recycle rates, the rate determined at each 
recycle condition Is plotted.) 
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T.~ 4· P..,~nce Data from BAC Coiuinns employing Pure~98" as Oxygen $ou~' 

Emp.Bed Length COD Phenol 
Fl9W Recycie . conlact of " mg/L Percent mgn.. Percent 

rate rUo timet oPeration, . COD phenol 
Lid i:lays days Inf. Eff. S.Q. removal Inf. Eff. S.D. ~a1 

~.025 6.4 5.9 0.025 16 194 1~.S 1.9 91 72 bd >99 ' 
0.034 8.6 6.0 0.019 29 194 .- 1'5.5 5.4 92 72 bd >99 
Q.044 11.3 4.2 0.014 29 194 
0:056 14.3 2.9 0.011 29 194 
0:065 8.7 3.9 0.019 8 369 
:0.085 , 11.5 2.8 0.014 8 369 
0.107 14.4 3.2 0.011 8 369 

rates were investigated. As shown in Figure 4 and reported 
in Table 3, both recycle ratios resulted in near similar per
formance with effluent COD concentrations averaging 21.0 
and 21.7 for recycle rates of 3.0 and 5.5, respectively. 
Average effluent phenol concentrations were 1.6 and 1.8 
mg/L, for recycle rates of 3.0 and 5.5, respectively. For 
both COD and phenol, there was slightly higher variation 
at the lower recycle rate. 

The COD and phenol effluent concentrations, achieved 
at different recycle rates during the 0.034 g COD/g GAC-d 
loading, were tested to determine if they were statistically 
different at a 95 percent confidence level. Using the student 
t-test, it was found that there were no significant differ
ences in either COD or phenol effluent concentrations as a 
function of recycle rate although there was a slight differ
ence in the standard deviation. Standard deviation was 
greater for the lower recycle rate for COD and phenol. 

Recycle rate also was varied for studies conducted at an 
organic loading rate of 0.045 g COD/GAC-d. The variation 
in effluent COD and phenol concentration as a function of 
recycle rate is depicted graphically in Figure 5. Effluent 
COD concentrations averaged 21.3, 30.3, and 33.4 mg/L 
for recycle rates of 5.8, 4.6, and 1.9, respectively. Effluent 
phenol concentrations averaged 2.2, 4.0, and 6.3 mg/L, at 
recycle rates of 5.8, 4.6, and 1.9, respectively. Based on the 
student t- test, the differences in effluent quality as a func
tion of recycle rate are significantly different with a 95 per
cent confidence level. This result suggests that the BAC 
columns operated at the higher organic loading may be 
oxygen limited which could be overcome partially by 
increasing the oxygen supply rate through increased recy
cle rates. 

At an organic loading rate of 0.056 g COD/g GAC-d, 
the highest loading rate employed with air as the oxygen 
source, further deterioration of effluent quality occurred as 
shown in Figure 2. At this loading, which was imposed on 
a column after 170 days of operation at a loading rate of 
0.020 g COD/g GAC-d, effluent COD and phenol concen
trations averaged 42.9 and 8.9 mg/L, respectively. These 
effluent levels correspond to removal percentages of 78 
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19.8 3.6 90 72 0:5 0.6 >99 
20.9 3.7 89 72 2.0 1.0 97 
25.9 4.1 93 136 4.6 2.4 96 
52.7 6.8 86 136 13.5 2.8 ·90 
72.6 3.2 80 136 18.9 2.3 86 

and 88 percent for COD and phenol, respectively. 

Long· Term Operation 

To assess the effect of long term BAC column opera
tion, a single column was operated at a constant loading 
rate of 0.025 g COD/g GAC-d for more than 260 days 
(Figure 3). Based on these results, consistent COD and 
phenol removal are achievable with no carbon regeneration 
for long periods of BAC operation. There was variation in 
effluent more phenol performance as evidenced by the 
standard deviation/average ratios for COD and phenol 
which equaled 0.28 and 1.25, respectively. 

om 0.04 O.os 0.D8 0.10 0.12 
Mass Loading, g COD/g GAC-day 

FIGURE 7. Comparison of COD removal rate as a 
function of COD loading rate under pure oxygen 
and air conditions. (For multiple recycle rates, the 
rate determined at each recycle condition Is plot· 
ted.) 
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Table 5 • Solidi YIeId,ln 

Air 

Pure 
oxygen 

Loading rate 
g COD/g GAC-d 

0.020 
0.025 
0.034 
0.045 
0.056 

0.025 
0.034 
0.044 
0.056 

Organic Removal 

TSS,mg/L 

ave. S.D. 

11.5 4.4 
24.6 10.0 
48.4 10.3 
51.6 9.3 
56.4 13.1 

24.4 11.6 
28.2 8.3 
33.7 12.6 
69.1 8.4 

ave. 

9.3 
20.3 
39.6 
42.6 . 
45.9 

17.1 
19.1 
22.6 
47.0 

The relationship between organic loading and removal 
rate is plotted in Figure 6. Average concentrations of COD 
and influent flow rates were used in the calculation. At the 
lower loading rates, COD removal is essentially complete 
while at the higher loading rates some breakthrough is 
apparent. The standard deviation for organic removal rates 
was less than 3% for the lower organic loadings and 
reached as high as 5% for an organic loading rate of 0.056 
g COD/g GAC-d. Based on the data presented, the maxi
mum COD loading rate before breakthrough would appear 
to be between 0.Q3 and 0.04 g COD/g GAC-day. 

