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NEW GUIDELINES FOR SAFER CPI 
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GuidaUnes for the Taclmical Management 
of Chemical Process Safety 

224 pp $50 sponsors/members $100 others G8 

Today a company cannot continue practices and operations that present 
unacceptable levels of risk to the public, customers, or in-plant personnel. When 
you put a quality chemical process safety management program in place you 
reduce risks, protect people, gain economic rewards, and help to preserve our 
natural environment. 

This book describes the 12 basic elements that must be considered in the 
development of a management system in the context of plant design, 
construction, operation and management. 
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Quantitativa Risk Analysis 

624 pp $90 sponsors/members $180 others G6 

Builds on GUIDELINES FOR HAZARD EVALUATION PROCEDURES 
(CCPS 1987), shows how to make quantitative estimates of risks identified. 
Worked examples and case studies illustrate the' potential and the component 
techniques of CPQRA. Includes management overview AND basic guidance in 
techniques for process engineers. Covers analysis of acute hazards in emergency 
unplanned episodic releases and emergency relief vents. 

Guidelines for Process Equipment Reliability Data, 
with Data Tables 

320 pp $60 sponsors/members $120 others G7 

Supplements CPQRA GUIDELINES with failure rate data to perform a 
CPQRA. Contains easily accessible data in the CCPS Generic Failure Rate Data 
Base, information on several generic data resources, and procedures to develop 
failure rate data using information from the plant and process studied. 

CCR 
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PROCESS SAFETY of AlChE 

-------------------don~ delay!---------------------------
Order TODAY from: American Institute of Chemical Engineers, Pub, Sales, 345 E, 47 St., NY, NY l00l7 

Call 2U· 705-7657 for speedy credit card orders & quantity prices 
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Editorial 

Let's Really Support Recycling 

Gary F. Bennett 

Disposal of hazardous materials, especially to land, is becoming increasingly difficult. However, in spite of 
this trend, the options for handling metal sludges are increasing. New pyrometallurgical and 
hydrometallurgical processes are being developed to economically compete with chemical solidification and 
land disposal of hazardous metal-bearing sludges. 

Currently, Best Demonstrated Available Technology (BOAT) for certain U.S. EPA-deSignated F, K and 
o series wastes is chemical stabilization, which can be accomplished by adding cement kiln dust to the 
sludges. Many factors influenced the U.S. EPA to establish these BOAT regulations. However, it does not 
make political or economic sense to increase the volume and weight of metal sludges using chemical 
stabilization. Also, the country's limited and decreasing hazardous waste landfill capacity should be utilized 
for wastes that cannot be economically reclaimed. 

Both domestic and foreign smelters are being utilized to reclaim metals. However, costs are sometimes 
excessive and the generator does not receive value for metals recovered. Restrictions are being placed on 
these smelters in terms of trace metal contaminants. 

Recent advances in pyrometallurgical technology have been made. Using patented processes, purified 
metal alloys can be produced economically by even small generators (above 50 tons/yr). Slag depleted of 
valuable metals is a by-product of the treatment processes, and it has multiple uses in the construction 
trades. 

Generators should <-'Ontact their TSD facility and encourage them to consider installing a recycle process 
for metal wastes. A recycle process will lower processing costs through sales of metal alloys and slags. 
However, pt!rhaps the most significant factor to the generator is the elimination of future RCRA liability. 

Generators can install a pyrometallurgical process in their own plant depending upon waste characteristics 
and waste loads. Due to the high capital cost for hydrometallurgical processes, these processes may only be 
economical at large central reclaim facilities. The downside of central reclaim facilities is that generators still 
have the transportation costs and the generator is not rewarded for metals reclaimed. 

The U.S. EPA is committed to recycling in accordance with their Pollution Prevention Policy published 
in the Federal Register dated Jan. 26, 1989 and with the mandates ofRCRA (Resource Conservation and 
Recovery Act). Both Federal and State regulatory agencies must become pro-active to reduce regulatory red 
tape for legitimate recycling processes. But being pro-active does not mean promulgation of further 
stultifying regulations such as case by case determination of the process regulatory status. This situation 
Significantly retarded the use of transportable incinerators. A blanket approval of the technology is needed. 
"Case by case" decisions on legitimate recycling technologies simply present another moving target for 
industry. 

Recycle processes are available today. Certain recycle processes are less expensive than landfilling. 
Insist that your feedstock (formally considered hazardous wastes) be recycled either in the producing plant 
or at the receiving TDS facility. 

Gary F. Bennett, PhD, P. Eng., DEE, is editor of Environmental Progress. He is also editor of the 
Journal of Hazardous Materials and is Professor of Chemical and Biochemical Engineering at the 
University of Toledo. 
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Washington Environmental Newsletter !' 

Department of Defense Takes on "Environmental Battle" 

Defense Secretary Dick Cheney has committed DOD to lead the administration's battle against 
pollutants, by ensuring all facilities , including military bases meet environmental standards. 

"I want every command to be an environmental standard by which federal agencies are 
judged," Cheney said. 

Given the widespread view that DOD is not only the most polluting but also the most 
environmentally insensitive of any federal agency, Cheney's initiative reflects a personal 
commitment to clean up more than just the Pentagon's image. 

By mid-February, DOD Deputy Secretary Donald Atwood is expected to issue a detailed 
gUidance to Cheney's memo which orders service secretaries to integrate an9. budget 
environmental considerations into their activities and operations. The initiative has already been 
backed with money-an additional $101 million this year for the Pentagon's estimated $1.2 billion 
environmental funds and another increase slated for 1991. The R&D portion is now at $27 rni~lion . 

Deputy Secretary of Defense (Environment) is William Parker III who is calling for opent, . 
communications in the Pentagon and the recognition of a "new ethic." The key words for 
environmental leadership are compliance, adequate budget and people-getting them trained. 
Parker also believes that under current legislation, DOD will have time to implement cost
effective programs. As an engineer, Parker is concerned about the "emotionalism" environmental 
issues generate. DOD will turn to outside contractors for help in setting and meeting priority 
activities .. 

BiU Calls for Report on Environment 

DOD's actions dovetail with a bill introduced by Sen. John Warner (R., Va.) that would require 
the president to make an annual report to Congress on "National Environmental Strategy," similar 
to the "National Security Strategy" report first required by Warner-introduced legislation in 1987. 
The bill is designed to put environmental concerns on a par with national security as a U.S. 
strategic interest. A member of the Senate's Environment and Public Works Committee said ~hat 
both Congress and the private sector need an annual update to meet the environmental challenges 
of the future. 

Under the terms of the proposal, the President would provide a comprehensive discussion of all 
federal policy, plans and programs as well as an equally comprehensive description of national and 
global environmental problems. The report should include the integration of environmental 
strategy with national strategies for science and technology, energy, education and technology 
transfer. 

CWRT ~rogress 

As the new AIChE Center for Waste Reduction Technologies gets organized and into operation, 
this column will report on CWRT's progress and its interactions with government efforts in 
pollution prevention. 

This material was prepared by AIChE's Washington Representative, Siegel. Houston & Associates, Inc. 
Suite 333,1707 LStreet, N.W., Washington. D.C. 20036. Tel. (202) 223-065Q 
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Environmental Shorts 

Coalition Superfund Names New Chairman 

Lee M. Thomas, Administrator of 
the Environmental Protection 
Agency (EPA) from 1985 to 1989, 
has recently been appointed chair
man of the Coalition on Superfund. 

Thomas is the chief executive of
ficer of Law Environmental, Inc., a 
national environmental engineering 
and policy firm . Law Environmental 
specializes in solving hazardous 
waste problems, specifically those 
found at Superfund sites. 

"I look upon this position with the 
Coalition as an exciting opportunity 
to reinforce the Superfund goals for 
hazardous site cleanup," Thomas 
said. "The Coalition intends to con
tinue to rigorously and impartially 
examine the current Superfund 
program." 

The Coalition on Superfund was 
founded in 1987 under the leader
ship of William D. Ruckelshaus and 
Charles E. Walker, to encourage 
and conduct objective research on 
the nature and implementation of 
the Superfund law. The Coalition is 
comprised of major manufacturing, 
chemical processing, insurance and 
waste management companies that 
support the goals of the Superfund 
program. In 1989, it funded and re
leased the results of four interrelated 
research projects that focused on the 
law and its implementation. 

Ruckelshaus, who served as the 
first chairman of the Coalition, is 
currently chief executive officer of 
Browning-Ferris Industries, Inc., a 
member company of the Coalition. 
Under Thomas' direction, the man
agement of Coalition activities will 
be shared by Charles E. Walker As
sociates and the Environmental Pol
icy Center, a Washington, D.C. of
fice of Law EnVironmental, Inc. 

"Lee Thomas has unequaled 
knowledge of the Superfund pro
gram and the issues surrounding it, a 
result of his experience in both the 
public and private sectors. I think he 
is exactly the right person to head 
the Coalition's effort, and believe 

that he will be an important voice in 
the evolving environmental public 
policy discussions," William D. 
Ruckelshaus said. 

Thomas has served as a preSiden
tial appointee in two key environ
mental policy positions. Prior to 
being EPA Administrator, he 
headed the Agency's hazardous and 
solid waste program, which includes 
Superfund. He managed the pro
gram's day-to-day operations and es
tablished policy direction in its early 
days. From 1984 to 1986, he was the 
principal architect of Administration 
Superfund policy during the reau
thorization process. 

"Lee Thomas brings extensive, 
hands-on environmental policy ex
perience to the Coalition," Ruck
elshaus said, "He has detailed 
knowledge of the intricacies of the 
Superfund program, sought to inte
grate this law with other laws under 
EPA's jurisdiction, and has worked 
closely with environmental groups, 
state officials and private companies 
on major Superfund issues." 

The Coalition-sponsored research 
projects, and other projects, includ
ing recently released EPA and con
gressional oversight studies, have 
identified obstacles to effective im
plementation of Superfund. 

"As the Coalition moves forward, 
we will continue to both encourage 
and conduct objective research on 
the current Superfund program," 
Thomas said. "In addition, we will 
focus research on methods to 
achieve the goals of Superfund." 

Thomas also noted that he has 
spent many years dealing with 
Superfund issues. "I want the law to 
work, " he said. "If research indicates 
that there are policy alternatives that 
could improve Superfund, I hope we 
can get other groups to give them 
serious consideration and a fair 
hearing. " 

The Coalition is currently review
ing possible research projects. 
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MIT Group to Hold 
Conference on 

Incineration 

The MIT Hazardous Substances 
Management Program, an environ
mental research and action program, 
will hold a one-day conference, "In
cinerator Monitoring: Techniques 
for Assuring Performance and 
Building Public Trust," beginning at 
8:00 a.m. on Wednesday, June 6, 
1990, at Kresge Little Theater at the 
MIT Campus in Cambridge, Massa
chusetts. The conference is spon
sored by the U.S. EPA as part of a 
national effort to encourage sound 
waste management practices. 

The purpose of the conference is 
two-fold. First, speakers will define 
the "state of the art" of incinerator 
monitoring. They will present pa
pers on federal and state monitoring 
requirements and incinerator opera
tors' experience complying with 
these requirements. Second, speak
ers will consider how current prac
tice could be improved to ensure 
regulatory compliance and to build 
public confidence in incineration. 
Emerging monitoring techniques 
will be described, such as continu
ous emissions monitoring. 

Conference organizers have in
vited speakers from government, in
dustry, and environmental groups to 
ensure that a broad range of per
spectives is represented. 

The conference is part of the ac
tivities of the EPA Northeast Haz
ardous Substances Research Center, 
a consortium of the New Jersey In
stitute of Technology, MIT, and 
Tufts University. 

Cost of registration is $100 for rep
resentatives for industry and $35 for 
representatives from government 
and private non-profit organizations. 
This cost includes a copy of confer
ence proceedings. Scholarships are 
available. 

For more information, call Jen
nifer Nash at the Hazardous Sub
stances Management Program at 
(617) 253-0902. 
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E~Shorn 
(Conlinued from preoioua page) 

Academy of Environmental Engineers Names Officers 

David M. Benforado, P.E., DEE 
was installed as President and 
Joseph F. Lagnese, Jr., P.E., DEE 
was installed as President-Elect for 
1989-90 at the Annual Meeting of 
the American Academy of Environ
mental Engineers held November 4 
to November 5, 1989 in Boston. 

David M. Benforado is a Senior 
Environmental Specialist in the En
vironmental Engineering and Pollu
tion Control Division at 3M where 
he has been employed since 1969. 
He represents 3M on key business 
associations such as The Business 
Roundtable, and Environment Task 
Force Staff Services Committee. 
Mr. Benforado is a past president of 
the Air and Waste Management As
sociation. A chemical engineering 
graduate from Columbia University, 

ORDER FORM 

he is active in AIChE and the Na
tional Governor's Association. 

Joseph F. Lagnese, Jr. is a con
sultant and Adjunct Professor serv
ing the University of North Caro
lina, Carnegie-Mellon University 
and the University of Pittsburgh. 
Previously, he founded and de
veloped Duncan, Lagnese and Asso
ciates of Pittsburgh, an environmen
tal consulting firm. He was 
President of the Water Pollution 
Control Federation in 1972. 

Also elected for a one-year term as 
Vice President was Jerome B. Gil
bert, P.E., DEE and as Treasurer, 
Charles A. Willis, P.E., DEE. Mr. 
Gilbert is the General Manager of 
East Bay Municipal Utility District 
headquartered in Oakland, Califor
nia. Mr. Willis is President of Willis 

Engineers of Charlotte, North Car
olina. 

The American Academy of Envi
ronmental Engineers is a specialty 
certification board for environmental 
engineers that is dedicated to im
proving the quality of environmental 
engineering practice. Headquar
tered in Annapolis, MD, it certifies 
environmental engineers of proven 
quality from around the world in one 
or more of seven specialties of envi
ronmental engineering practice. The 
Academy's program, unusual in the 
engineering profession, has been in 
existence for over 30 years and re
quires professional engineering reg
istration as a prerequisite for certifi
cation along with at least eight years 
of experience and a bachelor's de
gree in engineering. 
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Dust Control Handbook, by Vinit 
Mody and Raj Jakhete, Noyes Data 
Corporation, Park Ridge, NJ, 1988, 
203 pages, U.S. List Price: $39.00. 

Dust control in the mining and 
minerals processing industry is of 
importance in reducing worker ex
posure and assuring compliance with 
environmental standards. This book 
addresses dust control in the above 
industry as it relates to occupational 
health and safety. 

The subject document is a reprint 
of a technical report prepared under 
contract to the U.S. Bureau of 
Mines. As such, there is no new in
formation contained in the book 
which consists simply of a compi
lation of data from standard refer
ence texts and published literature. 
It does, however, bring together a 
good deal of information for use by 
persons unfamiliar with the subject 
area. In such cases, the book can be 
useful as a starting place for addi
tional investigation. The following 
summarizes the nine chapters of the 
book. 

In the subject document, Chapter 
1 provides a general background on 
the characteristics of respirable dust, 
the associated health hazards, and 
general dust control methods. In 
Chapters 2 and 3, control of dust 
emissions through the use of preven
tive measures, equipment deSign, 
wet suppression, and ventilated cap
ture systems, are described. This in
formation includes general guide
lines as well as illustrations of typical 
system applications. 

Next, Chapter 4 outlines the vari
ous types of wet and dry dust col
lectors which can be used in the 
above systems along with guidance 
on the selection of ancillary equip
ment such as fans and motors. Re
moval of dust from the collector and 
subsequent disposal are also briefly 
discussed. Specific illustrations of 
dust capture and collection systems 
for representative industrial opera
tions are provided in Chapter 5. 

Of interest in Chapter 6 is the es
timation of costs associated with dust 
capture and collection systems. The 
various cost elements associated 

Book Reviews 

with the major operating equipment 
are provided. Chapter 7 proVides 
guidance on various administrative 
measures (e.g., housekeeping) 
which can be used to assist in proper 
dust control on a plant-wide basis. 

With respect to testing, Chapters 
8 and 9 provide information on the 
determination of personnel exposure 
and performance of dust control sys
tems. This information includes the 
type of test equipment to be used 
and samples to be collected. Finally, 
the book concludes with a bibliogra
phy of references which can be con
sulted for additional, more detailed 
information on the various topics as
sociated with actual system design. 

John S. Kinsey, Ph.D. 
Principal Environmental Scientist 
Midwest Research Institute 
425 Volker Boulevard 
Kansas City, MO 64110 

Flocculation, Sedimentation & Con
solidation, by Brij M. Moudgil and 
P. Somasundaran, American Insti
tute of Chemical Engineers 
(AIChE), New York, NY, 1986, 633 
pages, U.S. List Price: $70. 

Flocculation, coagulation, sedi
mentation, and consolidation phe
nomena are extremely important for 
the fields of chemical, mineral, envi
ronmental, and (.'oastal engineering. 
They are likewise important for ap
plications such as wastewater treat
ment, coal liquefaction, tar sand pro
cessing, and electrophoresis. This 
textbook presents state-of-the-art re
views and recent advances in the 
areas of flocculation, settling, and 
consolidation of fine suspensions in 
aqueous and nonaqueous media. 
The book is based upon research pa
pers which were presented at the 
Engineering Foundation Confer
ence, held at Sea Island, Georgia, on 
January 27-February 1, 1985. All the 
papers included in this volume were 
accepted for inclusion, based upon a 
formal peer review process. 

Environmental Progress (Vol. 9, No.1) 

The book, containing 42 chapters, 
is divided into five major sections. 
The sections include plenary lec
tures, flocculation, sedimentation, 
consolidation, and research needs. 
The individual chapters are written 
by leading authorities in the field. 
The book describes such areas as the 
flocculating action of polymeric 
flocculants, aggregate breakage, floc 
characteristics, charge stabilization, 
equipment deSign, sedimentation 
theory, thickening and dewatering, 
and effects of chemical additives. 
Results are presented from many re
search studies, as well as from pilot 
plant and field studies. The refer
ences are relevant and current 
(through the time of the publi
cation). 