Oxygen Supply with Pure Oxygen 

Breakthrough of COD and phenol at the higher loading 
rates during studies conducted with air as the oxygen 
source was thought to be the result of limitations in oxygen 
supply. This belief was predicated on differences in treat
ment performance as a function of recycle rate which 
directly influenced oxygen supply. To further study oxygen 
limitations observed, pure oxygen was investigated as a 
means of increasing the oxygen supply capacity. In the 
pure oxygen studies, seven organic loading rates ranging 
from 0.Q25 to 0.107 g COD/g GAC-d were investigated. 
These rates were selected to provide some overlap with 
those studied when air was used as the oxygenating source. 
Overlap in organic loading rates was achieved between 
0.Q25 and 0.056 g COD/g GAC-d. 

Operational conditions and data collected during the 
pure oxygen studies are presented in Table 4. As shown, 
data collection periods in the pure oxygen studies were not 
as long as those employed during the air studies. While 
column biomass densities may not have reached steady
state levels during these periods for the higher organic 
loading rates, effluent COD and phenol concentrations 
were consistent and likely indicative of long-term steady
state operation. 

At organic loading rates 0.025 and 0.034 g COD/g 
GAC-d, phenol concentration was not detectable in the 
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8.7 
6.2 
8.7 
6.§ 

effluent and COD concentration was below 20 mg/L. 
These results are comparable with the results from the 
studies conducted with air. Effluent variation between the 
two oxygen sources was similar. When organic loading 
rates were increased to 0.044 and 0.056 g COD/g GAC-d, 
effluent from the pure oxygen systems was superior to that 
of comparably loaded air systems. Average effluent COD 
concentrations for these two organic loading rates were 
19.8 and 20.9 mglL and effluent phenol concentrations 
were 0.46 and 1.97 mg/L with typical variation in daily 
effluent performance. Under pure oxygen conditions, 
breakthrough of effluent COD and phenol was experienced 
when organic loading rates were higher than 0.065 g 
COD/g GAC-d. This breakthrough loading rate is about 
two times the breakthrough loading rate for air as oxygen 
source. These trends are demonstrated in Figure 7, which is 
a comparison of organic removal vs. organic loading rate 
achieved in the air and pure oxygen studies. The standard 
deviation for organic removal rate during the pure oxygen 
studies was less than 3% in all cases. 

Loading. Ibs BOtyJOOO ft'.Qay 

§61.5 92.2 122.9 153.7 t84.4 

III 
.. 

b"!j! 
'<i .. 6 __ 111_5.1 

~ 
~IB u . ..,-:-u ..... 
Cl 
8 Ii! .. 

II! 

Ii! 
0.Q2 0.03 0.1J4 o.os 0.118 

LoadiDg, g COD/& OAC-day 

FIGURE 8. COD removal percentage as a function 
of organic loading rate (for multiple recycle rates, 
the rate determined at each recycle condition Is 
ploHed.) 
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.. 6 '; COmputation of Oxygen DefIcit as • Function of Org8nlc .LoadIng end Aeration PrOcedure~ • . , 
COD 

Loading ' 
.Rate 

g CODlg GAC-d 

0.020 

COD 
Loading 
gCOD/d 

Eff. 
COD 
gCOD/d 

0.059 

Obs. 
Yield 

0.051 

Oxygen 
Required 
gOld 

0:863 

Recycle 
Flow 

L/day g 

25 

Oxygen 
Supplied 
Old 

0.205 

Oxygen 
Deficit 
gOld 

0.025 
0.989 
1.261 
1.688 
1.688 
2.231 
2.231 
2.231 
2.813 

0.096 0.113 / 0.978 26 0.213 
0.658 
0.765 
0.798 
0.625 
1.004 
0.772 
0.726 
1.007 

0.034 
0.034 
0.045 
0.045 
'0.045 
0.056 

O2 0.025 
0.034 
0.044 
0.056 
0.065 
0.085 
0.107 

SAC Sludge Yield 

1.245 
1.675 
2.200 
2.775 · 
3.220 
4.244 
5.314 

0.183 0.231 
0.189 0.231 
0.384 0.253 
0.348 0.253 
0.245 0.253 
0.622 0.304 

0.114 0.097 
0.133 0.107 
0.224 0.130 
0.299 0.272 
0.228 0.25 
0.606 0.250 
1.045 0.250 

Sludge production was measured to estimate system 
biomass yields under different loading and operational con
ditions. To measure yield, TSS and VSS concentrations 
were determined for 24 hour composite samples of settled 
effluent and the biomass removed in the clarifier. 

Average yield coefficients expressed as gram VSS pro
duced per gram COD removed are presented in Table 5 for 
air and pure oxygen as oxygen sources, respectively. In 
addition, standard deviations for TSS, VSS, and YOM are 
presented. 

Average observed yields in BAC systems increased 
with increasing loading rate. When using air as an oxygen 
source, the observed yield ranged from 0.051 at a loading 

Ii! 

~ A 

e 
c:i 
00 
U'" 

A 

10 
!I 
!Ii 

!il 

o~--~--~----~--~--~--~--~ 
O.S 0.5 0.1 o.e 0.9 1.0 1.1 1.2 

Oxygen Defici~ g/day 

FIGURE 9. Effluent COD concentration as a func
tion of computed oxygen deficit. 
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1.012 26 
1.008 48 
1.183 22 
1.206 53 
1.273 67 
1.245 29 

0.973 38 
1.306 52 
1.608 48 
1.518 42 
1.925 34 
2.347 32 
2.740 46 

0.214 
0.393 
0.179 
0.434 
0.546 
0.238 

1.404 
1.934 
1.778 
1.552 
1.266 
1.201 
1.720 

0.659 
1.146 
1.033 

rate of 0.020 g COD/g GAC-d to 0.304 at loading rate 
0.056 g COD/g GAC-d. Over nearly the same loading rate 
range (0.025 to 0.056) the pure oxygen yield varied from 
0.097 to 0.272. Because of the relatively short data collec
tion periods employed for the higher organic loading rates 
used during the pure oxygen studies, yield was not mea
sured during these studies. Vssrrss ratios were consis
tently higher for the air studies and averaged 0.82 as 
opposed to 0.68 for the pure oxygen studies. 

Discussion 

SAC System Operation 

As demonstrated by the results of this study, aerobic 

~.-------------------------------~ 
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FIGURE 10. BAC system biomass yield as a func
tion of effluent COD concentration. 
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BAC systems were capable of effectively degrading high 
phenol content wastes. When not oxygen limited by 
organic overloading, COD and phenol removals better 
than 90 and 95 percent were achieved. Start-up was rapid 
even though the carbon columns were presaturated and 
suggests that minimal start-up time would be required to 
place a BAC system into operation. Long-term stability of 
the BAC process was demonstrated under consistent load
ing conditions as well. Carbon replacement was not neces
sary to achieve stable performance in the BAC process. 
Elimination of supplemental carbon usage would serve to 
reduce the cost of BAC operation and ease operational 
complexity. While stable performance was achieved in 
this study under constant influent conditions, the aerobic 
BAC process also has been shown to provide excellent 
treatment performance under extremely variable influent 
conditions in pilot-scale studies conducted OCC Durez 
strong liquor during greater than 100 days of operation 
[14]. 

Organic Loading Rate Capacity In Aerobic BAC 
Systems 

Organic loading and corresponding substrate removal 
rate typically are employed as primary parameters to 
define the operation of a wastewater treatment system. 
Historically, loading rates for fixed-film systems have 
been defined as the mass of substrate applied per unit time 
per unit volume of the reactor [J 5]. These units have been 
used for pragmatic reasons despite the fact that fixed-film 
processes are sensitive to media surface area which is not 
necessarily proportional to volume. 

For conventional low and standard rate fixed-film sys
tems, organic loading rates between 5 to 25 Ibs 
BODfl,OOO ft3-d typically yield 80 to 85 percent BODs 
removal. For high rate fixed-film systems, organic loading 
rates in the range of 25 to 300 Ibs BODfl,OOO ft3-d yield 
65 to 80 percent BODs removal [16]. Loading rates used 
in this investigation, previously reported as g CODlg 
GAC-d, were converted to Ibs CODII,OOO ft3-d using 
empty bed contact time as the volume and ranged from 95 
to 265 Ibs CODII ,000 ft3-d. Assuming that the ratio of 
BODs to COD for this waste is 0.65, the approximate 
BODs loading rate range applied in this study ranged from 
60 to 175 BOD/I ,000 ft3-d. 

The COD removal percentages achieved as a function 
of organic loading rate in this study are presented in 
Figure 8. For ease of comparison with earlier results, per
cent removal is given for loading rates in units of g CODlg 
GAC-d and Ibs BOD/I,OOO ft3-d. As shown in Figure 8, 
the removal percentages achieved in this study are compa
rable, or slightly higher, to those reported for other high 
rate fixed systems. 
Oxygen Limitations In Aerobic BAC Systems 

Although excellent effluent quality was achieved at the 
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lower organic loading rates applied in this study, oxygen lim
itations were suspected throughout the BAC studies. To 
assess whether oxygen limitations were likely during these 
investigations, theoretical oxygen deficits were calculated for 
each organic loading rate applied. Oxygen deficits were cal
culated by comparing the oxygen demand rate vs. the oxygen 
supply rate provided by recycle. Oxygen demand rates were 
calculated by balancing influent and effluent soluble COD 
and the oxygen demand equivalent of new cell growth. For 
these calculations, it was assumed that each mg of dry cell 
material represented 1.42 mg of oxygen demand. For the pur
poses of the oxygen supply calculations, recycle water 00 
concentrations of 8.2 mg/L for air as oxygen source and 37.3 
mg/L for pure oxygen were used. A summary of these calcu
lations is provided in Table 6. 

It is interesting to note that when air was employed as the 
oxygen source, oxygen deficits existed at all loading rates. 
The ratio of oxygen supplied to COD removed by aerobic 
oxidation was between 0.2 and OJ which suggests that signif
icant anoxic biodegradation existed in the columns. When 
pure oxygen was used at the oxygen source, no oxygen 
deficits were calculated for those systems operated at low 
loading rates. Based on the calculated oxygen deficits, oxy
gen limitations were experienced during the pure oxygen 
studies when organic loading rates were higher than 0.065 g 
CODlg GAC-d. 

A strong relationship between effluent COD concentration 
and the computed oxygen deficit was found and is shown 
graphically in Figure 9. When oxygen d\!ficits were less than 
0.8 g/day, insufficient supply of oxygen did not appear to 
adversely affect BAC column performance in terms of efflu
ent COD. At higher oxygen deficits, effluent COD concentra
tion appeared to increase in proportion to the oxygen deficit. 

Biomass Yield 

Typical biomass yields generally fall between 0.4 to 0.6 g 
cellslg COD removed for aerobic heterotrophs utilizing car
bohydrates [14]. In fixed-film systems, biomass yield is often 
lower because of long mean cell residence times. In these 
experiments, biomass yields ranged from 0.05 to 0.37 and 
increased as effluent COD concentrations increased. 
Comparing the results of observed yields and effluent COD 
concentration for air and pure oxygen systems, a direct rela
tionship between observed yield and effluent COD concen
tration was obtained (Figure 10). 