This book represents a welcome 
addition to the field of flocculation 
and coalescence phenomena. The 
book serves as a useful reference for 
those professionals involved in water 
and wastewater treatment, environ
mental engineers, coastal engineers, 
and those people concerned with the 
quality of their water supplies. 

RobertW. Peters, Ph.D., P.E. 
Energy Systems Division 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, IL 60439 

Red Book on Transportation of 
Hazardous Materials, 2nd Edition, 
by Lawrence W. Bierlein, Van Nos
trand Reinhold Company, New 
York, NY, 1988, 1203 pages, U.S. 
List Price: $104.95. 

Due to new developments and 
regulations governing the trans
portation of hazardous materials, the 
U. S. Department of Transportation 
(DOT) has revised many of the regu
lations. This second edition of the 
Red Book on Transportation of Haz
ardous Materials represents an up
date of the material contained in the 
first edition, published in 1976. 
These books are intended to serve as 
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guides for the transportation of haz· 
ardous materials, including hazard· 
ous substances and hazardous wastes 
designated by EPA. 

Federal safety regulations are 
written with the legal enforcement 
of the regulations in mind, rather 
than with the user or subject in 
mind. This book is not intended as a 
substitute for the regulations, but 
rather is used in conjunction with 
the regulations; frequent reference 
back and forth between the Red 
Book and the applicable EPA and 
DOT regulations is intended. The 

book contains 32 chapters and 4 ap
pendices. Topics covered include 
hazardous materials transportation 
regulations; DOT-regulated hazard
ous materials; determination of 
proper DOT shipping name, hazard
ous materials packaging, marking, 
and labeling; shipping require
ments, placarding of vehicles and 
containers; shipping requirements; 
inspection and enforcement; liability 
associated with shipment and trans
port; and various regulations associ
ated with hazardous materials trans
portation. The book has as its goal to 

simplify the process of compliance 
with the regulations. 

The book provides important in
formation for those companies and 
personnel responsible for the ship
ment and transport of hazardous ma
terials. 

Robertw. Peters, Ph.D., P.E. 
Energy & Environmental Systems 

Division 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, IL 60439 

Intemational Conference and Workshop on Modeling and Mitigating 
The Consequences of Accidental Releases of Hazardous Materials 
MAY 20-24. 1991 NEW ORLEANS. LA 

CAll. FOR PAPERS 
SPONSORS: Center for Chemical Process Safety/AIChE, U.S. EPA, American Meteorological Association, Health 
& Safety Executive (UK) - OBJECTIVE: discuss/disseminate improved methods of predicting consequences of accidental 
releases of toxic/flammable materials. _ Papers for consideration should be in one of the following four areas. Submit 
abstract by 7/1/90 to session chairman listed below. - For additional information: Rudy Diener, Program Chairman; 
Exxon Research and Engineering; P.O. Box 101; Florham Park, NJ 07932; 201-765-1633 or Sandy Schreiber; CCPS; 
AIChE; 345 East 47th Street, New York, NY 10017; 212·705-7727. 

\MIll CLOIIJ aERSDI MIIIIEl..a 
dense gas transport and dispersion; transient. time varying 
releases; model evaluation; impact of local meteorology; 
physical modeling; 3D grid modeling; treatment of mixtures; 
effects of terrain and industrial sites; concentration of fluctua
tions and averaging times. Doug N. Blewitt; Amoco Corp.; 
200 East Randolph Drive; Mall Code 4903; Chicago, IL 
60601; 312-856-4099 

\MIll CLOIIJ SOlRE MOIB.IIII 
spill pool evaporation, single and multiple component; single 
and two-phase jet releases; hydraulic and flash atomization 
(i .e. aerosols) ; instantaneous tank rupture; aerosol droplet 
dynamics; effect of refrigeration. Dave Gulnnup; U.S.E.P.A.; 
MD-14; ReaearchTrlangle Park, NC27711; 919·541·5368 
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r.tTI6A1D OF EPISIIIC HAZARIIOUS REWSES 
water application and curtains (for toxics and flammables); 
foams; vapor barriers; steam curtains. A.C. Barrell, Director 
of Technology and Air Pollution; Health and Safety 
Executive; St. Anne's House; Stanley Precinct; Bootie; 
Merseyslde L20 3MF; UK (011-44); 51·951·4574 

..... ClOUD EXPLOSIIIIIS, FIE _1IlVU FIE _ EXPLOSIIII EFfECI'S 

cloud combustion; blast over-pressure prediction; fireball 
characterization and effects; flash fires; fragment prediction; 
dispersion of combustion products from fires; potential 
domino effects. John A. Davenport, DlrectOl'-Research; 
Industrial Risk Insurers; 85 Woodland Street; Hartford, 
CT 06102; 203·520·7362 
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Software Review 

TEST Air: A Program for Air Pollution 
Reference Testing Methods 

Ashok Kumar and Sushant Agarwal 
Department of Civil Engineering, The University of Toledo, Toledo, OH 43606 

Environmental Engineers involved in air pollution testing and monitoring are required to perform various 
calculations using field observations. Some of these calculations are easy while others are lengthy and 
tedious. Help is now available from Dawn Graphics, 19 Edge Hill Road, Winchester, MA 01890 
(Telephone No. (617) 721-0456). They have developed a spreadsheet "template" program using Lotus 1-2-3. 
The package costs $330 and a demonstration diskette is available for $20. 

The program can be run on an IBM compatible PC/AT/XT/PC Jr using a Lotus (or look alike) spreadsheet. 
The procedure used in the program is in accordance with the calculations given in the Title 40 of the Code 
of Federal Regulations (United States of America), Part 60, Appendix A (40 CFR 50, Appendix A). 

The TESTAir diskettes contain 76 files, consisting of various air pollution sampling spreadsheets for 
reference methods 1 to 27. The following areas are covered in these spreadsheets: 

1. Flow measurement techniques 
2. Particulate sampling and analysis 
3. Gas sampling, ego S02, N02, H2S, etc. 
4. Organic emissions and leaks 
5. Calibration of instruments 

Data can be entered and stored for future reference, thus simplifying the procedure of creating and filling 
out forms needed to record data. The files are labeled systematically according to the method and units of 
measurement used. 

The program comes with a manual [1], which is divided into five sections. The introduction section 
describes the procedure for entering data and loading the program files. The subsequent sections describe 
the printing, saving and other operating procedures. A hardcopy of all the 76 files, which facilitates data 
entry, is given in the last section of the manual. The manual is easy to understand. 

In order to test the· package, six spreadsheets were tried using actual field data. The results obtained were 
satisfactory in most cases. No difficulty was encountered using the spreadsheets or printing the results from 
diskettes. Use of the menus was straightforward and travel across the data form posed no problem. It is also 
possible to customize one's own forms. 

Minor problems were encountered during the testing of the package. For example, the final result form is 
not displayed directly after data entry, but has to be searched for in the subsequent columns and rows. If 
the data entered do not satisfy the assumptions used in the equations, results may not be satisfactory. In 
order to use the program effectively, the user should be quite familiar with the various terms encountered 
in sampling calculations [2,3]' 

The package is a useful tool for environmental scientists using the United States Environmental 
Protection Agency (USEPA) methods for air sampling activities at their plants. The use of the program will 
save time and will reduce calculation errors in field data. Moreover, it will reduce training time for new 
field personnel involved in sampling. 

LITERATURE CITED 
1. TESTAir User's Manual, Dawn Graphics Company, 1988. 
2. APT! Course 435, Atmospheric Sampling Student Manual, 

USEPA 450/2-80-004, June 1983. 
3. Paul N. Cheremisinoff and Angelo C. Monesi, Air Pollution 

Sampling & Analysis, Ann Arbor Science, Ann Arbor, MI, 
1981. 

[NOTE: People interested in submitting software for review should contact Dr. Kumar.] 
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Pollution Prevention/Waste Minimization 

EDITOR'S NOTE: The November, 1989 column featured waste reduction achieved by a large chemical 
company. DuPont's Sabine River Works billion pound/year ethylene plant eliminated 10 million 
pounds/year of waste oil with a cost savings of $2 million per year. The column below describes how a 
smaller company, Sterling Chemicals, Inc., initiated a waste minimization program, highlights the 
requirements and methodology of waste minimization, and indicates how the program was put in place. 

R. Lee Byers 
editor of 
Pollution PreventionIWaste Minimization section 

Development of a Waste Minimization 
Program at Sterling Chemicals in Texas City, 

Texas 
Stephen W. Moncla 

Sterling Chemicals, P.O. Box 1311, Texas City, Texas 77592-1311 
Thomas P. Nelson 

Radian Corporation, P.O. Box 201088, Austin, Texas 78720-1088 

More than two years ago, Sterling Chemicals, Inc. (Sterling) in Texas City, Texas identified the 
need and began planning for an effective waste minimization program. This program was to be in 
effect by the end of calendar year 1990 and would become part of the company's Environmental 
Long Range Plan. Sterling needed an overall waste management program that would focus on 
waste reduction, recycling, and recovery to respond to regulatory requirements and to reduce the 
costs associated with managing wastes generated at its Texas City petrochemical plant. 

The Texas 'City plant is the only site owned and operated by Sterling. Located on a 250-acre site 
bordering Galveston Bay, approximately 45 miles southeast of Houston, the facility employs about 
950 people and produces acrylonitrile, styrene, ethylbenzene, acetic acid, plastizers, tertiary butyl 
amine, sodium cyanide, and lactic acid. To support the manufacturing operations, the site has 
utility boilers, raw water treatment, wastewater treatment, laboratories and maintenance 
functions . Up till now, Sterling has managed its wastes using both on-site and off-site treatment 
and disposal methods. 

Sterling's goal was to develop a waste minimization program that would apply to all plant 
manufacturing and service groups and that would address the air, waste, and solid (multi-media) 
waste categories. Sterling first assembled an in-house team to begin developing the methodologies 
for waste minimization. At different times in the process, members of the team represented 
manufactUring, technical services, engineering, accounting, environmental affairs, and quality 
facilitation. The Environmental Affairs Department, having direct responsibility for meeting 
federal and state permitting and reporting requirements, developed the agenda and plan to 
implement the waste minimization program. The initial outline of the agenda covered project 
identification, ranking, approval, execution, feasibility, tracking, and reporting. 
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At first there was a general resistance to adding another "Environmental Affairs" program. The 
Environmental Affairs Department pointed out the benefits of a waste minimization program: 1) 
Sterling's potential for saving two million dollars a year in disposal costs, 2) an improved ability to 
comply with state and federal regulations, and 3) the ability to maintain excellent relations with 
Sterling's Texas City Neighbors. Concern was also voiced by some plant groups that already had 
informal waste reduction programs in place. These groups were afraid that a formal program 
would force them into duplicating their efforts. They were shown that by using the ranking and 
tracking features of a formal waste minimization methodology that each group could elect to 
include existing projects into any part of the new program without significantly detracting from 
their existing efforts. 

Sterling's second step was to engage a consulting firm to help develop the program. The 
consulting firm's experience with other companies' waste minimization efforts proVided an 
independent review of the program developed at Sterling and provided ready-made t.ools for 
implementing the program. Radian Corporation was hired to develop a customized waste 
minimization program and manual and then to test the procedures described in the manual by 
spearheading a waste minimization survey of the ethyl benzene/styrene plant. A major thrust of 
the manual development work was to integrate the waste minimization program with existing 
Sterling procedures. It was felt the most successful approach would be to incorporate existing 
engineering, accounting, and reporting procedures into the new waste minimization program. 
Concepts of waste minimization, such as use of a survey team, a project champion, and effective 
brainstorming, were applied specifically to Sterling's program. The final waste minimization 
manual includes seven chapters ranging from survey methodology through feasibility assessment 
and reporting, fourteen worksheets, and nine tutorial examples for implementing the procedures. 

As the manual was being developed, Sterling's Environmental Affairs Department worked with 
plant and corporate management to obtain and document a commitment to the waste 
minimization program. The use of existing quality and engineering procedures was instrumental in 
gaining the support of Sterling's managers. Another strong selling point was the fact that the waste 
minimization program supports Sterling's commitment to the Chemical Manufacturers 
Association's Responsible Care program. A final key to the program was Sterling's Board of 
Directors approval of a corporate policy statement on waste minimization. 

To test the waste minimization manual and the procedures it embodies, Sterling and Radian 
performed an initial waste minimization survey in the ethyl benzene/styrene area of the plant. The 
survey identified over 200 potential activities within the facility where waste minimization could 
be practiced. Sterling has proceeded with some of these projects to reduce air emissions from the 
facility. Other opportunities for source reduction were identified that would help define the scope 
of Sterling's Organic Toxicity Characteristic Compliance Project. In a similar manner, Sterling 
expects that a waste minimization survey will be completed in each of the manufacturing and 
service areas within the next three years. After the initial survey in each area, an audit will be 
conducted at least once every three years. 

In summary, the results of the program to date include a corporate commitment to minimizing 
waste generation at Sterling and a written manual of structured concepts, procedures, and 
formats. Sterling is now performing waste minimization surveys, developing and ranking waste 
minimization alternatives, and implementing waste minimization as each area of the facility 
initiates the program. The procedures for the waste minimization program are based on Sterling's 
current evaluation framework for routine capital investment with the facility. In addition, and 
more importantly, Sterling now has a database documenting waste minimization activities for 
compliance and other reporting requirements. The overall program results are expected to 
significantly continue improvement of the quality of life for Sterling's employees and Sterling's 
neighbors and to greatly reduce the cost of waste management. 
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EMERGENCY RELIEF SYSTEM DESIGN 

developed by AIChE's Design Institute for 

Emergency Relief Systems (DIERS) 

SAFIRE COMP<.lTER PROGRAM & 
DOCUMENTATION 
The Systems Analysis for Integrated Relief Evaluation 
(SAFlRE) computer program and accompanying manu· 
als are useful for designing emergency relief systems for 
runaway reactions or fire exposure. Engineers can utilize 
this tool to estimate the pressure/temperature/time his· 
tory for selected relief devices in a variety of applications 
and situations. 

Your have a choice of one of two formats: Computer 
Tape for use with an IBM, VI'\)( or UNNAC Mainframe 
Computer ........ or ........ diskette for IBM Compatible Personal 
Computers. 

Purchase of a single copy entitles a company to wor/d· 
wide use of both versions of this computer program 

Computer Tape and/or PC Floppy Disk 
plus One set of 7 Manuals 
(782 pp) $7500 

EMERGENCY REUEF SYSTEMS FOR 
RUNAWAY CHEMICAL REACTIONS & 
STORAGE VESSELS: A SCJMMARY OF 
MUL TIPHASE FLOW METHODS 
This technology summary presents the multiphase flow 
methods to calculate phenomena relevant to design of 
emergency relief systems for runaway reactions. The doc· 
ument will help users acquire, assimilate and implement 
the vast amount of DIERS information by serving as both 
a reference and a training tool. 

Spiralbound (200 pp) 

BENCH·SCALE APPARATOS DESIGN 
& TEST RESULTS 
Methods to measure runaway reaction data under adia· 
batic conditions in a vessel with a very low thermal inertia 
are presented. Measurement of vessel liquid disengage· 
ment regimes and viscous vs. turbulent pipe ffow behavior 
are discussed. Methods are also provided for sizing emer· 
gency relief devices without a comprehensive computer 
program. 

Spiralbound (5 reports, 286 pp) 

SMALL/LARGE SCALE 
EXPERIMENTAL DATA & ANALYSIS 
Ten reports present test data useful for the better under· 
standing of vessel and vent line multi phase flow behavior 
applicable to emergency relief of chemical systems. 
Time/temperature/pressure/void fraction history and 
analysis of each test are given. Complete apparatus 
design details to facilitate independent analysis are also 
provided. 

Pub# B-3 Spiralbound (10 reports, 1218 pp) $250 

SAFETY VALVE STABIUTY & 
CAPACITY TEST RESULTS 
This study addresses problems arising when a safety valve 
adjusted for vapor flow is used to vent low·quality steam. 
The report also covers the effect of valve exit to orifice 
areas on the flow capacity and stability of the valve and 
the prediction of saturated liquid mass flow rates through 
valves. 

Spiralbound (77 pp) $100 

Send Orders to: AIChE Publication Sales, 345 East 47 Street, New York, NY 10017. Prepayment in U.S. funds required 
(check, international money order or bank draft drawn on a New York bank). VISA or MasterCard orders: call (212) 
705 - 7657 for details. U.S. bookrate shipments prepaid. Foreign Extra: $6 per book. (Europe, Middle East & Nrica: 
Contact Clark AssociatesEurope Ltd, Unit 2, Pool Road Trading Estate, W. Molesey, Surrey IfT8 OHE England.) 

AMERICAN INSTITUTE OF CHEMICAL ENGINEERS 
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Adsorptive Capacities of Activated Carbon 
for Organic Constituents of Wastewaters 

Wei-chi Ying, Edward A. Dietz, and George C. Woehr 
Occidental Chemical Corporation Grand Island Technology Center, 

Grand Island, NY 14072 

The adsorptive capacities of activated carbon for major organic 
constituents (target compounds) of a wide variety of wastewater were 

measured in pure water and in actual wastewater samples. Competitive 
adsorption due to the presence of other organic components of total organic 
carbon of the wastewater (background TOC) reduced carbon capacities for 

aU target compounds in the wastewaters from the respective pure water 
isotherms. The capacity reduction for a target compound was found to 

depend on the relative adsorptivity of the target compound versus 
competing compounds (poorly adsorbed TOC components produced a smaU 
reduction in capacity for a more strongly adsorbed target compound), and 
the fraction of the background TOC attributable to the target compound. 