At low organic loading rates, which resulted in low oxy
gen deficits and effluent concentrations, biomass growth like
ly was limited by substrate availability. Under low growth 
rate conditions caused by the substrate limitations, endoge
nous decay had a significant effect on biomass yield, with 
low biomass yields the result. At higher organic loading rates, 
column biodegradation rate was restricted by oxygen supply, 
which resulted in increased bulk fluid COD and phenol con
centrations. Because of increased bulk fluid substrate concen
trations, and limited oxygen conditions which would have 
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been most severe in the biofilm, the majority of growth 
occurred in the bulk fluid. This bulk fluid growth resulted in 2. 
higher apparent yields. 

Environmental Progress, 9, p. 110 (1990). 
Fox, P., et aI., "Hybrid Expanded-bed GAC Reactor 
for Treating Inhibitory Wastewaters," ASeE J. Env. 

Summary 

Based on the results obtained during this study, aerobic 
BAC processes are capable of achieving a high quality efflu
ent when treating the components found in the strong liquor 
produced by Occidental Chemical Corporation's Durez 
Division. Organic removal rates achieved in the BAC sys
tems were comparable to rates typically reported for tradi
tional aerobic fixed-film systems. When operated at organic 
loading rates lower than 0.03 g COD/g GAC-d and air as the 
oxygen source, greater than 90 percent COD removal and 99 
percent phenol removal was achieved. At higher loading 
rates, oxygen limitations resulted in less than optimal perfor
mance. 

To overcome oxygen limitations, pure oxygen and higher 
recycle rates were employed. When pure oxygen was used as 
the oxygen source, optimal performance was achieved at 
organic loading rates in excess of 0.05 g COD/g GAC-d. 
Increases in recycle rate also were found to help mitigate 
oxygen limitations observed during the investigation. In both 
the air and pure oxygen studies, COD removal rates based on 
oxygen demand exceeded the oxygen supply rates indicating 
a portion of the organic conversion achieved was brought 
about through anoxic and/or anaerobic biochemical path
ways. 

Long term stability of operation of the BAC process was 
excellent with one aerobic BAC column operated under the 
same conditions in excess of 260 days. During that time, con
sistent column performance was achieved without the need to 
provide supplemental carbon or carbon regeneration. System 
biomass yields ranged from 0.05 to 0.30 g VSS/g COD 
removed and increased with effluent COD concentration. 
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The combination of sorbent injection and selective noncatalytic reduction (SNCR) technologies has 
been investigated for simultaneous SO/NOx removal. A slurry composed of a urea-based solution 
and various Ca-based sorbents was injected at a range of temperatures and reactant/pollutant stoi
chiometries. Testing on a natural gas pilot-scale reactor with doped pollutants achieved up to 80% 
reduction of S02 and NOx at reactant/pollutant stoichiometric ratios of 2 and 1, respectively. S02 
emission reductions from slurry injection were enhanced compared with dry Ca(OH)2 sorbent injec
tion methods possibly due to sorbent fracturing to smaller, more reactive particles. Emissions from 
NH3 slip and Np formation were reduced in comparison with others' published results while similar 
NOx reductions were obtained. The injection of the urea-based solution enhanced the S02 removal, 
likely due to the formation of a (NH4)2Ca(S04)2oHP compound. The results of this pilot scale study 
have shown high reduction of both SO 2 and NO x' suggesting the need for full scale studies to further 
assess this combined sorbent/urea-based slurry injection technology. 

Introduction 

Passage of the 1990 Clean Air Act Amendments has initi
ated extensive evaluation and planning for strategies to 
meet S02 and NO. emission requirements. Furnace sorbent 
injection for S02 removal is a technology that has been 
field tested on a number of units, achieving, for example, 
63% removal at a CatS = 2 with a calcium hydroxide 
[Ca(OH)2) sorbent and 72% with a surfactant-modified 
Ca(OH)2 sorbent on a 105 MW(e) wall-fired unit [1]. 
Lower S02 removals are typically achieved with calcium 
carbonate (CaC03) sorbents. 

The anticipated NO. regulations may be met, at least in 
part, by selective noncatalytic reduction (SNCR) which has 
achieved about 60% NO. reduction on a 150 MW(e) coal 
boiler at a molar ratio of reductant N to initial NO. concen
tration (NINO.) of 2 [2) and has been the subject of 
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numerous laboratory or pilot-scale studies [3, 4). SNCR 
involves high temperature (about 800 to I 100°C) furnace 
injection of a N-based reducing agent such as urea 
(NH2CON~) or ammonia (NH3) which converts NO. to 

N2' 
Most concerns with use of SNCR center around NH3 

slip resulting from incomplete reaction of the injected 
reductant and production of nitrous oxide (NP) due to 
incomplete reduction of NO •. NH3 slip can result in forma
tion of ammonium bisulfate (NH4HS04) around 300°C and 
ammonium sulfate [(NH4)2S04) around 150°C. The former 
can deposit upon air preheater surfaces causing reduced 
heat transfer and increased pressure drop. It can also cause 
formation of NH4Cl around 100°C which results in a visi
ble white plume in the stack emissions. N20 has been 
implicated as a contributor to stratospberic orone depletion 
(5) and global warming, the latter due to its ability to 

May 1992 155 



absorb infrared radiation (6). 
Research has demonstrated that levels of NzO and NH3 

emissions from various SNCR compounds are extremely 
sensitive to injection temperature [7,B) . Efforts to widen 
the applicable temperature injection window and control 
NH3 slip and NzO production through use of additives (9) 
have brought about some success, yet these remain con
cerns that need to be addressed on any SNCR-type process. 