Those findings were validated by carbon column adsorption 
breakthrough data. 

INTRODUCTION 

Activated carbon adsorbers are widely employed in water 
and wastewater treatment processes for removing organic 
contaminants. The most important cost consideration in 
applying this technology is the capacities of carbon for 
regulated compounds and/or parameters. Adsorptive ca
pacity (isotherm) data are utilized for estimating the car
bon exhaustion rate and, thus, the expected service pe
riod between carbon bed changes and the size of carbon 
regeneration system, if on-site regeneration is desirable 
[1]. 

The carbon adsorption isotherm for a compound is de
fined under a given set of testing conditions: type of car
bon, pH, temperature, initial concentration, range of 
equilibrium concentration, ionic strength, and composi
tion of the test solution [2,3]' The effects of competitive 
adsorption and biological activities further complicate 
predictions of adsorber treatment performance [4]. There
fore, isotherm data reported for a compound in pure water 
or reference isotherms [5] are not very useful when a mix
ture of organic contaminants are to be removed, such as in 
carbon adsorption treatment oflandfillieachates, contam
inated groundwaters, and POTW primary effluents [6, 7). 

The adsorptive capacities of activated carbon for or
ganic constituents of several types of industrial waste
water:process water from a petrochemical plant, raw and 
biotreated phenolic wastes, raw and pretreated (pH
adjusted, filtered, solvent-extracted, and biotreated) 

Correspondence concerning this paper should be addressed to 
Wei-chi Ying. 
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chemical waste landfill leachates, organic contaminated 
groundwaters, and publicly owned treatment works 
(POTW) primary effluents were measured in pure water 
and in the wastewater samples. Compounds investigated 
were: ethylene dichloride, phenol, color agents, benzoic 
acid, o-chlorobenzoic acid, Aroclor 1254, benzene, mono
chlorobenzene, p-dichlorobenzene, chloroform, trichlo
roethylene, toluene, and o-chlorotoluene. These organic 
compounds/parameters were selected for study because 
they represent several important classes of organic con
taminants found in many industrial wastewaters and be
cause actual carbon adsorber treatment performance data 
were available for comparison with measured isotherm 
capacities. Each compound was present in the waste
water samples either as one of the major organic constit
uents or a trace-level contaminant. Carbon adsorption iso
therms for two gross organic concentration parameters of 
the wastewaters-total organic carbon (TOC) and total or
ganic halide (TOX)-were also obtained to provide expla
nations for some of the experimental observations. 

Carbon column breakthrough data were also obtained 
to illustrate the concept of capacity utilization in ad
sorption treatment as well as to validate some of the con
clusions deduced from the isotherm data. 

EXPERIMENTAL 

Analytical Methods 

Extensive efforts were made for identification and 
quantification of a large number of organic constituents of 
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TABLE 1. COMPOSITION OF PHENOLIC WASTEWATERS.' 

Concentration 
parameter Distillate Raffinate 

pH 9.0 3.2 
TOC 29,500 5,100 
COD 95,000 15,000 
TSS 10 8 
TOS 39,000 7,000 
Phenol 34,000 5,800 
Others " 
D All ("'oll<.'tmtr.ltioll par.l1neterK, eX(''ept for pH, are IQven in mwL, 
II 6000 mwL total dints (1,6-hexanedlol. hutanedio), ethylene p;ly(.'()). propylene glycol, didhyJ· 
ene !dye:o)). 
(, Formaldehyde, methanol. and isoPnlilyl ether, t'tIn(-'entroltiu1l$ not detennined. 

a variety of raw- and partially treated industrial waste
waters. Parameters commonly used for characterization of 
wastewater were measured in accordance with the 
American Health Association's standard methods [8J. 
These parameters included: pH (Section 423), TOC (505), 
chemical oxygen demand (COD, 508A), total dissolved 
solids (TDS, 209C), and suspended solids (55, 209D). 
TOX was analyzed by a Dohrmann DX-2O analyzer using 
EPA Method 450.1. 

Ethylene dichloride (EDC) concentration was meas
ured by solvent (hexane) extraction followed by GC/ECD 
assay. Concentrations for phenol, benzoic acid, 0-, m-, 
and p-chlorobenzoic acids (CBAs) in leachate were esti
mated using a high-performance liquid chromatography 
method, with a Perkin-Elmer Model3B, adapted for anal
ysis of the wastewater samples [9]; in the pure water, 
these compounds were measured by UV spectroscopy. 
GC purge and trap methods [6] were utilized for deter
mining volatile organic compounds.-:hloroform, trichlo
roethylene, toluene, o-chlorotoluene (OCT), benzene, 
monochlorobenzene (MCB), 0-, and p-dichlorobenzenes 
(DCBs). The intensity of the yellow color found in bio
treated phenolic waste was measured by light absorbance 
in a 1 cm cuvette at 375 nm, using a spectrophotometer. A 
liquid scintillation counting technique was employed for 
measuring 14C-labeled polychlorobiphenyls Aroclor 1254 
(PCBs A-l254). The labeled material was purchased from 
Amershan Corporation, Arlington Heights, IL 

Carbon adsorption isotherm experiments were per
formed on five types of industrial wastewater-EDC 

plant process water, phenolic resin manufa<:turing waste
water, chemical waste landfill leachate, contaminated 
groundwater, and POTW primary treatment effluent. The 
EDC plant process water was an effluent sample from a 
steam stripper employed for recovery of EDC and other 
volatile organic compounds. The steam stripper effluent 
was typically basic (pH = 10.9), with an EDC concentra
tion of 110 ... gIL. It contained large amounts of inorganic 
impurities (TDS = 6300 mg/L), such as sodium sulfite! 
sulfate/carbonate, while its TOC was 138 mg/L, due 
mostly to ethylene glycol and chloroethanol resulting 
from hydrolysis of EDC. 

The distillate waste sample from phenolic resin manu
facture had a very high concentration of phenol 
(34000 mg/L, see Table 1). The phenol in such distillate 
can be substantially recovered by solvent extraction using 
isopropyl ether. Raffinate waste (solvent-extracted distil
late) is presently disposed of by either incineration or 
biodegradation. Carbon adsorption of biotreated raffinate 
and/or distillate will be considered for treatment of the 
phenolic wastes. 

The raw landfill leachate contained a variety of organic 
and inorganic contaminants. The organic constituents 
consisted of both straight-chain and aromatic compounds, 
including many halogenated compounds that were 
readily adsorbed on activated carbon. The leachate was 
mixed with other chemical manufacturing plant waste
waters prior to treatment by granular activated carbon ad
sorption. Solvent extraction, biological treatment, and 
chemical oxidation were evaluated as pretreatment meth
ods for reducing the organic loading to the carbon ad
sorbers. Concentration of organic constituents in raw 
leachate Huctuated widely depending on the season; 
TOC had a range from 1,000 to S,l00 mg/L, as shown in 
Tables 2-4. 

Two contaminated groundwater samples were ob
tained. Groundwater A was a low-TOC sample containing 
only a few volatile organic compounds. Groundwater B 
sample, which was obtained from a different site, con
tained, in addition to several volatile organics, high con
centrations of inorganic compounds (TDS = 
11,430 mg/L). Adsorption by activated carbon was found, 
in laboratory isotherm and column breakthrough studies, 
to be effective in removing the organic contaminants (see 
Table 5) from both groundwaters. Carbon adsorption has 
been considered as an attractive groundwater treatment 
technology. 

Two primary treatment effluent samples were taken on 
different dates from a POTW that received more than half 
of its incoming wastewaters from local industries. The in
dustrial discharges contributed most of the organic com-

TABLE 2. ADSORPTIVE CAPACITIES OF CALCON SERVICE CARBON FOR LEACHATE CONSTITUENTS. 

ConL-entration 
(mg/L) 

combined" 
Concentration raw waste 
parameter' leachate reed 

pH 5.3 5.5-6.4 
Phenol 981 780 
Benzoic acid 830 910 
o-chlorobenzoic acid. 562 372 
m-chlorohenzoic acid 61 120 
p-chlorobenzoic acid 40 80 
TOC 3,080 2,618 

It Analytical methods dist.'U$.~ in text. 
1> AYtlnlst;e (!()Ilcentrations fj)r the IKisorber feed durinJ( an adsorption servK.'e <''Yde. 
" COIl(.'entrations were melLnlred at the end of an adsorptiun cyde. 
t1 ToW removal nrthe(!ompound at the end oran adsorption tycle. 
" Cupacities were estimated ut the feed COIl(.'entrd.tion from the I'II.W IellChate isotherm!l. 
f Capadties were estimated at the feed mll(:cntratiou from the pure eompmmd isothenm . 
.: NDl "" not deteded at a detection limit of x mglL. 

2 February, 1990 

Adsorptive capadty 
(mg adsorbedlg carhon) 

pureI' 
absorber carbonI! leachate" water 
emuent loading isolherm isotherm 

----
5.5-6.4 5.5-6.4 4.9--5.5 5.~.0 

NO" .. ' 41.0 74.9 166 
0.8 48.0 74.1 171 
7.4 19.6 22.9 109 

NO" .. , 6.4 23.0 160 
ND".\ 4.2 15.7 171 
318 137 143 
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TABLE 3. COMPOSITION OF RAw, SOLVENT·EXTRACTED, AND BIOTREATED LEACIlATES. 

TOC TOX Phenol 
Leachate sample (mg/L) (mg/L) (mg/L) 

Raw leachate 1400 110 375 
Solvent-extracted" 1200 85 82 

(octanol, 2 times) 
Solvent-extracted 1170 86 19 

(octanol,4 times) 
Solvent-extracted 1140 85 5 

(octanol, 7 times) 
Feed leachate 1800 205 436 
Biotreated leachate" 155 100 1.1 

11 Using II solvent: le~hute nltio of 1130 lit nlom tempemture. 
Ii Biotreatment in a SOH operuted 11 hydr.llIlic: retention 0(2.5 duYlI [9]. 

TABLE 4. ABSORPTIVE CAPACITIES OF CARBON FOR TOC AND TOX 
IN RAW AND BIOTREATED LEACIlATES." 

Activated carbon 
type 

Calgon F-300 
Calgon Service carbon 
Ceca GAC 30 
ICI Hydrodarco 3000 
Laboratory reaeti vated 

spent Calgon Service carbon 

Raw leachate" 
Biotreated 
leachate' 

TOC TOX TOC TOX 
(mg adsorbedlg carbon) 

133 11.7 152 127 
97.9 8.8 113 75.9 

173 19.6 268 172 
103 11.5 87.8 83.8 
148 18.3 115 91.6 

a Adsorptive C'.lJ.)3(,-'ities were estimated fmm the FreundlK.'h adlloll.)tion L'Iothenns. 
10 &IW Ie;l(,-hate: TOC "" 3060 m,qL. TUX = 264 mgfL. pH - 5.3. 'nle TOe capal'ities wt'rt! 

estimated at TOC = 1500 mWL. and the TUX L-.Ipacities were estimated at TUX::: ]25 mWL. 
\' Biutreated leachate: TOe - 400 rng/L, 'fOX = 334 m,qL, pH = 6.8. (fhe rJ.w leachate hud It 
TOe of8lO0 mw'L nnd a TOX uf780 mg/I..) The TOe l-apadties were estimated at Toe = :lO() 
mWL. The TOX (:apacitie:oo wert' t!sfimated at TUX = 125 IIlWL, 

pounds listed in Table 6. Granular activated carbon ad
sorbers are employed at the POTW to remove these and 
other organic compounds remaining after primary treat
ment by chemical coagulation, flocculation, and sedimen
tation. 

Adsorption Isotherms 

The conventional EPA carbon adsorption isotherm 
method [5] was modified, including a much smaller liquid 
sample volume (43 ml versus 1,000 ml) more efficient 
mixing (shaking or head-to-bottom rotation), and a longer 
time (up to 18 hours) for solid-liquid contact, The experi
mental isotherm data of carbon dosages (g or mg) and re-

Benzoic 
acid o-CBA m-CBA p-CBA 

(mg/L) (mg/L) (mg/L) (mg/L) 
----

469 211 33 35 
374 212 13 11 

368 219 11 10 

358 206 10 8 

708 227 62 74 
11 .2 <0.5 <2 16 

TABLE 5. COMPOSIONS OF CONTAMINATED GROUNDWATERS.' 

Concentration 
parameter 

pH 
TOC 
COD 
TSS 
TDS 
Trichloroethylene 
Phenol 
Toluene 
o-chlorotoluene 
Benzene 
Monochlorobenzene 
o-dichlorobenzene 
p-dichlorobenzene 

Groundwater A 

6.6 
25 
60 
10 

700 
0.03 
1.6 
0.04 
0.7 
4.8 
3.9 
0.5 
1.0 

.. All (''(lII(''eutndiull parameters, eX(''ept for pH, are I(iven in mwL, 
h Sum of 0_, 111-, and I>-Isomers. 

Groundwater B 

5.9 
337 
840 

1150 
11430 

4.8 
14.9 
15.0 
2.0" 
1.0 
9.6 
1.4" 

sidual (equilibrium) concentrations . (mg or ""giL) were 
utilized for calculating the adsorptive capacities of carbon 
(mg adsorbedlg carbon) for the compound studied (target 
compound): 

XIM = (Co - Cf ) x V/carbon dose 

where Co is the initial concentration (mg or ""giL), Cf is 
the residual concentration, and V is the volume (L) of the 
isotherm sample. 

To facilitate the estimation of adsorptive capacity and 
the carbon exhaustion rate, at a given feed concentration, 
the calculated concentration-capacity data were then cor
related by the Freundlich adsorption isotherm model [5]: 

XIM = k x C/,oo 

TABLE 6. RESULTS OF CARBON ADSORPTION ISOTHERM EXPERIMENTS FOR POTW PRIMARY EFFLUENTS. 

Concentration 
EffiuentA 

parameter Concentration;1 

pH 7.0 
TOC 14,000 
COD 38,000 
Phenol 
Chlorform 26 (239)' 
Trichloroethylene 33 (217) 
Benzene 25 
Toluene 14 
o-chlorotoluene 35 

;t AlIl'()lIl't"lltmtiml pur,.llneters. t'Xl't"pt tilr pH. are Riven In ~WL. Blank Spal'es indif.".lie that 
those paramt'tt'rs were nol mea.~IIrt'(1 fur tht" elHIlt'llt sample. . 
h Rl.ltitl of ~r.lllular a<.1ivated cUI'holl exhaustioll mtt' for relUovinl( 100 J-LWL of the ('(Impound 
fmm the POTW primary effluent tn that fr()m pure water. 
I' 11litinl (''(IIll't'lltndiull iiII' the Isotherm run. 
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Ratio ofG," 

2.48 
3.91 

EffiuentB 

Concentration RatioofG, 

7.0 
22,000 
60,000 

70 
35 (239)' 2.88 
50 (184 5.45 

6 (180) 7.01 
43 (212) 6.26 

230 (299) 7.09 
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Figure 1. Adsorption isotherms for ethylene dichloride in pure water and 
EDC steam stripper effluent. 

where k and lin are the Freundlich parameters for the 
isotherm data. 

Figures 1 through 12 present both the experimental 
isotherm data and their Freundlich model representa
tions. The data points shown are those that had a residual 
concentration less than 85% of the initial concentration 
[2]. Carbon exhaustion rate, Gc (g carbonlL), for granular 
carbon adsorption treatment of wastewater was calculated 
[5]: 

G, = Cfn/(XIM) 

where XIM is estimated from the isotherm for a com
pound in the wastewater sample or in pure water at the 
feed concentration, Cln (mglL) , to obtain the amount of 
carbon required for removing the target compound from 
the wastewater relative to that from pure water (Table 6). 

Carbon Adsorber Performance 

Effluent concentration profiles (effluent-influent con
centration versus time or volume treated) were obtained 
for bench-, pilot-, and full-scale carbon adsorbers to de
fine the practical loading levels of target compounds in 
adsorption treatment and to verify isotherm capacities. 

Bench-scale adsorption breakthrough experiments 
were conducted for removing the yellow color of the bio
treated phenolic waste. The results for four small carbon 
columns-two 109 and two 15g, empty-bed residence 
time (EBRT) of 50 and 75 minutes, respectively, at a 
flowrate of 0.43 mllminute--are shown in Figure 13. The 

1000 • Diallate. pH; 8.0 (Woatvaco WV-U 
....... W_. pH =8.0 (Woatvaco WV-U 
, Ralllnate. pH= 3.2 (Celgon SorvIoe' 
I ...... W ...... pH;3.2 (Celgon SeMce) 

1000 10.000 

IIESIlUAL COItCENTIIATION, mg/L 

100,000 

Figure 2. Adsorption isotherms for phenol in pure water and phenolic 
wastewaters. 
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percent utilization of the isotherm capacity found at the 
end of the experiment or when the color intensity of the 
effluent reached 20% of the feed in each of the four col
umns are shown in Table 7 [10]. 

The loading of major leachate constituents found at the 
end of adsorber service cycle was calculated in a similar 
manner using effluent data for the existing full-scale car
bon adsorption system (two 20,000 Ib carbon adsorbers 
operated in series) in treating the chemical landfill leach
ate. The results are presented in Table 2. 

Data on apparent organic loadings found in two pilot
scale carbon columns (each 12.6 cm in diameter con
tained 14 kg of Calgon Service carbon and was fed with 
1.14 Umin ofPOTW primary effluent) were analyzed and 
compared with the isotherm capacities. The pilot 
study was designed to simulate the performance of full 
scale carbon adsorbers (17 ft x 42 ft x 8 ft). Table 8 sum
marizes the apparent loadings found in the pilot carbon 
columns compared to the adsorption isotherm data ob
tained in this study and the POTW isotherm data for COD 
and total phenols [11]. Table 9 presents pertinent physical 
properties for the compounds monitored in the pilot 
study. 