The objective of this research was to develop the tech
nology of simultaneous SOz and NO. removal by injection 
of a Ca- and urea-based slurry while minimizing emissions 
of NzO and NH3. Research on a similar SOfNO. control 
process has shown considerable merit (10), yet significant 
questions still remain in the industry concerning NH3 emis
sions and NzO byproduct formation. Variables of operation 
included injection temperature, stoichiometric ratio, and 
sorbent type. Emissions monitoring results for SOz' NO., 
NzO, CO, and NH3 are reported. 

!:xperimental 

Furnace 

Dry sorbent and slurry injection tests were run on a 
pilot-scale 14.7 kW (50,000 Btu/hr), refractory lined, 
down-fired cylindrical furnace capable of firing natural gas 
or coal. The furnace, termed the "Innovative Furnace 
Reactor" (IFR), has an inner diameter of 15.2 cm and an 
overall length of about 4 m. View and injection/probe ports 
traverse the length of the furnace for testing flexibility. The 
furnace is used to simulate the gaseous combustion envi
ronment and quench rate conditions anticipated in utility 
and industrial boilers. During natural gas firing, this is 
accomplished by doping the fuel with NH3 (which is oxi
dized to form NO.) and SOz' Typical operating concentra
tions were 600 ppm NO. and 2,500 ppm SOz' The furnace 
was operated with tangential and axial air totalling 0.39 
m3/min STP, including an excess air of 50%. 

Emissions Sampling 

Gas emissions are sampled in the downstream duct sec
tion of the IFR and pass through heated sample lines to 
continuous emission monitors (CEMs). Analysis of S02 
concentration by an ultraviolet analyzer follows particle 
traps and a heated sample line (",350°C). S02 removal per
centages reported in this work are typically determined by 
running at least six tests between CatS = I and Cats = 3. 
These values are then curve fit by a regression technique 
and interpolated to the reported removal at CatS = 2. NO. 
is analyzed by a chemiluminescent method. This method 
reports NO. concentrations that do not include N02; earlier 
tests showed that the N02 concentrations were below 5% 
of the total NO. concentration. All gas emission results are 
corrected to 0% 02 levels. 

Gases analyzed for CO2, °2, and CO were first passed 
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through a gas dryer and a desiccant canister of anhydrous 
CaS04• All of the above on-line CEMs are zeroed and 
spanned with gases of known concentration both before 
and after each daily trial. 

N20 concentrations were monitored by both on-line gas 
chromatography (GC) and tunable diode laser infrared 
(TDIR) spectroscopy methods. The GC was used for analy
sis of grab samples taken before and during testing using 
procedures in Reference II . The TDIR was used to moni
tor real time stack NzO emissions. The TDIR compares the 
infrared absorption of the gas sample to a known concen
tration of NzO span gas at the wavelength of NzO. This 
method and apparatus, which are detailed further in 
Reference 12, were calibrated for this work over the 20 to 
80 ppm range, with an accuracy of ± 0.75 ppm. The two 
methods' results were comparable. Tests conducted at six 
varying conditions showed a linear correlation coefficient 
exceeding 0.99 between the two methods (for further com
parison of N20 analytical methods see Reference 13). 

The analysis of stack gas NH3 concentration was com
pleted by wet methods using a Fisher Accumet ion selec
tive electrode . The stack gas was drawn through an 
impinger system containing 0.02N H2S04, Prior to mea
surement, the pH was adjusted with 10M NaOH solution. 
The ion selective electrode, coupled with a pH meter, 
determines the NH3 concentration. The meter and electrode 
were calibrated prior to analyses with known standards and 
checked throughout the testing to ensure that the values fell 
within the manufacturer' s limits. 

SorbentiUrea Solution Injection 

Testing during this work included dry sorbent injection, 
slurry sorbent injection, injection of two urea-based solu
tions with trade names NO.OUT A and NO.OUT A+ 
(Nalco Fuel Tech), and simultaneous injection of a 
N0.oUT Nsorbent slurry. N0.oUT A, hereafter referred 
to as "urea," is a urea solution including a dispersant and 
antiscalant. NO.OUT A+, hereafter referred to as 
"enhanced urea," is a urea-based solution with added reac
tants that shift the equilibrium point of the NzO formation 
mechanism (described in Reference 8) away from the NzO 
product. Tests involving injection of an NH3 solution were 
included for comparison of results with those of other 
researchers . The sorbents tested consisted of CaO, 
Ca(OH)2' and CaC03, all supplied by the Tenn Luttrell 
Company. Dry sorbent was fed by a K-Tron loss-in-weight, 
twin screw feeder which was calibrated prior to and after 
each run. Slurried sorbent at 30% solids by weight was 
continually mixed in a tank and metered into a Turbotak 
nozzle by a calibrated peristaltic pump. Baseline emission 
values prior to testing slurry injection were monitored 
while injecting an equivalent amount of deionized water 
(H20). Urea-based and NH3 solutions were metered into 
the water or slurry injection by means of a calibrated dual 
syringe pump. A typical test scenario involved baseline 
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emission monitoring during H20 injection without urea 
solution flow, then addition of the urea-based solution to 
the slurry flow, and a final return to Hp-only injection to 
ensure return to baseline emission concentrations. 

Both dry sorbent and slurry were injected through 
water-cooled probes that inject coaxially to the process gas. 
The dry sorbent probe injects 15.7% of the total IFR air 
flow to effect sorbent conveyance and dispersion. The 
Turbotak slurry probe uses air (18 % of the total IFR air 
flow) to effect droplet atomization. 

The slurry droplet size distribution exiting the Turbotak 
nozzle was determined through use of a Munhall particle 
size analyzer which determines droplet size by measuring 
diffraction of laser light. These droplet sizes were mea
sured outside of the IFR using Hp flow rates and pres
sures identical to in-furnace operation. The nozzle had a 
droplet size distribution with a D50 of 13 ~ and a D90 of 
88 ~. Prior to IFR testing, analysis of the slurry droplet 
size distribution with a spray trajectory model [J 4) ensured 
that the large droplets would not impinge on the furnace 
walls or remain unvaporized. Sorbent particle sizes were 
determined in a bench top measurement using a 
Micromeritics Sedigraph Model 5100. 

Solid Sampling 

IFR solid samples were collected isokinetically with a 
water-cooled sample probe. Gases passed through a parti
cle filter and ice bath impingers, then into a dry gas meter 
with flow rate control to ensure isokinetic sampling. These 
solid samples were analyzed by x-ray diffraction to identify 
compounds of reaction. Diffraction analyses were run on a 
Siemens diffractometer with a copper Ka target source 
running at 50 k V and 40 mAo 

Temperature Profiles 

The temperature profiles through the IFR firing natural 
gas were determined using a suction pyrometer and a type 
R thermocouple. Temperatures were determined during 
injection of air or air/Hp to mimic the conditions expected 
during dry sorbent and slurry/urea injection, respectively. 
The temperature at the point of the injection nozzle was 
calculated by extrapolation of the temperature values from 
downstream ports. The quench rate for natural gas firing 
with slurry and dry sorbent injection was nominally 240 
and 293°C/s, respectively, over the range of injection ports. 

Results 

Sulfur Dioxide Tests 

Initial tests compared the S02 removal of slurry vS. dry 
injection modes for both Ca(OH)2 and CaC03. Figure I 
shows the effect of varying injection temperature upon the 
S02 removal by CaC03 at a Ca/S ratio of 2. The S02 
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FIGURE 1. Effect of Injection temperature upon S02 
removal in CaC03 tests (Ca/S = 2, S021 = 2,500 

removal during both dry and slurry CaC03 injection was 
fairly independent of injection temperature, given the rela
tive error in the plotted values. Both dry and slurry injec
tion appear to have relative maxima in S02 removal, about 
50%, around the I,OOO°C injection temperature. The addi
tion of urea solution to the slurry water (replacing an equal 
volume of water) may have caused a slight increase in S02 
capture, but insufficient runs were completed for statistical 
certainty. 

The same tests for dry injection of Ca(OH)2 (Figure 2) 
indicate that S02 removal, with a maximum around 
1,200°C, was relatively independent of injection tempera
ture. The slurry injection curve is similar to the dry sorbent 
injection curve except for a significant maximum in S02 
removal around I,OOO°C, where S02 capture increases to 
about 73%. Tests with urea addition to the slurry water 
mimic the temperature response of the sorbent-alone slurry, 
but indicate significantly higher S02 removal (about 10%, 
absolute) up to a maximum around 85% capture. 

Limited tests were also done with commercially avail
able Tenn Luttrell CaO (lime). In these tests, as-received 
Ca(OH)2 was tested against a CaO slaked with the slurry 
injection water prior to injection. The results (also shown 
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600 ppm. 

on Figure 2) indicate that injection of a CaO slaked under 
nonoptimized hydration conditions yields equal S02 cap
ture to the as·received Ca(OH)2' Similarly, injection of the 
slaked CaO slurry with the urea solution resulted in similar 
capture to the as-received Ca(OH)2 with urea, about 85% at 
catS = 2. 

Nitrogen Oxide Tests 

Tests were conducted over a range of temperatures to 
measure the temperature sensitivity of both the urea and 
enhanced urea reductants. Tests varied from about 821 to 
1,170°C with a N/NOxi of I (note that urea breaks down 
into 2 moles of reductant N per mole of urea). The results 
of testing with urea, encompassing NOx' NH3, NP, and 
CO emissions, are shown in Figure 3. For reference, S02 
removal results from slurry injection are superimposed on 
this figure, although these results were not obtained simul
taneously (other results showed that the effect of concur
rent sorbent injection upon NOx removal is unnoticeable; 
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FIGURE 4. Effect of injection temperature upon 
emissions using enhanced urea solution (N/NOxl 
= 1, NOxl = 600 ppm). 

tests with and without sorbent in the slurry did not prove to 
affect NOx removals). For urea, a peak NOx reduction of 
82% is achieved at the optimum temperature of about 
l,lOO°C, while NOx reductions greater than 70% were 
obtained between injection temperatures of about 980 and 
1140°C. 

In comparison to these results, Figure 4 shows the 
results of the enhanced urea. The maximum NOx reduction 
was 81% at the optimum injection temperature of around 
IlOO°C and an N/NOxi of I. However, NOx removals of 
greater than 70% were achieved at injection temperatures 
ranging from 930 to 1,llOoC, about 50°C lower than with 
the urea solution. 

The effect of N/NOxi upon NOx removal for urea and 
enhanced-urea is shown in Figures 5 and 6, respectively. 
NOx removal increases with N/NOxi until around an 
N/NOxi of 1.5, where the NOx removal starts to level off. 