The time to exhaustion and fraction removed for each 
compound/parameter were calculated from the pilot 
study carbon column breakthrough curves [11]. The ap
parent loading (mglg carbon) on the pilot carbon columns 
was calculated as: 

XIM = Q x t x C,,"" xIx O.OOllW 

where Q is the daily flowrate (Ud), t is the time (d) to ex
haustion, I is the estimated fraction of cumulative re
moval of the compound at carbon bed exhaustion, C"v, is 
the average feed concentration (",giL) during the pilot 
study, and W is the amount (g) of carbon in the pilot car
bon column. 

RESULTS AND DISCUSSION 
Adsorption Isotherm 

EDC Process Water: Figure 1 presents the EPA refer
ence isotherm for EDC [5] and experimental isotherms 
used for this investigation. The adsorptive capacities of 
Calgon F-300, a popular commercial granular activated 
carbon, shown in the EPA isotherms were significantly 
lower than the observed capacities of Calgon Service car
bon, which is reactivated Calgon F-300 common~y em
ployed in Calgon Adsorption Service adsorbers, over the 
entire EDC concentration range. The low EPA capacities 
probably resulted from the excessive carbon doses (up to 
9,615 mg/L), the short test time (two hours), and insuffi
cient solid-liquid contact (by magnetic stirring) in the one 
liter test sample employed in the EPA method. In this 
study, a smaller volume (43 ml) of sample was contacted 
for 18 hours with up to 250 mglL (actual doses 1 to 10 mg) 
of pulverized carbon in a tightly sealed vial that con
tained a glass bead to enhance mixing, under continuous 
head-to-bottom rotation. The comparative results clearly 
demonstrate the need to experimentally confirm litera
ture isotherm data, even for pure water systems. 

The measured capacities for EDC in the steam stripper 
effluent sample were lower than those found in the pure 
water system. Given that EDC (319 ",giL, including the 
spiked amount) accounted for only 0.06% of the waste
water TOC (138 mglL), the reductions in capacity were 
rather small. The experimental data show that when 
major TOC constituents (ethylene glycol and chloroetha
nol) are much less adsorbable than the target compound 
(EDC), the carbon capacity for the target compound is 
only reduced slightly, even though it is a minor com
ponent of the wastewater TOC. 

Environmental Progress (Vol. 9, No. 1) 
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Figure 3. Adsorption isotherms for color in biotreated phenolic waste
water. 

Phenolic Wastewaters: Figure 2 shows that the car
bon adsorption isotherms for phenol in distillate and raf
finate wastes were only slightly lower than the corre
sponding isotherms of phenol in pure water. The small 
capacity reductions were due to phenol being the pre
dominant organic constituent of the phenolic wastes, ac
counting for about 88% and 87%, respectively, of waste 
TOC in the distillate and raffinate samples (Table 1). 

Biological treatment of diluted distillate (phenol con
centration = 6,200 mglL) was performed in two sequenc
ing batch bioreactors (SBRs), which were operated at a 
hydraulic retention time of 10 days and a mixed liquor 
suspended solids concentration of 5,000 mglL. Granular 
carbon treatment was employed to remove the light yel
low color of the effluent, which had a phenol concentra
tion of less than 50 mglL and a TOC about 350 mglL. Car
bon adsorption isotherm experiments were first 
performed on the effluent, using Calgon F-300 and Ce
carbon 830 DC, a carbon found to be effective in remov
ing color agents and large molecule organic contaminants 
[10]. The results (Figure 3) show that both carbons were 
effective in removing the light yellow color of the efflu
ent, in addition to removing phenol and TOC. Cecarbon 
830 DC had a higher capacity for color removal than Cal
gon F-300. 

Chemical Waste Landfill Leachate: Carbon ad
sorption isotherms for five major organic leachate constit
uents (phenol, benzoic acid, 0-, m-, and p-CBAs) were ob
tained in pure water and again in actual leachate samples. 
Carbon adsorptive capacities for TOC and TOX were 

1000 
I Pure Water. Calgon Service (0.1 M phosphate buffer) 
• Loochate. COIgon _ !no butler) 
, L.eochote, COIgon F-3OO 
• ~. Ceca GAC 30 

,O~,-----.--~,~O------..-~,OO~-----~~,~OOO 

RESIDUAL CONCENTIIATION, mg/\. 

Figure 4. Adsorption isotherms for phenol in pure water ond leochote. 
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Figure 5. Adsorption isotherms for benzoic acid in pure water and leach
ate at two pH levels. 

measured in raw and pretreated (solvent extraction and 
biodegradation) leachate samples. Five granular acti
vated carbons (four commercial types and one laboratory 
reactivated) were used for isotherm runs conducted at 
two pH levels. 

Figure 4 shows that the adsorptive capacity of Calgon 
Service carbon (the carbon used in the adsorbers) for phe
nol in a raw leachate sample (composition given in Table 
2) was reduced significantly from that measured in pure 
water. This reduction in the capacity for phenol, resulting 
from competitive adsorption due to the presence of other 
leachate constituents, was far more than the differences 
among isotherms of the three carbons (Calgon Service, 
Calgon F-300, and Ceca GAC 30). 

Figures 5 and 6 show that the capacities of Calgon Ser
vice carbon for benzoic acid and o-CBA in leachate were 
similarly reduced from their pure water isotherms. For 
wastewater constituents of comparable adsorptivity, a 
close relationship between capacity reduction due to 
competitive adsorption and the fraction of background 
TOC (%TOC) attributable to the target compound can be 
seen by the greater capacity reduction for o-CBA 
(%TOC = 9.8) than that for benzoic acid (%TOC = 19) or 
phenol (%TOC = 24). Figure 7 shows that for PCBs 
A-1254, a trace constituent (%TOC = 0.0003), the capac
ity reduction was much more than observed for the major 
organic constituents of the leachate. 

Because of the overall negative charge on the carbon 
surface, adsorptive capacity for an organic acid is gener
ally higher for the undissociated acid species (molecules) 
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.. 100 
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~ 
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Figure 6. Adsorption isotherms for o-chlorobenzoic acid in pure water and 
leachate at two pH levels. 
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Figure 7. Adsorption isotherms for "C-Iabelled PCBs A-1254 in pure 
water and leachate. 

than for the anions. Since acid molecules predominate 
when the pH is less than the acid pk. [15], capacity en
hancement for benzoic acid (pk. = 4.20) was more than 
that for o-CBA (pk. = 2.94) when the leachate pH was 
lowered from 5.30 to 3.62. The smaller enhancements 
found in the lower pH isotherms, as shown in the low
concentration portion of these isotherms for high carbon
dosed samples, were due to increase pH's resulting from 
removal of hydrogen ions by adsorption [16]. A O.lM 
phosphate buffer solution was used in the pure water iso
therm experiments to minimize the pH rise as a result of 
the carbon addition. The pH effect on the pure water iso
therms have similarly been demonstrated for the two 
compounds. 

Table 2 presents the compositions of raw leachate, 
combined feed to the two-bed carbon adsorbers, and the 
final adsorber effiuent. Raw leachate typically accounted 
for about 60% of the feed volume, but more than 80% of 
the TOC loading to the existing carbon adsorption sys
tem. Table 2 summarizes the estimated adsorptive capac
ities of Calgon Service carbon for phenol, benzoic acid, 
CBAs, and TOC, based on the leachate and pure water 
isotherms relative to the carbon loadings found in the 
full-size activated carbon adsorbers during an adsorption 
service cycle. The capacities for the five major organic 
constituents were found to be significantly reduced from 
the their pure water isotherms. The capacity reductions 
were inversely related to the respective percent TOC at
tributable to these compounds. At the time of bed exhaus
tion, the loadings for o-CBA and TOC found in the lead
ing adsorber were nearly the same as the leachate 
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Figure 8. Adsorption isotherms for TOC and TOX in row and solvent
extracted leachoted. 
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Figure 9. Adsorption isotherms for benzene in pure water ond contami
nated groundwater. 

isotherm capacities and the loadings for phenol, benzoic 
acid, m-, and p-CBAs were all well below the correspond
ing capacities, which established the validity of the 
leachate isotherms. 

Using solvent extraction, chemical oxidation, and bio
degradation as leachate pretreatment methods were in
vestigated for reducing the organic loading of the existing 
carbon adsorbers. Octanol was evaluated as a candidate 
solvent because of its high solubility for phenol and rela
tively low cost. Biotreatment was a(.'complished in a pilot
scale SBR operated at a hydraulic retention time of 2.5 
days [9]. Results from the extraction studies are presented 
in Table 3. Composition data are given for the raw and 
three octanol-extracted (twice, four, and seven times, 
each at a solvent to waste volume ratio of 1/30) leachate 
samples. Adsorption isotherms for TOC and TOX in the 
raw and the seven-time octanol-extracted leachate 
samples (Figure 8), show that the carbon exhaustion rate 
of the existing adsorbers will not be much reduced by 
such a pretreatment. 

Table 3 also provides composition data for feed and 
biotreated leachate samples. Biotreatment was confirmed 
as an effective pretreatment method for reducing the 
leachate TOC. Octanol extraction was ineffective because 
it removed only phenol among the major organic leachate 
constituents. Table 4 shows that the capacities of five 
granular carbons for TOC in biotreated leachate were 
about the same as in the raw leachate and that the capac
ity for TOX was much greater after biotreatment. This 
demonstrated that biodegradation pretreatment in a SBR 
would reduce the carbon exhaustion rate by at least 
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Figure 10. Adsorption isotherms for monochlorobenzene in pure water 
and contaminated groundwaters. 
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Figure II. Adsorption isothenws for lHfichlorobenzene in pure woter ond 
contominated groundwoter. 

9Oo/o-the TOC reduction due to biotreatment [9]. An SBR 
biotreatment system is being installed for treating the 
chemical waste landfill leachate waste before carbon ad
sorption. 

Contaminated Groundwaters: As shown in Table 5, 
groundwater A was a low-TOC sample containing a few 
volatile aromatic compounds, while groundwater B had 
larger amounts of dissolved organic and inorganic con
taminants (TOC = 337 mgIL, TDS = 11,430 mglL). A 
mixture of organic compounds was spiked to pure water 
or groundwater to increase its concentration for benzene 
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Figure 12. Adsorption isotherms for o-chlorotoluene in pure woter, con
tominated groundwoter, and POTW primary effluent. 
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Figure 13. Corbon column breakthrough curves for removing color from 
biotreoted phenolic wastewoter. 

by 10 mgIL, MCB by 15 mgIL, OCT, 0-, and p-DCBs by 
2 mgIL each. 

Figure 9 shows that the reduction in adsorptive capac
ity of Calgon Service carbon for benzene, relative to the 
pure water isotherm, was much less in the spiked pure 
water (%TOC = 43) than in groundwater B 
(%TOC = 0.27). The reductions in the capacity for MCB, 
in the spiked pure water, the spiked groundwater A, and 
groundwater B test systems, as shown in Figure 10, were 
inversely related to the percent TOC attributable to 
MCB-41, 26, and 1.8, respectively. Figure 11 shows that, 
as expected, the reduction in the capacity of carbon for 
p-DCB in the spiked pure water (%TOC = 4.6) was only 
slightly less than that in the spiked groundwater A 
(%TOC = 3.2). 

P01W Primary Treatment Effluent: Two samples of 
POTW primary effiuent were taken from the same source 
at different times. Effiuent A had lower (relative to effiu
ent B) concentrations of TOC, COD, and most of the or
ganic constituents of concern, except for benzene (Table 
6). Adsorption isotherm experiments were conducted for 
TOC, COD, chloroform, trichloroethylene, benzene, to
luene, and OCT using Calgon Service carbon, which was 
the carbon employed in the pilot column study performed 
by Malcolm Pirnie, Inc. [11]. 

Figure 12 shows that the reductions in the adsorptive 
capacity for OCT were inversely related to its share of the 
TOC for the spiked pure water (%TOC = 6.2), the spiked 
groundwater A (%TOC = 3.9), and POTW primary effiu
ent B (%TOC = 0.86), as demonstrated for other target 
compounds in several industrial wastewaters. The ex-

TABLE 7. ABSORBER CAPACITY UTILIZATION FOR REMOVING COLOR FROM BIOTREATED PHENOLIC WASTEWATER. 

Feed-Composite effiuent from SBR 1 and 2; 
Average feed rate = 0.43 mVmin; 
Average feed concentration--<:olor = VIS abs 1.22 at 375 nm, 
Total run time = 110 hours, total volume treated = 2.84 liters 

EBRT' 
Carbon Column (min) 

Calgon F -300 (10 g) 50 
Calgon F-300 (15 g) 75 
Cecarbon 830DC (10 g) 50 
Cecarbon 830DC (15 g) 75 

• Empty bed residence time, assuming apparent density = 0.47 ';cc. 
b Cumulative loading calculated from the breakthrough curves shown in Fl~ure 13 at the end 
of the runs or when the color intensity of the effluent reached 20% of the feed. Loading = 
Feed concentration x total volume treated X % removed. 
C Carbon isotbenn capacity (Figure 3) estimated at ahs 1.22. 
d "utilization - Ioadlnw'capacity. 
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Loading" Capacity' 
(abs-L or (abs-L or 

mg/g) mg-g) % Utilizationd 

0.191 LlO 17.4 
0.216 LlO 19.6 
0.320 2.90 ILl 
0.220 2.90 7.7 
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TABLE 8. ABSORYfIVE CAPACITIES OF CALGON SERVICE CARBON FOR TRACE ORCANIC CONTAMINANTS IN POTW PRIMARY TREATMENT 

EFFLUENT. 

Pilot carbon column': diameter-12.6 cm, charged with 14 kg ofCaigon Service carbon,llowrate-1.l4 Umin 

Ave. feed Time toh 
conc. & range exhaustion 

Parameter/compound (,.glL) (d) 

COD 85,000 120 
43-195,000 

Total phenols 310 157 
20-441 

Chloroform 73 96 
41-120 

Trichloroethylene 73 238" 
47-134 

Benzene 48 160 
20-122 

Toluene 213 250" 
9--2,400 

Monochlorotolueneh 860 263" 
17-14,000 

• Pilot column study conducted hy Malcolm and Pirnie. Inc. [In 
b E5tirnated or calculated from the pilot carbon (:alumn breakthrough profiles. 
C Adsorptive capa(:ities given are all estimated at the average feed concentration. 
d Averoge of6l19 and 1011511980 POTW COD ;,o!henn, (II). 
e 91611980 POTW total phenols isothenn [I1]. 
r Estimated from the EPA data for phenol using virgin Galgon F-300 [5]. 
II Estimated from the incomplete breakthrough curves. 
h The column loadings are for the sum of three isomers; the isotherm data are for ()o 

chlorotoluene only. 

pected increase in carbon exhaustion rates, due to com
petitive adsorption, can be estimated from the ratios of 
G: s (Table 6) for removing the trace organic contami
nants from POTW primary emuent to those from pure 
water. Many times more carbon would be required to re
move any of these compounds from emuent A than from 
pure water. Even more carbon would be required for 
treating the higher TOC emuent B. The capacity for 
trichloroethylene was reduced to a greater extent than 
chloroform in both emuent samples, indicating that the 
order of capacity reduction for target compounds might 
be preserved in samples having similar composition yet 
at different TOC levels. 

Corbon AdsortIer PerfomoallCe 

Removal of Color from Biotreated Phenolic 
Waste: The adsorption breakthrough curves depicted in 
Figure 13 confirm the higher isotherm capacity of Ce
carbon 830 DC for color agents. The results also demon
strate premature breakthrough of color in single-bed ad
sorption treatment [10). Capacity utilization, ratio of 
cumulative loading of color agents in the adsorber to the 
isotherm capacity, for the 10 g Calgon adsorber, which 

Adsorptive capacity' 

Fractionh 
column emu. pure water 

loading isotherm 
removed (mglg) 

0.46 545 260" 

0.71 4.02 2.65' 8.25f 

0.61 0.50 0.26 0.69 

0.68" 1.37 0.82 4.00 

0.78 0.70 0.61 4.30 

0.70' 4.33 2.25 14.7 

0.77" 20.2 10.5 71.2 

had the earliest color breakthrough, was about 17.4% 
(Table 7). At a carbon exhaustion rate of6.4 giL, a conven
tional 20,000 Ib carbon adsorber has been proposed to 
provide for more than one year of polishing treatment for 
1,000 gal/day of biotreated phenolic wastewater [17]. Ac
tual carbon consumption rate may be much less, since 
bacterial growth on carbon, which we observed, will sig
nificantly enhance the overall treatment capability of the 
adsorption system in removing color agents and other or
ganic constituents of the feed [18,19]. 

Pilot Carbon Treatment of P01W Primary Efflu
ent: The time to exhaustion for the pilot carbon column, 
i.e., the operating time when concentration of a target 
compound in the emuent had reached or exceeded that in 
the feed, was estimated from the pilot column break
through curves for COD and its six organic components' 
[6]. The results (Table 8) were consistent with the G:s 
calculated from the adsorption isotherms for these target 
compounds obtained in the POTW emuent samples. 

The pilot column apparent loadings observed for the 
six target compounds validated the reduced isotherm ca
pacities found in POTW emuent samples. The values 
given for total phenols included all phenol-like com
pounds. Both the apparent loading and the POTW iso-

TABLE 9. PROPERTIES OF TRACE ORGANIC CONTAMINANTS IN POTW PRIMARY TREATMENT EFFLUENT.' 

Boiling Vapor 
Molecular point pressure 

Compound weight ("C) (torr)/(°C) 

Phenol 94.1 182 0.53120 
Chloroform 119.4 61.7 150120 
Trichloroethylene 131.4 87 57.9/20 
Benzene 78.1 80.1 95.2125 
Toluene 92.1 III 28.7125 
o-chlorotoluene 126.6 159 3.5124d 

• From Ref. [12], except as noted. 
b Biodegradation by acclimated bacterial cultures in static culture flask, excepted as 
noted, see Ref. (13]. 
C Unpublished data. 
d Ref. (14]. 
e Calculated by vapor pressure/solubility in water. 