N20 emission levels (Figure 3) for urea generally 
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FIGURE 6. Effect of N/NOxl upon emissions using 
enhanced urea solution (Injection temperature = 
997°C, NOxl = 600 ppm). 

Environmental Progress (Vol. 11, No.2) 



appear to follow NO, removal levels; peak NzO emission 
(90 ppm) occurs at the same temperature as peak NO, 
removal, about 1,IOO°C. Peak NzO emissions using the 
enhanced urea (Figure 4) appear to occur about 50°C 
higher than the optimum injection temperature for NO, 
removal. For both urea solutions, NzO emissions follow a 
similar temperature response, although levels for the lat
ter (peak value of 34 ppm) are consistently about one
third of the former. 

For tests conducted near the optimum injection tem
perature for NO, removal (l,087°C), increasing N/NO'i 
values results in greater NzO emissions for both urea 
solutions (Figures 5 and 6, respectively). N20 concentra
tion ranges from 29 to 91 ppm for an N/NO'i of 0.5 to 2, 
respectively, for urea. The enhanced urea appears to be 
less sensitive to N/NO'i increases, ranging from 10 to 50 
ppm for N/NO'i values of 0.5 to 2. For both urea-based 
chemicals, NzO emissions are only slightly affected by 
changing N/NO'i values between I and 1.5. 

NH3 concentrations for urea injection (Figure 3) reach 
a maximum of 88 ppm at 821°C. Increases in injection 
temperature show declining concentrations with increas
es in injection temperature. Peak NH3 levels of 83 ppm 
for the enhanced urea (Figure 4) at 821°C are reduced 
below 5 ppm at injection temperatures of 887°C and 
higher. 

Changes in N/NO'i values affect NH3 emissions, as 
seen in Figures 5 and 6. Increases in N/NO'i for both 
urea-based solutions result in higher levels of NH3. As 
with N20, NH3 levels with the urea solution are only a 
weak function of N/NOxi changes from I to 1.5. 

Discussion 

Sulfur Dioxide Tests 

Comparison 

The S02 removals (",40 to 50%) reported in Figure I 
for dry CaC03 particles (all reported S02 values are at 
Ca/S = 2) somewhat exceed previous results (",40%) for 
testing in this furnace [l5] and others [16]. The SOz 
removal results for dry Ca(OH)z sorbent injection, ",62%, 
are consistent with earlier testing in this reactor [15, 17] 
and numerous tests by others [18]. While it is difficult to 
compare results between dissimilar furnaces, fuels, initial 
SOz concentrations (SOZi)' and sorbents, the results for 
CaC03 slurry injection (",50 to 60% at Ca/S = 2) are con
sistent with results from Reference 19 of about 40 to 
55% at Ca/S = 2 and four different coal/sorbent combina
tions. Later work [10] indicates SOz removals with a 
Ca(OH)2 slurry (Ca/S = 2) of 78%, comparable to our 
peak value of ",74%. 
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Temperature 

The results for both dry and slurry Ca(OH)2 injection 
(Figure 2) are similar to those found for dry and slurry 
CaC03 injection in that they are, with one significant 
exception, relatively insensitive to temperature. While 
greater sensitivity to injection temperature for dry sor
bent injection may be observed in other facilities (see, 
for example, References 16 and 18), this phenomenon is 
a strong function of reactor quench rate; the temperature 
response profile of S02 capture becomes flatter for 
lower quench rates. The IFR has a fairly moderate 
quench rate of about 250°C/s. Results from a pilot facili
ty [19] operating at a quench rate of 500°C/s did show 
greater temperature sensitivity of S02 capture with slur
ry injection. As expected with this higher quench rate, 
the optimum slurry injection temperature ("'1,200°C) 
was determined to be about 150°C higher than in our 
work (",I,050°C). 

Dry Versus Slurry Injection 

The equal or greater capture by CaC03 slurry vs. dry 
injection has been attributed to particle fragmentation or 
delayed sintering [20] . However, the range of data on 
our tests is insufficient to be conclusive - certainly there 
is not a significant effect of slurry injection with CaC03• 

The levels of S02 removal from the upper 50% to 
about 70% (excluding the urea addition results) are typi
cal for dry Ca(OH)2 sorbents. Significantly greater S02 
removals (about 10%, absolute) with slurry vs. dry 
injection result at one temperature (l,OOO°C). 
Unfortunately, further definition of this temperature 
peak was impossible due to injection port limitations. 
The mechanism for this enhanced removal during ~lurry 
(vs. dry) injection remains speculative. 

Effect of Urea 

Tests with urea added to the sorbent slurry show sig
nificant improvement over the slurry alone or dry tests. 
Improvements in S02 capture exceeding 10% absolute 
occur throughout the 880 to 1,170°C injection range. 
This phenomenon was also observed [3] when testing a 
hydrated lime/urea mixture and comparing it with the 
hydrated lime alone. It was speculated that the enhance
ment was due to either increased sorbent surface area 
and porosity from urea decomposition in the sorbent 
crystal structure or reactions between S02 and urea 
decomposition products in the sampling system. Our 
results suggest, however, that the mechanism of 
enhancement of the sorbent's ability to capture S02 is 
likely the. reaction of the sorbent and urea-based com
pound with S02' X-ray diffraction results from IFR solid 
sampling during urea injection indicate, along with the 
expected CaS04, the significant presence of 

May 1992 159 



100.------r----r----,----,100 

80 

~ 60 

It! 
0"40 
z 
'#. 