8 February, 1990 

Solubility Henry's Law 
in water constant 

(mgIL)/("C) (atm-m3/mole) Biodegradabilityh 

67000/25 1.3 x 10-6 fast/complete 
9600/20 3.4 x 10-3 slow/complete 
1100/20 11.7 x 10-3 slow/partial 
1790/25 5.6 x 10-3 slow/complete 
535125 5.9 x 10-3 fast/complete 
110124' 5.3 x 10-3 • slow/partial' 
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thenn capacity would have been lower if only phenol had 
been reported. The higher apparent loadings observed 
for these compounds in the pilot carbon columns relative 
to the their effluent isotherm capacities were results of 
biodegradation of phenol and stripping of the other five 
volatile compounds, see Table 9. 

Daily backwashing, sometimes with air scour, was 
practiced during the six-month pilot study to prevent ex
cessive pressure-drop across the carbon column. Such 
conditions promoted biodegradation of phenol [18,19] 
and stripping of these adsorbed volatile compounds 
[20,21], which accounts for the higher apparent loadings 
found in the pilot carbon columns. The pilot study results 
for monochlorotoluene are given for the sum of three iso
mers, while the isothenn data is for o-chlorotoluene 
alone. This fact also contributed to the higher apparent 
column loadings shown in Table 8. 

CONCLUSIONS 

Because of competitive adsorption, the capacities of 
carbon for the organic constituents of industrial waste
water samples were all reduced for their respective single 
compound isothenns. Reduction in capacity for a com
pound would be small when it is the predominant waste
water constituent, or when other organic wastewater con
stituents are much less adsorbable compared to the target 
compound. The capacity reduction for most wastewater 
constituents could be correlated with the %TOC attribut
able to the target compound-the smaller %TOC, the 
larger the capacity reduction. 

The carbon exhaustion rate may be significantly low
ered if a pretreatment step designed to reduce organic 
loading of the carbon adsorber is practiced. Biodegra
dation was found to be effective in reducing a leachate 
TOC and thus, extended the service period of the carbon 
adsorbers . Solvent extraction, however, was not an effec
tive pretreatment for a high-TOC chemical landfill leach
ate since only a small portion of its organic constituents 
was removed. For a wastewater with a relatively constant 
composition, the order of capacity reductions for its or
ganic constituents, due to competitive adsorption, would 
be likely to be preserved for samples having different 
background TOCs. 

Independent treatment data for full-size carbon ad
sorber and column breakthrough curves for pilot-scale ad
sorbers have confinned the lower adsorptive capacities of 
carbon for all compounds studied. These experimental 
findings are further validated by literature reports of simi
lar observations [22-27]. The useful adsorber capacities 
(loading) for target compounds may also be signficantly 
reduced because of mass transport limitations, especially 
for removal of large size organic contaminants, such as 
color agents, in small single-bed adsorption system 
[iO,28]. 

Actual wastewater samples should be employed in ad
sorption isotherm and column breakthrough testings to 
define realistic adsorptive capacity and the maximum 
loading achievable under simulated operating conditions. 
Otherwise, premature breakthrough of many contami
nants would result from overestimation of treatment ca
pacity of the carbon adsorption system. 
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As new programs are initiated by industry and federal or state regulatory 
agencies to reduce releases of hazardous air pollutants and reactive volatile 

organic compounds into the atmosphere, there are increasing questions 
over the loss of organic compounds from fugitive sources, the best method 

to estimate these losses, and the factors that influence these losses. The 
presently established method is to use generalized emission factors for each 
specific piece of equipment comprising a process unit. The accuracy of the 
estimates obtained using the available emission factors depends upon two 

features. These are first, the precision and accuracy of the actual emission 
factors or correlations themselves, and second, the resemblance of the 
systems from which the correlations were developed to those for which 

they will be applied. 

INTRODUCTION 

Significant fugitive emissions can occur due to design fac
tors and inadequate monitoring or maintenance. To de
velop the existing industry-wide fugitive emission fac
tors, the U.S. Environmental Protection Agency (EPA) 
sponsored an extensive sampling program and analyzed a 
large amount of data collected from various types of oper
ating units. Based upon this analysis they detennined that 
although much of the equipment in a process unit leaks to 
some degree, a small percentage with significant leaks 
contribute most of the equipment mass emissions from a 
typical unit. Following extensive public review and com
ment, the EPA evaluated the cost effectiveness of alterna
tive control techniques for minimizing fugitive emis
sions, and defined a cost effective cutoff which would 
determine when a leak is of sufficient magnitude to war
rant repair [1]. 

This cutoff, based upon a hydrocarbon screening meas
urement at the potential leak interface, was set at a con
centration level of 10,000 ppm. In the absence of any data 
to the contrary, the present regulatory policy to apply 
these factors is to assume that leaking equipment of a 
specific type (i.e., gas valves, liquid valves, flanges, 
pumps, etc.) within a process unit tends to emit similar 
quantities of VOC as leaking equipment of the same type 
in another process unit [2]. Once a component is defined 
as leaking (i.e., above the 10,000 ppm cutofi), it is as
sumed to have VOC emissions at a certain average mass 
rate. Similarly, if the equipment of a specific type is de
fined as 'nonleaking' (Le., below the 10,000 ppm cutol!), it 
is assumed to have emissions at a certain lower average 
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mass rate. The average leak rate for specific types of 
equipment in a process unit was determined using a com
posite of the leaking and non-leaking equipment [3]. 
These fugitive emission factors for leaking, non-leaking 
and average equipment were known as the SOCMI (Syn
thetic OrganiC Chemical Manufacturing Industry) Fugi
tive Emission Factors. Up to the present time, state and 
federal regulatory staff have been limited to using these 
factors to estimate fugitive emissions of organic com
pounds from typical process units in developing emission 
inventories or specific emission standards and regula
tions. 

Because these SOCMI factors were based upon meas
urements in only a few of the thousands of chemical pro
cesses represented in the chemical industry, and the esti
mates were not consistent with historical data obtained 
by ethylene oxide producers, it was believed by these 
producers that the SOCMI factors would not adequately 
characterize fugitive emissions from units handling 
chemicals which are toxic, explosive or otherwise haz
ardous. 

In particular, it was believed that, independent of any 
regulatory guidance, most process units implement pro
grams of visual, audible, olfactory or area monitoring, and 
inspection of operating equipment while others specifi
cally design equipment to limit VOC losses for safety or 
economic reasons. If the equipment design or monitoring 
programs within an operating unit differs from that for 
which the EPA emission factors were developed, the per
centage of equipment 'leaking' and the magnitude of the 
non-leaking emission rate may not be adequately repre
sented by the EPA SOCMI factors [4]. 
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TABLE 1. LOCATIONS AND CAPACITIES OF ETHYLENE OXIDE PRODUCTION FACILITIES 

Prodm,er 

1. BASF 
2. Hoechst-Celanese 
3. DOW Chemical 
4. CAIN Chemical 
5. Quantum 
6. Olin Chemical 
7. PD Glycol (CAIN) 
8. Shell Chemical 
9. SUN R&M 

10. Texaco Chemical 
11. Texas Eastman 
12. Union Carbide 
13. Union Carbide 

a [9) 

Location 

Geismar, LA 
Clear Lake, TX 
Plaquemine, LA 
Bayport, TX 
Morris,IL 
Brandenburg, KY 
Beaumont, TX 
Geismar, LA 
Claymont, DE 
Port Neches, TX 
Longview, TX 
Seadrift, TX 
Taft, LA 

hOne oftwu prodlldiofl units out ofservk-e at the time ufthis shldy. 
c Dnta ohbLined directly from pmdudng plant personnel. 
d Out of servk-e at time of study. 

BACKGROUND 

Whe~ the review of ethylene oxide as a possible haz
ardous air pollutant was initiated, the Ethylene Oxide In
dustry Council (EOIC) recognized that because of the 
highly reactive and explosive nature of the compound, 
and because of the low OS HA standard for ethylene oxide 
(1 ppm), the ethylene oxide production units were de
signed and operated to minimize fugitive emissions of 
ethylene oxide [4,5]. In addition, a few limited studies 
had been conducted by some of the producers [4,5] 
which also indicated that fugitive emissions from these 
sources would be low. However, the amount of data col
lected in these studies was limited and could not support 
the view that fugitive emissions of ethylene oxide from 
these production facilities were low throughout the in
dustry. Furthermore, there was not an adequate sampling 
and data analysis procedure available which could be 
used to demonstrate that ethylene oxide fugitive emis
sions would be low. This limitation was eliminated, 
when, in late 1987, the EPA developed a new set of 'Pro
tocols for Generating Unit-Specific Emission Estimates 
for Equipment Leaks ofVOC and HAPS' [6]. At that time, 
a draft of these protocols was sent out for peer and public 
review, and they were finalized in November of 1988. In 
the interim, however, the Agency encouraged companies 
and industry groups to use these protocols to develop 
specific fugitive emission factors for their processes. 

This paper summarizes the results of an industry-wide 
program to assess the magnitude of losses resulting from 
fugitive emissions at ethylene oxide production facilities, 
and presents a statistical analysis of the data collected. 
These results were collected from most ethylene oxide 
producers within the United States as part of a coopera
tive agreement between the Ethylene Oxide Industry 
Council (EOIC), a trade association of ethylene oxide 
producers and users within the Chemical Manufacturers 
Association, and the US Environmental Protection 
Agency. The data was collected during the second and 
third quarters of 1988, following the development of a 
special EOIC-EPA emissions estimation protocol, and 
the completion of an Ethylene Oxide Fugitive Emissions 
Workshop and Workbook [7] by Radian Corporation. An 
acceptable, standardized sampling protocol was essential 
in 'order to provide consistent and reliable results by all of 
the participants in the study. 
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Ethylene Oxide 
Nameplate 

Production Capacity 
Metric TonsNear Notes 

218 a 
227 c 
204 c 
204 a 
100 c 
57 d 
68 a 

363 a,b 
55 c 

251 a 
97 a 

286 a 
572 a 

2,700 

OBJECTIVES OF STUDY 

Three were four main reasons that encouraged the 
EOIC to initiate this study with the EPA. It was antici
pated that the results of this EO industry-wide study 
could be used 

1) to more accurately measure fugitive emissions of 
ethylene oxide for reporting under SARA 313; 

2) to assist in developing priorities in internal com
pany-wide air emission reduction programs; 

3) to dispell potential public misconceptions regarding 
air emissions from these facilities which could occur 
from the use of existing SOCMI emission factors for 
EO units; and 

4) to more accurately assess community exposure as 
the EPA evaluates the need for a specific air regula
tion for ethylene oxide. 

ETHYLENE OXIDE PRODUCTlQN UNITS 

Ethylene oxide has a molecular weight of 44, a vapor 
pressure of 1305 torr at 25·C, and is completely soluble in 
water [8]. Ethylene oxide is produced by the direct vapor 
phase oxidation of ethylene over a silver catalyst at 10 to 
30 atmospheres pressure and 200·C to 300·C. The source 
of oxygen is either air or high purity oxygen. Nine of the 
present producers use the oxygen based process, while 
four use the air based process [9]. The main reaction is as 
follows: 

Eleven companies at thirteen locations produce ethyl
ene oxide in the United States. 2.6 million metric tons 
were produced in 1987. The majority of the ethylene 
oxide is used at the production site to produce ethylene 
glycol, glycol ethers and ethanolamines with capture feed 
levels being approximately 90 percent of actual EO pro
duction rates. The breakdown of ethylene oxide produc
tion is shown in Table 1 (taken from [9]), the location of 
these facilities is shown in Figure 1. 

All of the current ethylene oxide producers listed in 
Table 1 participated in this study. 
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Figure I. Locations of ethylene oxide production facilities. 

SAMPLE COLLECTION 

Equipment IIICIt.ded In Study 

This study included all components on lines containing 
more than 1 percent ethylene oxide by weight that are ac
cessible by platform, ladder or manlift device up to 40 
feet above grade according to the following: 

1. All valves, pumps, and compressors were included 
in the sampling program. 

2. A statistical sample of connectors (including flanges 
and screwed fittings) were included in the study. 
Depending upon the number of components in the 
unit, a minimum of between 77 and 150 components 
in this category were to be sampled. 

3. All safety valves not discharged to a header system, 
all sample points except those with a closed loop 
system, plugged or vented to a control device, and 
all ope~nded lines except those plugged or blind 
flanged, were also included in the study. 

A breakdown of the number of components included in 
the sampling program, by ethylene oxide concentration is 
shown in Table 2. Overall, 18,277 components in ethyl
ene oxide service were included in this study. Four per
cent of these were inaccessable and were not actually 

sampled. Roughly 45 percent of all components were liq
uid valves, 18 percent were gas valves, 26 percent were 
flanges and connectors, 1 percent were pumps or com
pressors, 1 percent were safety val ves, and 5 percent were 
sample points or open-ended lines. The number of 
flanges and connectors actually sampled represents about 
twenty-five percent of the total population of flanges and 
connectors in a typical ethylene oxide production facility. 

Roughly 55 percent of the components sampled were 
on streams containing greater than 95 percent ethylene 
oxide. About twenty percent of the components were on 
lines containing less than 10 percent ethylene oxide. 

So_piing Methodology 

The approach used in the EOIC study would use EPA 
Method 21 to screen the components in the production 
units. This method describes the acceptable procedure 
for identifying and screening volatile organic compound 
leaks for valves, connectors/flanges, pumps, safety valves, 
process drains, open-ended lines as well as other sources. 
To use the method, several performance specifications 
are prescribed. These specifications require that the ana-

TABLE 2. ETHYLENE OXIDE PRODUCTION FACILITIES DISTRIBUTION OF COMPONENTS BY EO PERCENTAGE 

Number of Components In EO% Range 

Component Type 1%-2% 2%-5% 5%-10% 100/0-50% 50%-95% 2:95% Total 

Valve (liquid) 294 415 245 912 1042 5418 8326 
Valve (gas) 772 741 38 421 333 1001 3306 
Flange 581 343 95 530 617 2576 4742 
Sealed flange I 0 I 2 13 8 105 
Open-ended line 20 148 15 152 51 368 754 
Pump 7 8 8 28 39 100 190 
Safety valve 39 2 3 10 II 40 105 
Sample point 0 4 3 4 2 17 30 
Compressor I I 0 0 3 0 5 

Total number: 1715 1662 408 2059 2111 9608 17563 
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lyzer used to monitor the equipment have a response fac
tor of 10 or less for the compound of interest, a response 
time of less than 30 seconds, and must be intrinsically 
safe. In addition, it must be calibrated with a certified 
(±2%) standard gases. An Organic Vapor Analyzer (Fox
boro OVA 108 or 128) was used to collect all the data in
cluded in this study. At most of the sites, a standard gas of 
ethylene oxide was used to check the response of the in
strument to ethylene oxide on a regular basis. Atmo
spheric background measurements were also obtained 
every twenty sample points. The results were used to cor
rect the equipment screening data for background hydro
carbons. 

In addition to the measurements obtained from the ana
lyzers on the actual equipment, specific ethylene oxide 
measurements were also obtained using Draeger Tubes 
or any other measurement device specific to ethylene 
oxide. These measurements were collected on a statisti
cal portion of components containing mixtures of chemi
cals with ethylene oxide, very low or nondetectable 
screening measurements, or from the background air. At 
several of the sites a number of components were bagged 
(enclosed with tedlar), and actual emission rates from the 
component were measured. Some of the data obtained 
from these enclosed components was used to develop a 
default value for valves and flanges which had screening 
readings equal to background air. 

Because of the potential hazard associated with ethyl
ene oxide production facilities, and the complex nature of 
fugitive emissions screening, specific guidelines were 
provided to each participant. These included the need to 
stand upwind of sources being monitored, to calibrate in
struments outdoors or in a hood, to undergo a safety re
view before initiating studies, and to cover the metal tip 
of the screening instrument with teflon tubing to prevent 
possible sparking from contact with rotating metal in the 
unit. 

A typical fugitive emission screening program at one of 
the production units required between one and two 
weeks to complete, using a three-person crew. 

Component Counl by 
Equipment Type and 

Service Catetgory 

DATA COLLECTION AND PROCESSING 

A standardized ethylene oxide screening survey report
ing form was prepared for all the participants in the study. 
This form was designed to provide the minimum data 
needed to meet the objectives of both the EOIC and the 
EPA as participants in the study. All participants in the 
program were encouraged to modify the forms as would 
best fit their own data collection needs. Information that 
would be needed in the study included: 

• Plant ID = producers name and location 
• Instrument ID = make, model number and serial 

number of the primary screening instrument 
• Analyst name = identification of the persons doing 

the screening 
• Date 
• Background reading time 
• Background value = instrument reading on the 

background air 
• Average RF = average response factor from the most 

recent multipoint calibration of instrument using EO 
standard gases 

• Location P&ID = specific ID number assigned by 
the producer 

• Component Type: valves (VLV), Hanges (FLN), 
pumps (PMP), safety valves (SV), compressors 
(COM), etc. 

• Component Category: Valve type (globe, ball, gate, 
etc.), pump/compressor type (sealed, solvent Hush 
etc.) 

• Phase-type of material Howing through the com
ponent, gas (G) or liquid (L) 

• EO% = amount of EO in the process stream (1 to 
100%) 

• Solvent Name = names of other materials in the 
stream 

• Solvent % = percentages of other materials in the 
stream 

Average SOCMI 
Emissions 
Estimate 

LeaklNo Leak 
Emission or 

Estimate 

Stratified 
Emission or 

Estimate 

SOCMI Correlation 
Equation Emissions 

Estimate 

Refined Estimates -----....... ~ 

Figure 2. Overview of fugitive emissions estimation options. 
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TABLE 3. EPA SOCMI FUGITIVE EMISSIONS CORRELATION EQUATIONS"" 

"Default Zero " 
Component Number of Correlation Emission Rate 

Type Service Correlation Equation' Data Pairs Coefficient (Iblhr) 

Valve Gas 1.680 x 10-5 x (SCRNVALU)O.600 99 0.66 0.000072 
Valve Liquid 3.740 x 10-4 x (SCRNVALU)O.470 129 0.47 0.001004 
Flange All 3.731 x 10-5 X (SCRNVALU)O.820 52 0.77 0.000209 
Other All 1.335 x 10-5 x (SCRNVALU)o.898 52 0.81 0.000088 

• Emission estimates are calculated in IbsJhr. 
b Taken from Table 0·1 in Protocol for Generating Unit-Specific Emission Estimate!'> for Equipment Leaks ofvoe and VHAP, EPA Report, November, 1988 [6]. 
C SCRNV ALU = Maximum OVA screening value in ppm. 

DATA REDUCTION AND ANALYSIS 

There are a number of steps that need to be taken to 
generate an industry wide fugitive emissions estimate for 
these ethylene oxide production facilities. The overall 
process is schematically represented in Figure 2 (adapted 
from [6]). As noted earlier, fugitive emissions in the chem
ical industry are considered to be those volatile organic 
compound (VOC) emissions that result when process 
fluid (either gaseous or liquid) leaks from plant equip
ment such as valves, pumps, pump seals, compressors, 
safety relief valves, and flanges. The first step in estimat
ing fugitive emissions is to determined the population of 
sources, and the appropriate service category (gas or liq
uid), by counting or otherwise estimating, the number of 
process fittings in each source type/service category com
bination. 

The next step after determining the source counts is to 
determine the appropriate method by which the emission 
factors are to be developed. With some overlap, and com
bination, there are presently five possible approaches 
using emissions factors that can be used to estimate fugi
tive emissions from a production unit. These are: 

I) Use Average SOCMI Factors 
2) Use SOCMI LeaklNo-Leak Emission Factors 
3) Use SOCMI Stratafied Emission Factors 
4) Use SOCMI Leak Rate Correlations 
5) Develop and use new Leak Rate Correlation 

A ..... SOCMl EmI •• 1on Facton 

The first alternative does not require any additional 
monitoring. Under this option, the Average SOCMI Fac
tors developed from the EPA's studies in the Synthetic 
Organic Chemical Manufacturing Industry would be ap
plied to each of the components in the industry. How
ever, the application of the average factors to existing eth
ylene oxide units is questionable in light of the special 
design and maintenance practices used in the units com
pared to those used to develop the average SOCMI 
factors. 

All other emission estimation methods require that a 
screening survey be made of the components in the pro
cess area to be monitored. 

SOCMI LeaklNo-Leak Enoi ... Facton 

In Option 2, the EPA Leak and no-leak emission factors 
are used. In applying these factors, the screening data are 
first divided by component type, and then by screening 
value into leaker (greater than 10,000 ppm) or non-Ieaker 
(less than 10,000 ppm) categories. The number of com
ponents in either category are multiplied by the appro
priate emission factor. 

SOCMI Stratified Factors 

Recognizing that the vast majority of components do 
not leak, or have very low emissions, the EPA redefined 
the Leaklno-Ieak strategy and developed a three tiered 
approach. Ranges of screening values were established at 
0-1000 ppm, 1000 to 10,000 ppm, and over 10,000 ppm. 
The application of these factors follows the pattern of the 
leaklno-Ieak method (option 2). The components with 
screening values in each range are counted, then multi
plied by the appropriate emission factor, and totalled. 

SOCMI Leak Rate Co ..... atlon Cu..,. 

The emissions data collected by the EPA included both 
component screening measurements and actual fugitive 
emission leak rates from enclosed components. Statistical 
evaluation of this data led to development of correlation 
equations to relate screening values to leak rates for gas 
valves, liquid valves, flanges, and pumps (and all other 
components). Using this approach (option 4), the emis
sion rate of each component is calculated from the appro
priate correlation equation using the screening value. 
The total emissions would be a summation of all individ
ual emission rates. 

In using Option 5, screening of each component would 
be completed, but also a statistically significant number 

TABLE 4. DISTRIBUTION OF SCREENING MEASUREMENTS FROM COMPONENTS AT EO PRODUCTION FACILITIES 

No. 
Compo- <1 1-10 10-100 100-1000 1000-10000 >10,000 'SOCMI 

Component nents ppm ppm ppm ppm ppm ppm(%) >10000 

Compressors 5 0 3 1 1 0 0(0 ) 9.1 
Flanges 4742 1372 2647 606 64 24 29(0.6) 2.1 
Open end lines 754 34 541 lOS 48 14 9 (1.2) 3.9 
Pumps 190 27 87 32 30 6 8(4.2) 8.8 
Safety valves 105 0 98 6 1 0 0(0 ) 3.6 
Valves (gas) 3306 481 2345 227 70 43 40 (1.2) 11 
Valves (liq) 8326 1600 5908 717 67 22 12(0.1) 6.5 

Total 17563 3514 11744 1811 281 111 102(0.6) 

• SOCMI - % Expected to be greater than 10000 from SOCMI data base. 
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Figure 3. Distribution of screening measurements for major components 
in ethylene oxide production facilities. 

of components would be bagged in order to develop a 
new leak rate correlation curve. 

Data were collected in this study which would allow 
the use of any of the first four options. But, the fourth, 
more refined alternative was selected for use in this anal
ysis. Under this alternative, screening measurements 
would be obtained for each of the components in the pro
cess, and the EPA Leak Rate Correlation (summarized in 
Table 3) for that source category would be used to esti
mate the actual emission rate. While this option had some 
significant limitations-most importantly that it uses a 
correlation curve comparing leak rate to screening value 
developed from data obtained for process units that were 
not representative of ethylene oxide production 
facilities-it was still believed that it would provide the 
best means of pinpointing potential problem areas as well 
as determining whether emissions from these units are 
significantly less than SOCMI values without requiring a 
costly complex bagging program. 

DISCUSSION OF RESULTS 

Because emissions resulting from leaks in the equip
ment present in a typical production unit are random sto
chastic occurrences, they cannot individually be pre
dicted, but can best be handled statistically. A statistical 
breakdown of the screening measurements observed in 
this study are shown in Table 4. Also shown in this table 
is the percentage of'Leakers' (components with screen
ing measurements above 10,000 ppm) observed in the 
EPAlSOCMI analysis. Clearly, from this table, it can be 
observed that the data obtained from the ethylene oxide 
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Figure 4. Ethylene oxide production facilities distribution of components 
by screening voloes. 

production units has a significantly lower amount of 
Leakers than was observed ,in the previous SOCMI stud
ies. The most significant difference was for gas valves, 
where only 0.14 percent of the gas valves would be classi
fied as 'Leakers', compared to 6.5 percent expected from 
the EPAlSOCMI analysis. The number ofleaking pumps 
in this analysis (4.2 percent) was much closer to that ex
pected from the SOCMI data analysis. 

A further representation of the data in Table 4 is pre
sented in Figure 3. This figure presents a probability dis
tribution of the screening measurements obtained in this 
study for the major component types. The majority of the 
components monitored in this study for all component 
types had very low screening numbers (comparable to 
background air, or the lowest measurable level of the in
strument). But, the distribution of screening meas
urements for the pumps and open-ended lines, were gen
erally higher than those obtained from any of the 
remaining components, whereas the screening meas
urements for the safety valves were the lowest in the 
study. Over ninety percent of the safety valves had no 
measurable screening values, and no leakers or high 
emitters (components with screening values above 
1,000 ppm) were observed. 

TABLE 5. EMISSION FACTORS FOR EO PRODUCTION FACILITIES COMPARED TO AVERAGE SOCMI FACTORS 
G/Hr/Component 

Average SOCMI 
Component Number Average SOCMI Corr. Curve Average EO 

Type Components Factor Factor Factor 

Liquid valves 8326 7.10 0.63 0.250 
Gas valves 3306 5.60 0.22 0.200 
Safety valves 105 104.00 0.07 0.070 
Pumps 190 49.50 19.40 19.400 
Flanges 4742 0.83 0.32 0.250 
Open-ended lines 754 1.70 0.49 0.490 
Compressors 5 228.00 0.35 0.350 
Net Emissions' 100% 10% 

• Net Emissions were calculated using the actual distribution of components screened in this study and assuming that only 25 percent of the a<..1ual Ranges and (.'Onnectors were 
actually sampled (this corresponds to a Bange-to-valve ratio or 1.6). 
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TABLE 6. EOIC/EPA FUGITIVE EMISSIONS STUDY .t;MISSIONS IN .t;IGIIT,t.;OMPONENT"lYPES ATTRIBUTED TO "LEAKERS" AND 
"HIGII EMITTERS 

"Leakers .. 
% of Total 

Component %of Emissions 
Type Category for Category 

Gas valves 1.2 88 
Liquid valves 0.14 49 
Safety valves 0.0 0 
Compressors 0.0 0 
Pumps 4.2 95 
Flanges 0.6 57 
Open-ended lines 1.2 29 
Sample points 0.0 0 

Total 0.6 73 

In summary, the screening data obtained in this study 
indicate that fugitive emission leakage from the ethylene 
oxide production units is lower than would have been ex
pected from the previous SOCMI data. Figure 4 presents 
a summary of all the screening measurements from this 
study. Overall, 86.9 percent of the components were non
emitters (less than 10 ppm), 10.3 percent were very low 
emitters (100 to 1,000 ppm), 0.6 percent were high emit
ters and 0.6 percent were leakers. Based on estimates 
from the SOCMI data it would have been expected that 
between six and seven percent of all of the components 
would have been leakers. 

EO Specific Emission Factors 

Using the correlation between component screening 
value and emission rate developed from the previous 
EPA studies, an emission rate was calculated for each of 
the components monitored in this study, and an overall 
leak-rate for each source category developed. These are 
summarized in Table 5. Also shown in this table are the 
Average EPA SOCMI factors . Two separate emission fac
tors for the ethylene oxide production units are included 
in this table. The first factor uses an EPA default value for 
any component which has a screening value below 8 
ppm. The second feature was developed from the EPA 
Leak Rate Correlation curves-but using the bagging data 
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Figure 5. Contribution of five largest component types to total fugitive 
emissions from ethylene oxide production facilities using ethylene fugi· 

tive emission. 
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"High Emitters .. Total 

% of Total % of Total 
%of Emissions %of Emissions 

Category for Category Category lilT Category 

1.3 8 2.5 96 
0.26 9 0.4 58 
0.0 0 0.0 0 
0.0 0 0.0 0 
3.2 3 7.4 98 
0.5 24 1.1 81 
1.9 49 3.1 78 
0.0 0 0.0 0 
0.6 11 1.2 84 

for values and flanges-to calculate emissions from com
ponents with screening values less than 8 ppm. 

As was seen in the screening estimates, the average 
emission factors developed for the ethylene oxide pro
duction units were significantly lower than the Average 
EPA SOCMI Factors. The average ethylene oxide emis
sion factors varied from a factor of 2.5 times less than the 
average EPA value for pumps to a factor of over a thou
sand less for safety valves. Overall, emissions from the 
production facilities at the time of sampling would be 
equal to one tenth of the estimates from the Average EPA 
SOCMI emission factors. 

The results in this study were also analyzed to deter
mine the special influence or contribution of the high 
emitting sources, major component types, or ethylene 
oxide stream concentration to the overall emissions from 
the industry. 

Table 6 shows the contribution of the equipment with 
screening measurements greater than 10,000 ppm (Ieak
ers), and greater than 1,000 ppm (high emitters) to the 
overall emissions for the different component types. The 
contribution of the "leakers" varied from 0 percent for 
compressors and safety valves where no leakers were de
tected, to 95 percent for pumps where only 4.2 percent of 
the components were leaking. Overall, the 0.6 percent of 
the components that were leaking accounted for 73 per
cent of the emissions estimated for these facilities. High 
emitters accounted for a much lower portion of the total 
emissions than leakers. High emitters also represented 
0.6 percent of the components monitored in the study, but 
accounted for 11 percent of the total emissions. High 
emitters and leakers together accounted for 98 percent of 
the total emissions for pumps, and 96 percent of the total 
emissions for gas values. For all component types, high 
emitters and leakers represented 1.2 percent of the com
ponents monitored, but accounted for 84 percent of the 
total emissions. 

Figure 5 summarizes the major source categories con
tributing to fugitive emissions in the ethylene oxide pro
duction industry. The single largest source of fugitive 
emissions was leaking pumps. Only eight leaking pumps 
were found in the study (out of 18,000 components 
screened), yet, they alone accounted for 30 percent of the 
total estimated EO emissions. The single largest com
ponent type contributing to the total emissions was 
flanges, which represents about 60 percent of the total 
number of components in a facility (only about one quar
ter of which were actually sampled), and would account 
for 40 percent of the total emissions. Overall, as noted 
above, leaking equipment accounted for over 70 percent 
of the total emissions measured in this study. 

It is significant to note that the components in low eth
ylene oxide service (1 to 2 percent), which represented 
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less than ten percent of the components sampled, ac
counted for over half (54 out of 102) of the leakers found 
in this study. Most of these were on gas valves and 
flanges. These emissions still only represented ten per
cent of the total estimated emissions for the industry. 

WHY LOW FUGITIVE EMISSIONS IN ETHYLENE OXIDE 
PRODUCTION UNITS? 

It was generally recognized that fugitive emissions of 
ethylene oxide would be low because of special programs 
in place in the units due to the hazardous and explosive 
nature of the chemical. After the results of this study were 
analyzed and low fugitive emissions verified, a special 
survey of ethylene oxide production facilities was initi
ated to determine why fugitive emissions from these 
sources are lower than has been observed in the previous 
SOCMI studies. In particular, the units were asked to 
summarize any monitoring, maintenance, or design pro
grams in place that they believe limit fugitive emissions. 
In addition, a preliminary survey of special programs 
within the ethylene oxide production industry was con
ducted by the EPA several years ago [11] when the origi
nal emissions estimates for these units were prepared by 
the EPA. At that time a number of specific programs for 
ethylene oxide units were cited as influencing the low fu
gitive emissions. These included: 

• Installation of ethylene oxide and flammable gas de
tectors in strategic plant locations, with sample anal
yses performed regularly 

• Equipping ethylene oxide pumps with double me
chanical seals having liquid buffer zones and alarms 
or automatic pump shutoffs in case of seal failure 

• Using pressurized nitrogen in labyrinth shaft seals of 
centrifugal ethylene oxide compressors 

• Use of all welded construction, where possible, to 
minimize the number of flange joints 

• Using leak detectors for critical flanges in ethylene 
oxide piping 

• Providing extra maintenance for ethylene oxide 
piping 

• Analyses of rotating equipment for vibration charac
teristics to anticipate pending problems 

• Collection, absorbing in water, and discharging to 
sewer any ethylene oxide leakage or drainage from 
sampling operations and pump vents 

• Daily inspection for leaks by plant personnel 
• Immediate leak repair 
A few of the plants had been engaged in a formal state 

leak detection and repair program for a short time prior to 
this study (generally only one to two quarters). However, 
many of the components sampled as part of this study had 
not been included in the leak detection and repair pro
grams. Thus, it would be expected that the average emis
sion factors developed in this study would still be repre
sentative of fugitive emissions from the ethylene oxide 
production industry with no formal state or federal fugi
tive emissions control programs in place. 

INDUSTRY RESPONSE TO STUDY 

The companies involved in this study have been using 
data collected at their facilities and the industry-wide 
analysis to reevaluate their internal programs. All leaking 
components were repaired shortly after being detected. 
Thus, there was an immediate 75 percent reduction in es-
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timated fugitive emissions from these facilities as a result 
of this program. In addition, some plants are modifying 
the special maintenance and monitoring programs dis
cussed above to include components in low ethylene 
oxide service, and to give increased attention to pumps. 
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INTRODUCTION 

As part of DOE's Clean Coal Technology program, afield evaluation of 
Gas Reburning-Sorbent Injection (GR-SI) technology is being carried out 
by Energy and Environmental Research Corporation. The project is co

funded by the Gas Research Institute and the State of Illinois Department 
of Energy and Natural Resources. GR-SI technology is applicable to the 

control of emissions of acid rain precursor species, oxides of nitrogen and 
sulfur from coal fired utility boilers. Three units representative of pre

NSPS design practices, a 117 MWe waU, a 71 MWe tangentiaUy, and a 33 
MWe cyclone fired boiler located in lUinois will be the host sites for this 

three-phase demonstration project. 
Process specification studies have confirmed that GR-SI technology is 

capable of achieving the stated goals of the project, 60 percent reduction in 
NO, and 50 percent reduction in S02 emissions. NO, emissions will be 

reduced by staged fuel addition using natural gas as the reburn fuel, while 
S02 emissions will be reduced by capturing sulfur by dry, calcium based 
sorbent injection which will be augmented by the displacement of about 

15-20 percent of the coal input by natural gas firing. 
phase 1, Design and Permitting, was completed earlier this year. In 

addition to process specifications which focused on injection system design 
criteria and precipitator enhancement approaches, detailed environmental 
information has been developed, including the assessment of waste disposal 

options and performing permitting work. In Phase 2 of the project, 
anticipated to be initiated in 1989, installation and check-out will be 

performed. The project will culminate in sustained 12-month 
demonstrations of the technology on each host unit. Results of Phase 1 and 

plans for subsequent work will be discussed. 

Sulfur dioxide (S02) and nitrogen oxides (NO,) have been 
recognized as air pollutants for decades due to their ef
fects on human and animal health, damage to vegetation, 
and the role of NO, in producing smog. More recently, 
S02 and NO, have been implicated as potential precur
sors of acid rain precipitation which has caused damage to 
lakes, streams, and vegetation in the northeastern portion 
of the United States, in Eastern Canada, and in Europe. 