20 

REFERENCE 8 REFERENCE 4 --j,._. () 

' .. 
" " 

() 

'~ 

O~---L---~---L-~~ 

80 

60 

40 

20 

800 900 1000 1100 1200 
INJECTION TEMPERATURE (OC) 

FIGURE 7. Effect of injection temperature upon 
NOx removal with NH3 solution (NOxl = 600 ppm) 
compared with Reference 8 (NOxl = 700 ppm) and 
Reference 4 (NOxl = 619 ppm). 

(NH4)2Ca(S04)2·HP (koktaite). It is clear at these high 
temperatures, that CaO, S02' and the urea breakdown prod· 
uct (NH3) may react together to increase S02 removals 
beyond that expected simply from the presence of CaO 
[from Ca(OH)2 or CaC031 alone. 

Ca(OH)2 Vs. CaO Slurry 

The inability to distinguish between the S02 reactivity of 
the slurries from commercially available Ca(OH)2 vs. labo
ratory-slaked CaO suggests the simplicity of the hydration 
process towards production of reactive sorbents. Purchase 
costs of hydration and transportion of the added weight of 
~O in Ca(OH)2 to the site can be avoided if CaO is mixed 
at the boiler site. While it is likely that improved methods of 
CaO slaking will increase the sorbent reactivity, our rudi
mentary methods of sorbent slaking were sufficient to 
match the results of manufacturer-supplied Ca(OH)2' 
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Nitrogen Oxides Tests 

Comparison 

IFR test results show NO. removals with urea at I,OOO°C 
and varying N/NO.i that are virtually identical to those 
demonstrated in Reference 10 under similar conditions (see 
Figure 5). While less similar results have been reported with 
urea injection by References 8 and 9, direct comparison is 
made tenuous by experimental differences in reductant 
phase (solid urea) and NO.i value (250 ppm), respectively. 

Tests with NH3 solution injection were conducted to 
obtain data for comparison with others' results in an effort 
to assess any reactor-specific trends and validate the find
ings of this work, particularly in reference to N20 and NH3 
emissions. 

The results of NH3 solution injection at an N/NO.i of 1 
are shown in Figure 7, indicating that NO. removal exceeds 
50% over a fairly broad temperature range, 887 to I, 14O"C. 
These findings are consistent with NO. removal results of 
References 4 and 8 at an N/NO.i of 1. The NO. removal 
response to varying the N/NO.i of the NH3 solution is 
shown in Figure 8, compared, likewise, with References 4 
and 8. 

CO emissions reported in Figures 3 through 6 are includ
ed to show the effect of injection temperature and NINO.i. 
These emission levels, generally 40 ppm or less, are similar 
to those of Reference 9. A significant increase in CO emis
sions at lower injection temperatures [91 is not observed, 
perhaps because our injection range did not extend that low. 

These results indicate that reactor-specific differences in 
NO. removal under similar testing conditions between these 
three laboratories are not significant and that results 
obtained in our research may apply equally well to others' 
reactors. 

Urea Vs. Enhanced Urea 

Use of enhanced urea vs. urea solution in this work 
improved the NO. removal values at lower temperatures. 
This raises the possibility of staged injection of these chemi
cals at high and low temperatures, respectively. This has the 
additional benefit of reducing thelocal "load" of the nitrogen 
reductant injected into the flue gases, thereby minimizing 
potential NH3 slip problems. 

Values of Np production as a function of NO. reduction 
(plotted as ~N20/~0. in Figure 9) for both urea-based 
solutions were almost exclusively less than those of 
References 8 and 21 with pure urea. Work reported in 
Reference 8 was done on a pilot-scale, natural-gas-fired 
combustor (described more fully in Reference 9) doped with 
NH3 to produce NO., and Reference 21 used a pilot-scale 2 
MW(t) coal-fired circulating fluidized bed. This suggests 
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with References 8 and 21. 

that technical improvements to the pure urea solution, repre
sented here by the urea and enhanced-urea formulations, can 
have an impact upon N20 emissions in SNCR processes. 

Levels of NH3 emissions, usually termed NH3 "slip" in 
reference to the unreacted N-based reductant, for both 
urea-based solutions show trends of reduction with increas
es in temperature consistent with results of others [9]. For 
purposes of comparison, Figure 10 replots the NH3 slip 
emissions during injection of both urea solutions with those 
from Reference 9. Despite a NO,; level over twice that of 
Reference 9, NH3 slip values in our work are significantly 
less throughout the full temperature range. This may likely 
be due to subtle differences in the experimental combustors 
combined with the increased reactivity of the enhanced 
urea formulation at lower temperatures. 

Conclusions 

This work has demonstrated on the pilot scale the success-
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NH3 emissions at an N/NOxl = 1 compared with 
Reference 9. 

Environmental Progress (Vol. 11, No.2) 

ful coupling of Ca-based sorbent injection and SNCR tech
nologies in a slurry injection process. S02 and NO, 
removals of about 70 to 80% at Ca/S = 2 and an NINO,; = 
I, respectively, have been observed. 

S02 emission control is enhanced by the combined tech
nologies; identification of NH/Ca/S04 compounds sug
gests that the urea·based solutions react with Ca and S02 to 
effect additional S02 removal. Some evidence exists for 
the enhancement of S02 capture during slurry vs. dry injec
tion of sorbents, albeit over a narrow temperature range . 

Comparative levels of NH3 and N20 are significantly 
reduced below levels previously reported for urea injection 
through use of modified urea-based solutions. Near the 
peak NO, removal levels (80%) for the enhanced urea 
solution (NO,; = 600 ppm, NINO,; = I), emission levels of 
NH3 and N20 were below 5 and 20 ppm, respectively. 
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