The inventory of S02 and NO, emissions in the United 
States is produced by a wide range of sources, and coal 
combustion in utility boilers represents a significant frac
tion. Many coal fired utility boilers are already required 
to control S02 and NO, emissions to some extent. Units 
erected after about 1971 are required to meet New Source 
Performance Standards (NSPS). In addition, in areas 
where ambient levels of S02 and/or NO, exceed ambient 
air quality standards, some older units are also subject to 
controls. Concern over acid rain has prompted proposals 
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for "acid rain legislation" to provide further S02 and NO, 
emission control. Since newer units are already con
trolled, the primary targets are older, pre-NSPS units. 

Control of S02 and NO, emissions has important conse
quences for the power generation industry. The most 
straightforward way of controlling S02 emissions is to 
switch to a lower sulfur coal. The emission control regula
tions now in effect have already resulted in significant 
coal switching causing severe economic hardship in areas 
where medium and high sulfur coals are mined. The pri
mary S02 control alternative is a wet scrubber. Scrubbers 
are expensive both to install and to operate. They are par
ticularly difficult to retrofit to older units where provi
sions for such emission control were not considered in 
the initial design. Also, the limited remaining lives of 
these older units makes capital intensive scrubber retro
fits particularly costly. 

NO, emissions can be controlled to some extent by 
combustion modification techniques, such as low NO, 
burners. However, the control effectiveness is very site
specific. Post combustion NO, emission controls, such as 
selective and non-selective catalytic reduction, are effec
tive but very costly. 

There is a need for a new approach to S02 and NO, 
emission control for coal fired utility boilers; an approach 
that will provide effective S02 and NOr emission control 
on existing pre-NSPS units without coal switching or ex
cessive costs. Several control technologies are now under 
development for this specific application. This paper dis
cusses one of these technologies: gas reburning-sorbent 
injection (GR-SI). A field evaluation project is now in 
progress to bring this technology to commercial status by 
demonstrating its cost-effective emission control on three 
coal fired utility boilers with varying designs. The tech
nology and its application to coal fired utility boilers is 
discussed. The field evaluation project and progress to 
date are also presented. 

GAS REBURNING-SORBENT INJECTION 

GR-SI is an integration of two developmental technolo
gies: gas reburning for NOr control and sorbent injection 
for S02 control. GR-SI can be retrofitted to existing coal
fired combustion equipment at low capital cost. S02 and 
NOr emission control of 50 and 60%, respectively, should 
be achievable with virtually any type of icombustion 
equipment. 

R ..... mi"l 

The concept of NO, reduction by Hames has been rec
ognized for two decades. The Hue gas incinerator was de
veloped by the John Zink Company [1], and Sterneling, 
et al. [2] found that NO, could be reduced in laboratory 
Hames by injecting methane into the combustion prod
ucts. Reburning for in-furnace NOr control has been ap
plied to boilers in Japan [3, 4]. Work is being supported in 
the United States by the U.S. Environmental Protection 
Agency, the Electric Power Research Institute, and the 
Gas Research Institute [5--7]. 

In the reburning process, most of the fuel is burned in 
conventional burners under fuel-lean conditions. A re
burning fuel is injected downstream of the main combus
tion zone to reduce NO,. The reburning process is illus
trated in Figure 1. The overall process can be divided 
into three zones in series: 

Main Combustion Zone. Approximately 80-85% of the 
heat is released in this zone under fuel-lean conditions 
producing NO, together with products of combustion that 
fonn the input to the reburning zone. 
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Figure 1. Reburning process. 

Reburning Zone. The reburning fuel (nonnally 15 to 
20% of the total heat input to the boiler) is injected down
stream of the main combustion zone to create a fuel-rich, 
NO, reduction zone. NO fonned in the main heat release 
zone reacts with hydrocarbon free radicals during the oxi
dation of the reburning fuel to produce intennediate spe
cies such as HCN and NH3, and the non-pollutant spe
cies, N2. In the rebuming zone, most of the NO produced 
in the main combustion zone is effectively reduced to N2. 

Burnout Zone. In the third and final zone, additional 
combustion air is added to oxidize any remaining fuel 
fragments and produce overall fuel-lean conditions. The 
remaining reduced nitrogen species (NH3 and HCN) are 
either oxidized to NO or reduced to Nz. 

Any fuel that produces hydrocarbon free radicals, in
cluding coal, oil, or natural gas, can be considered as a 
candidate for rebuming fuel. Fuels that contain consider
able amounts of bound nitrogen, such as coal and some 
oils, can increase the severity of the problem, since the 
bound nitrogen can be oxidized to fonn additional NO,. 
Also, since residence time is limited in commercial sys
tems, a fuel that is supplied in a gaseous state and does 
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Figure 2. Comparison: cool and gas reborning in pilot scale tests. 
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Figure 3. Gas rebuming-sorbent injection. 

not require vaporization or devolatilization and char or 
soot combustion (as oil and coal do) is desirable. Thus, 
natural gas offers distinct advantages as the reburning 
fuel of choice. 

Extensive bench- and pilot-scale tests have been con
ducted to compare the performance of alternate reburn
ing fuels and to evaluate NO, control effectiveness and 
process design considerations [7]. Figure 2 shows the re
sults of comparative tests with coal and gas reburning 
fuels in a pilot-scale combustion test facility. A high sul
fur Illinois bituminous coal was fired in the primary zone. 
The reburning fuel (coal or gas) was injected downstream 
of the primary zone and burnout air was injected at 
1622 K (2460°F). The NO, and CO emissions were 
sampled from the exhaust. As shown in Figure 2, NO, 
emissions decreased rapidly as the reburning fuel was in
creased from zero. Natural gas was more effective than 
coal, as expected. 

CO emissions are an index of combustion efficiency. 
With gas as the reburning fuel, CO emissions increased 
slightly at low reburning fuel injection rates, probably 
due to incomplete mixing. However, as the reburning 
fuel injection rate was increased to the optimum level for 
NO, emission control, 15-20%, CO emissions decreased 
to less than baseline levels. In contrast, with coal as the 
reburning fuel, CO emissions increased to about three 
times baseline levels. Measurements of carbon content of 
the fly ash confirmed that the reburning coal was not 
being burned effectively. The carbon content increased 
by about a factor of 10 with coal reburning. This high
lights a Significant problem in the application of coal re
burning: limited residence time in the upper furnace of 
pre-NSPS coal fired units. 

Sorbent Injection 

Sorbent injection is an S02 control technology, whereby 
a calcium based sorbent is injected into the combustion 
products where it reacts with S02 to form a solid powder, 
either calcium sulfate, or calcium sulfite, which is col
lected in an electrostatic precipitator or bag filter. Ideally, 
the dust collection device will be the existing device 
used for fly ash control. Several sorbent injection pro
cesses are now in various stages of development. They 
differ primarily in the location of the sorbent injectors. 
Upper furnace sorbent injection has been studied most 
extensively and will be evaluated in this project [8). The 
process involves injection of a calcium based sorbent 
which may be either a carbonate or a hydrate. The sor
bent is calcined in the high temperature combustion 
products to produce reactive calcium oxide. The calcium 
oxide reacts with S02 and oxygen to produce solid cal
cium sulfate. Two major parameters control the utili-

20 February, 1990 

zation of the calcium in the sorbent and thus the cost ef-
fectiveness of the process. These are: . 

Calcium Oxide Reactivity. This depends strongly on 
the surface area of the calcine, which is a function of the 
sorbent type and the thermal history of the calcine. Reac
tivity tends to decrease as the sorbent particle tempera
ture is increased. 

Calcine Residence Time Available Under Sulfation 
Conditions. Significant sulfation cannot occur above ap
proximately 1500 K (2250°F) and the rate of sulfation be
comes negligible below approximately 1140 K (1600°F). 
Thus, the residence time of the calcine within this "tem
perature window" has a significant impact on sulfur cap
ture potential. 

The primary disadvantage of sorbent injection is that 
the sorbent is not utilized effectively. Under optimum 
conditions, only 20 to 30% of the sorbent is reacted with 
S02' The remainder exits the boiler as unreacted calcium 
oxide. Thus, high sorbent injection rates are required to 
achieve significant S02 emission reductions. This results 
in high sorbent cost and poses an extreme load on an ex
isting ash collection system, such as an electrostatic pre
cipitator. While the capital cost of sorbent injection is 
low, the cost of upgrading a precipitator is high. These 
factors limit the S02 control achievable by sorbent in
jection. 

Technology Integrotlon 

Gas reburning and sorbent injection can be applied 
together to achieve combined S02 and control NO, in an 
easily retrofitted low cost system. Figure 3 shows the ap
plication of gas reburning-sorbent injection (GR-SI) to a 
commercial wall-fired utility boiler. The main burners 
firing coal with excess air are turned down to about 80% 
of the full load heat input and are operated at the lowest 
practical excess air level, which reduces NO, emissions 
slightly. The gas reburning fuel is injected above the 
burners, providing a slightly fuel-rich reburning zone. In 
this zone, the NO, produced from the main combustion 
zone is reduced mostly to N2. The optimum stoichiometry 
for NO, reduction is in the range of 90% theoretical air. 
The remainder of the combustion air is injected through 
overfire air ports above the reburning zone to complete 
combustion. The sorbent is injected into the upper fur
nace, possible through the overfire air ports as shown, or 
through other ports into the right temperature window for 
optimum S02 control. 

The gas reburning and sorbent injection processes are 
complimentary. They are physically compatible. Also, 
since their application does not depend on the character
istics of the primary combustion system, they should be 
applicable to virtually any coal fired boiler incl uding 
stokers, cyclones, or pulverized coal fired equipment 
(wall- or tangentially fired). Of course, the GR-SI hard
ware must be designed within the specific constraints of 
the existing furnace and this requires a site-specific opti
mization. The gas reburning system alone achieves an in
cremental reduction in S02 emissions, since natural gas 
contains no sulfur. This reduces the amount of sorbent 
that must be injected to achieve a specific S02 emission 
goal, reducing sorbent cost and the need for dust collector 
upgrades. 

GR-SI Cost Effectiveness 

GR-SI has a low capital cost. The gas reburning system 
involves gas piping, some simple gas injectors, and over
fire air ports. Sorbent injection requires sorbent storage 
and feeding equipment, sorbent injectors, some dust col
lector upgrades and ash disposal provisions. Neither 
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TABLE 1. HOST SITE CHARACTERISTICS 

General 
Utility Company, Illinois Power 
Station, unit Hennepin,l 
Location: State Illinois 
Capacity (MW) net 71 

Boiler 
Firing configuration Tangential 
Capacity (10" Ib/hr) - 585 
Manufacturer CE 

Precipitator 
Location Cold side 
Size (SCA) 223 
Manufacturer Buell 

Fuel 
Coal type Illinois, bit 

technology requires re-routing of flue gas ducts, chemical 
processing equipment, major power consuming equip
ment, or significant changes to normal plant operation 
and maintenance. The total capital cost for CR-SI is in the 
range of 50 $/kW for small unites (under 150 MW) and 
somewhat less for larger units. CR-SI operating costs are 
primarily for sorbent. Thus, sorbent unit cost and sorbent 
utilization are the key factors influencing operational 
cost. Additional operational costs are for waste disposal, 
operation and maintenance labor, etc. Cas generally 
costs more than coal, but this cost element may abe miti
gated by the ability to fire a higher sulfur coal in some 
cases. Depending on these factors, the operational costs 
for CR-SI are estimated to be in the range of approxi
mately 6-9 millslkWh. 

CR-SI should have a definite market niche. Its very low 
capital cost and ease of retrofit make it very cost effective 
for older pre-NSPS units with limited life, especially if 
these units are operated with low capacity factors that 
minimize operating costs. It should be noted that CR-SI 
performance and costs are highly site dependent. Unit 
design and operational characteristics, unit location, the 
availability of sorbent, coal, and gas and their relative 
costs are key factors. 

GR-SI FIELD EVALUATION PROJECT 
Ov ...... i.w 

Energy and Environmental Research Corporation 
(EER) is conducting a field evaluation project to demon
strate the technical feasibility and cost effectiveness of 
CR-SI [9, 10). The project is funded jointly by the U.S. 
Department of Energy, the Cas Research Institute, and 
the State of Illinois Department of Energy and Natural 
Resources. The focus of this project is to demonstrate the 
application and performance of the combined technology 
that will allow cost-effective control of S02 and NO, from 
pre-NSPS coal-fired utility boilers. 

The project is being conducted in three phases: 
• Phase I-Design and Permitting 
• Phase 2--Construction and Startup 
• Phase ~peration, Data Collection, Reporting and 

Disposition 
Phase 1 of the project was initiated in June 1987. The 

final third phase will be completed in 54 months from the 
starting date. 

A major feature of this project is that CR-SI will be 
demonstrated on all three types of coal-fired boilers typi
cal of pre-NSPS designs (i.e., wall-, tangential- and cy
clone-fired units). Each host site is being considered sep
arately, based on its unique design parameters, operating 
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CILCO 
Edwards, 1 
Illinois 
117 

Front wall 
850 
Riley 

Cold side 
137 
American Standard 

Blend 
Illinois, hit 
Kentucky, bit 

CWLP 
Lakeside, 7 
Illinois 
33 

Cyclone 
320 
B&W 

Cold side 
333-1000 
Smidth 

Illinois, bit 

history, and performance requirements. These factors are 
being evaluated by reviewing historical operating and 
performance data and plant design specifications. At each 
site, field tests have been conducted to quantify perform
ance and emissions over the nOimal duty cycle. Several 
alternative and complementary technologies will be con
sidered: gas reburning for NO, control, a range of ap
proaches to sorbent injection for S02 control, and coal 
cleaning. A technology combination will be selected for 
each site that meets the emissions control and perform
ance objectives at minimum total cost. This process defi
nition includes specification of all major components and 
projection of performance for each host site. 

Phase I, has culminated in a complete plan for the re
mainder of the project. In Phase 2, the CR-SI system will 
be retrofitted to each utility unit in a staggered schedule 
commensurate with the utility's operating and outage 
plans. In Phase 3, each unit will be subjected to a com
prehensive eighteen-month field evaluation. The first six 
months will inel ude detailed tests to optimize perform
ance for the best balance ofS02 and NO,emission control 
commensurate with normal utility operation, and tests 
with alternate coals and sorbents so as to provide a 
database for future CR-SI applications. The CR-SI opera
tion will then be turned over to the plant operators who 
will operate each unit at normal dispatch for a one year 
period. Emissions and performance will be monitored by 
EER to confirm long-term performance. 

Table 1 summarizes the characteristics of each host 
unit. The three sites selected are relatively small utility 
boilers now in commercial operation in the State of Illi
nois . All are pre-NSPS units and operate with relatively 
low capacity factors (less than 45%). This makes them at
tractive for cost-effective CR-SI installation if combined 
S02 and NO, emission controls are required. All fire 
Midwest bituminous coals and are equipped with cold
side electrostatic precipitators for particulate emission 
control. These host units differ in several significant re
spects: 

• Firing configuration and capacity 
• Precipitator size 
• Fuel characteristics 
• Emission constraints 
The tangential- and cyclone-fired units fire medium 

sulfur Illinois coals. The emission control goals for these 
units are reductions in NO, and S02 emissions of 50 and 
60%, respectively. While these reductions are not re
quired to meet existing regulations, they could be used to 
meet acid rain control regulations, if and when they are 
promulgated. 

The wall-fired unit has no NO, emission limit at pres
ent, but blends medium sulfur Illinois coal with a low 
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Figure 4. GR-SI for wall-fired host site. 

sulfur Kentucky coal to meet an 502 emission limit of 1.8 
Ib/106 Btu. The 502 emission control goal for this unit is 
to increase the fraction of Illinois coal fired from 15 to 
over 50 percent, while maintaining 502 emissions in 
compliance. NO, emissions will be reduced by 60 per
cent as in the other two cases. 

Status 

Phase 1 of this project was completed in 1989. An 
initial evaluation of each host site has confirmed that 
the project goals of 60% NO, control and 50% 502 control 
at each site are achievable with gas reburning and upper 
furnace sorbent injection. Comprehensive process de
sign studies have been completed. Physical models of 
each furnace (approximately one-tenth scale) have been 
constructed and isothermal flow visualization and meas
urement studies have been conducted. Field tests have 
been conducted to measure furnace velocities and tem
peratures. These data have been used to calibrate EER's 
three-dimensional furnace heat transfer model. Candi
date locations for reburning fuel and burnout air have 
been selected. Mixing studies have been conducted in 
the physical model to define optimum injection nozzle 
configurations. 

These process design studies provided the basis for the 
engineering design work. Details of the CR-SI process 
design studies related to NO, and 502 emission control 
performance predictions, mixing studies for gas, reburn 
air and sorbent, injector nozzle specifications, thermal 
performance, and boiler impact predictions were made 
using the tangentially fired unit as an example [11]. For 
electrostatic precipitator performance enhancement, duct 
humidification that decreases the flue gas volumetric flow 
rate and decreases fly ash conductivity by cooling, injec
tion of 503 for enhancing fly ash conductivity and precipi
tator plate area extension have been assessed on a site
specific basis. 

The design approach for the wall-fired unit is illus
trated in Figure 4. This unit has a relatively short distance 
between the upper row of burners and the furnace nose 
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Figure S. GR-SI performance predictions. 
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and requires careful placement of the reburning fuel and 
burnout air injectors so as to achieve adequate mixing in 
the limited residence time. During normal operation of 
this unit, all four rows of burners are in service. With 
CR-SI, the upper row of burners will be removed from 
service. Burner cooling will be provided by a bleed of re
circulated flue gas. The reburning gas will be injected, 
along with some flue gas through a row of small injectors 
along the rear wall of the furnace opposite the upper 
burner row. Burnout air will be injected from the front 
wall between the waterwall platens. Sorbent will be in
jected at a higher furnace elevation opposite the nose 
where the gas temperature is optimum for 502 reaction. 

Predictions of NO, reduction and sulfur capture are il
lustrated in Figure 5. This configuration provides a resi
dence time of approximately 0.5 second in the reburning 
zone. NO, decreases rapidly to about 300 ppm following 
gas introduction. Injection of the burnout air reduc~s NO, 
emissions slightly further for a total predicted CR per
formance of 67 percent. 

This wall-fired unit currently meets its 1.8 Ib/l06 Btu 
502 emission limit by firing a blend of85% low sulfur and 
15% medium-to-high sulfur coal. CR-SI will allow this 
emission limit to be maintained while increasing the frac
tion of high sulfur coal fired to 57%. Figure 5 shows the 
502 capture achievable with this blend. A CaiS molar 
ratio ofless than 2.0 will be adequate, because of the con
tribution of gas reburning to the overall reduction in 502 

emissions. 
Recent efforts have focused on translating these process 

designs into hardware designs, completing the baseline 
unit performance and emissions tests, and preparing en
vironmental documents to demonstrate compliance with 
the National Environmental Policy Act [12]. As part of the 
environmental studies, permitting designs have been ini
tiated. Waste management options have also been as
sessed on a site-specific basis. Dry disposal of the CR-SI 
into off-site landfills for the wall- and cyclone-fired units, 
and wet disposal into a new onsite ash pond for the 
tangentially fired unit are being considered. An industry 
panel has been organized for technology transfer and for 
ensuring the usefulness of the results to industry. 

CONCLUSIONS 

Phase 1 of a field evaluation project designed to dem
onstrate CR-SI technology for combined control of NO, 
and 502 emissions from three pre-NSPS coal fired util
ity boilers in Illinois has been completed. The host units 
are wall-, tangential-, and cyclone-fired boilers, represen
tative of pre-NSPS design practices. To achieve cost ef
fective emission control with targets of 60% reduction in 
NO, and 50% reduction in 502, process design studies 
have focused on mixing studies for specifying injector de
signs for reburn gas, overfire air and dry, calcium-based 
sorbent injection on a site-specific basis. Thermal per
formance and boiler impacts have also been predicted. 
ESP performance enhancement options and CR-SI waste 
disposal options have also been assessed. 

Phase 1 will be followed by the preparation of detailed 
plans for equipment construction and startup in Phase 2, 
and the operating data collection, reporting, and disposal 
in Phase 3. The overall project will be completed by the 
end of 1992. For technology transfer to potential users, 
the Industry Panel will be briefed on the results of the 
study. It is expected that if acid rain regulations are prom
ulgated for the control of NO, and 502 emissions, the mar
ket niche for this low capital cost CR-SI technology will 
be for older, pre-NSPS units with limited life, operating 
at relatively low capacity factors. 
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Cascades 
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The removal of four vowtile organic compounds from aqueous solution by 
air stripping using a cascade cross flow device has been studied. This 

method of operation gave mass transfer coefficients and removal efficiencies 
quite similar to those achieved in conventional countercurrent oPerations. 
However, in terms of reduced pressure drops and greater range of stable 
operation, the advantages of the cascade crossjlow device far outweigh 

those of the conventional countercurrent stripper. 

INTRODUCTION 

Groundwater contamination resulting from inadvertent 
spills at plant sites, leaking underground storage tanks, 
and improperly constructed surface impoundments and 
landfills is a major problem in several parts of the United 
States. Much of the contamination is due to volatile or
ganic compounds (VOCs). A number of technologies exist 
for the removal and/or destruction ofVOCs from ground
water such as: incineration, liquid phase adsorption, 
chemical oxidation, biological oxidation, steam stripping, 
and air stripping. All are capable of reducing VOC con
centrations to acceptable levels, although additional 
treatment for the ultimate destruction of contaminants 
may be necessary since adsorption and stripping serve 
only to transfer and concentrate the VOCs. In situations 

Correspondence concerning this paper should be addressed to 
D. P. Harrison. 
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where the VOC concentrations are a few ppm, such treat
ment methods as incineration and chemical or biological 
oxidation are prohibitively expensive. The feasibility of 
both liquid phase carbon adsorption and steam and air 
stripping have been demonstrated in large-scale tests . 

Although all treatment processes are expensive, air 
stripping is generally less costly and is emerging as the 
preferred process for many groundwater decontamination 
applications, Bouwer, et al. [1) repOit that the cost for 99% 
organic removal by air stripping may range from $0.l5 to 
$0.5O/lOOO gal. The cost for the same treatment using 
granular activated carbon is reported by the same source 
to range from $0.30 to $2.00/l000 gal. In a similar study, 
Clark, et al. [2) reported that trichloroethylene removal 
using granular activated carbon would be approximately 
five times more expensive than using air stripping. Addi
tional cost reduction for air stripping, while maintaining 
high removal efficiency, would certainly accelerate the 
application of air stripping to groundwater treatment 
technology. 
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Figure 1. Schematic diagram of countercurrent and cascade crassflow 
contacting devices. 

Countercurrent packed columns are the most common 
air stripping devices used when high removal efficiencies 
are required [3]. The device is shown schematically in 
Figure lao For comparison purposes, the cascade 
crossBow unit that is the subject of this paper is shown in 
Figure lb. In the conventional countercurrent operation, 
liquid Bows from top to bottom by gravity while air is 
forced (by pressure) to Bow from bottom to top. The gen
eral advantage of a countercurrent device is the large 
driving force for mass transfer, since incoming gas that 
contains no organics contacts the exiting liquid depleted 
of organics. Exiting gas, on the other hand, has a high or
ganic concentration and is in contact with incoming liq
uid of high organic concentration. A relatively constant 
driving force exists throughout the column, giving rise to 
high mass transfer rates. 

The uniqueness of cascade crossBow air stripping (Fig
ure 1 b) stems from disconnecting the areas through 
which the gas and liquid phases move within the packing. 
The overall operation is still countercurrent and the liq
uid Bows vertically downward by gravity. However, the 
gas phase is deBected at regular intervals by partial baf
Bes that cause the gas Bow to cross the liquid Bow several 
times at approximately 90 degrees before exiting the 
packing. Proper selection of baffie spacing can produce a 
marked reduction in gas velocity, and consequently, a 
lower gas phase pressure drop compared to normal coun
tercurrent mode of operation. In systems that are liquid 
phase controlled, the reduction in gas velocity has little or 
no effect on the mass transfer coefficient and the overall 
removal efficiency. The principal cost factors in air strip
ping are the column amortization, pumping the liquid to 
the top of the column, and overcoming the pressure drop 
associated with the gas Bow upward through the column. 
Therefore, reduction of gas-phase pressure drop can lead 
to considerable cost savings. 

The crossBow concept was introduced by Baker and 
Shyrock [4] as an alternative to conventional countercur
rent Bow water cooling towers. The original devices were 
single cell units with limited mass transfer capability. 
Multistage crossBow units were subsequently created by 
interconnecting single cells to create a cascade. Thi
bodeaux [5] presented conceptual design procedures for 
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Figure 2. Schematic diagram of the semi-batch cascade crassflaw air 
stripper. 

single stage, crossBow devices for general-purpose chem
ical separations. Later, Thibodeaux, et al. [6] employed 
the "number of transfer units" (NTU) technique for the 
design and analysis of cascade crossBow towers. McCarty 
[7] used this procedure to analyze a single stage crossBow 
stripping tower for the removal of ammonia from re
claimed waste water. Hayashi, et al. [8] used a cascade 
crossBow device for cooling water with air and achieved 
efficiencies equivalent to the countercurrent ar
rangement. 

Moncada and Thibodeaux [9] compared the overall 
mass transfer efficiency of a countercurrent packed tower 
with that of a crossBow packed tower for air stripping 
methanol from water. They observed that the raw effi
ciencies of countercurrent were slightly superior to that 
of crossflow, but when the comparisons were based on 
volume of packing and pressure drop the cross flow unit 
was more efficient than the countercurrent unit. Thi
bodeaux [10] reported the fluid dynamics and general gas
liquid contact patterns for cascade crossflow towers. Dis
tillation experiments using cascade crossflow arrange
ments have also been conducted [11,12]. Velaga, et al. 
[13] recently proposed that existing correlations for mass 
transfer in countercurrent packed columns can ade
quately predict the stage efficiencies of chemical separa
tion in stripping and distillation in crossflow packed 
columns. 

In this paper, we report preliminary laboratory-scale 
experiments on the air stripping of four VOCs from syn
thetic groundwater samples using a cascade crossflow 
packed system. 

EXPERIMENTAL 

The crossflow cascade system used for the experiments 
is shown in Figure 2. All experiments were conducted in 
a semi-batch mode, with contaminated water being 
pumped from the reservoir to the distributor wbere it 

February,199O 25 



100 

; , 80 

80 0 
Ii 

i 60 
0 ,. 
w a '" .... z 40 

~ 
w 
U 

'" o 2 ... ... 
20 

• 3.3 

CHLOIIOFOU 

00 5 10 15 20 25 30 35 
VOLUIoIETRIC AlR-TO-WATER RATIO. GIL 

Figure 3. Chloroform stripping efficiency as a function of (GIL) and baffle 
spacing. 

Howed down by gravity and back into the reservoir. Air 
was forced upward through the packing and discharged 
through a laboratory vent. The overall operation was 
batch with respect to the liquid, and once-through with 
respect to air. Organic concentration in the reservoir de
creased with time as it was discharged from the system 
with the air. Simultaneous sampling of the liquid in the 
reservoir (equivalent to the liquid entering the packing) 
and the liquid leaving the packing (bottom sample port) 
allowed the stripping efficiency to be calculated directly 
from: 

(1) 

The column was constructed of plexiglass having an in
side diameter of 0.152 m (6 inches). Five sections, each 
1.22 m (4 ft.) high, allowed the unit to be operated with 
packed-heights ranging from 1.22 to 6.1 m (4 to 20 feet). 
The packed area was 65% of the total cross-sectional area. 
The packing material was polypropylene Pall rings (% 
inch nominal diameter) that was held in place using stain
less steel wire mesh frames. Baffles to control gas How 
were bolted to the wire mesh. Each bafHe contained a 
rubber insert that sealed against the column wall to pre
vent both liquid and gas bypassing. The design was such 
that the balHe spacing could be adjusted to permit gas ve
locity and volumetric How rate to be controlled independ
ently ofliquid velocity and volumetric How rate. 

A March 7 centrifugal pump with a maximum capacity 
of 1.9 x 10-3 m3/s (30 gpm) was used to deliver the liquid 
to the top of the column from the reservoir. It was also 
used to recycle liquid in the reservoir to ensure complete 
mixing. A rotameter (Omega Model 7l0B), with a maxi
mum capacity of 6.3 x 10-4 m3/s (10 gpm), was used to 
measure the liquid How rate. A Powerbloc blower (model 
E 120751), with a Westinghouse Accutrol variable speed 
controller having a maximum capacity of 22.7 m3/s 
(800 cfm), was used to deliver air to the column. Air How 
was measured using an orifice with pressure taps con
nected to a U-tube manometer. 

A saturated solution of organic and water was prepared 
for each compound studied. The reagents used were 
chloroform (MCB Reagents), methylene chloride 
(Mallinckrodt), 1,2-dichloroethane (Fisher Scientific), 
and carbon te trachloride (Mallinckrodt). The reservoir 
was filled partially with water, and the saturated aqueous 
solutions were added to obtain nominal concentrations of 
0.1 to 0.4 kglm3 (100 to 400 ppm) of each VOC. The 
spiked water was then mixed thoroughly by pumping liq-
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Figure 4. Stripping efficiency for four VOCs as a function of (GIL). 

uid through the reservoir recycle loop. When the tank was 
thoroughly mixed, part of the liquid was diverted from 
the recycle loop through the rotameter and packed col
umn. The blower was started, and the liquid and gas How 
rates were adjusted. Samples were taken periodically 
from the sampler and the tank. The liquid How rate, ori
fice pressure drop, and liquid and air temperatures were 
recorded at the start and end of each run. 

Samples were collected in 5 ml Piece glass vials sealed 
with TeHon lined rubber septa and screw caps. The vials 
were filled to capacity to ensure no headspace, and were 
stored in a refrigerator until analysis. 

Samples were analyzed on a Hewlett-Packard 5890 A 
gas chromatograph equipped with a Flame Ionization de
tector. The column used was of stainless steel (1.83 m 
long with 0.32 cm i.d.) packed with 80-120 Carbopack B 
coated with 3% SP-1500. The oven, detector, and injector 
temperatures were 383°, 493°, 493°K, respectively. Peaks 
were recorded and integrated using a Hewlett-Packard 
3390A integrator. 

RESULTS AND DISCUSSION 

Experimental stripping efficiencies for chloroform at a 
liquid loading rate of 17.6 kglm2s (25.9 gpmlf(2) as a func
tion of air-to-water ratio (GIL) are shown in Figure 3. All 
experimental results were obtained using a packed height 
of 2.44 m (8 feet). The parameter a in the figure is defined 
as the ratio of the gas How area to the liquid How area. a is 
an independent parameter determined by the baffle 
spacing; large a' s result in low gas velocity and (as will be 
seen) low gas phase pres~ure drop. a = 1 corresponds 
very approximately to the traditional countercurrent How 
pattern in which the areas for liquid and gas How are 
equal. Stripping efficiency is independent of a and almost 
independent of GIL above about 20, where stripping ef
ficiencies equal to or greater than 90% were obtained. 

Figure 4 compares the stripping efficiencies for four 
compounds using the same liquid loading rate at a con
stant value of a = 2. Differences in the stripping effi
ciency, which range from approximately 98% for carbon 
tetrachloride at high GIL to about 35% for 1,2-dichlo
roethane at low GIL, reHect differences in the Henry's 
Law constant for the compounds. At the experimental 
temperature (295°K), the dimensionless H varies from ap
proximately 1.08 for carbon tetrachloride to 0.060 for 1,2-
dichloroethane [14]. 

Overall volumetric mass transfer coefficients were cal
culated directly from experimental data using the follow
ing equation [15]: 

Environmental Progress (Vol. 9, No.1) 



o.o5o'r----,----,---,---r----r--~-___, 

10.040 
a~ 

" 
'"' ~0.030 U 

~ 
80.020 
IS 
;;; 
io,olo 

~ 

II 

a 
o 1.0 

o 2.0 

• 3.3 

o 
e 

0.00~,---.+.10~-. .,!20---~.3"'0--.4~0--.5J.,0,---.-±60----,!.70 
GAS LOADING RATE, (kg/m" •• c) 

Figure S. Overall mass transfer coefficients for chloraform as a function 
of gas loading rate and baffle spacing (constant liquid rate). 

In[~-~(~)] 
1-(GLH) 

(2) 

Chloroform mass transfer coefficients as a function of GIL 
and Of, calculated from the Figure 3 data, are shown in 
Figure 5. The values are approximately constant in the 
range of 0.020 to 0.023 sec-I. These results again indicate 
that increasing Of (decreasing gas velocity) has little, if 
any, adverse effect on the mass transfer characteristics of 
systems that are liquid phase controlled. The values of 
Kia compare quite favorably to a value of 0.023 sec-I, re
cently reported [16] for air stripping of chloroform in a 
countercurrent system under similar conditions. 

Figure 6 shows the mass transfer coefficients for the 
four organics as a function of Gm (constant Lm) at a value of 
Of = 2. With the exception of 1,2-dichloroethane the mass 
transfer coefficients are essentially independent of Gm • 

The low Henry's constant associated with 1.2-dichlo
roethane suggests that gas-phase mass transfer resistance 
should be important, thereby justifying the apparent de
pendence of Kfl/ upon Gm• In general, the overall mass 
transfer coefficients also reHect the differences in the 
Henry's Law constant. 

Figure 7 shows that the volumetric mass transfer coef
ficient for chloroform at a constant gas rate is strongly de
pendent upon the liquid rate, but still effectively inde-
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of gas loading rate (constant liquid rate). 
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pendent of baffie spacing. Values of Kia as high as 0.045 
sec- I were achieved at the highest liquid loading rate. 
These results are also consistent with the expected be
havior of a liquid phase controlled system. Variation in 
the liquid velocity should have a direct effect on the mass 
transfer coefficient, while variation in the gas velocity 
(represented here by the variation in Of) should have little 
effect. 

One of the most widely used correlations for predicting 
mass transfer coefficients for traditional countercurrent 
How was developed by Onda [17]. This two resistance 
model was based upon studies on the absorption of hy
drogen and carbon dioxide in water and various organic 
solvents. The individual film coefficients may be pre
dicted from the following equations: 

liquid film coefficient: 

kl(~)lfJ = 0.OO51(~)213(~)-O.5(atdp)0.4 (3) 
gILl ILlaw p,D, 

gas film coefficient: 

(~) = 5.23( G,!, )o.7(~)IfJ(atd"t2.0 (4) 
a,D. 1L.a, p.o. 

wetted area: 

:: = 1 - exp [ -1.45( : )"'75 Reo.1 Fr-O
.(i5weo.2] (5) 

The film coefficients can then be combined with Henry's 
constant to obtain the overall mass transfer coefficient: 

1 1 1 
-=-+--
KI kl Hk. 

(6) 

Equation (3) is claimed to be valid within ±25% for Ras
chig rings, Berl saddles, spheres, and rods with liquid 
loadings between 1 and 15 kg/m2s. Equation (4) is said to 
be valid between ± 30% for the same packings at gas load
ing rates of 0.02 to 1.7 kg/m2s. 

We modified the Onda equation for k., Equation (4), by 
basing Gm on the actual gas How area, which is a function 
of Of. The result is referred to as modified Onda. A parity 
plot of predicted Kia versus experimental Kia for chloro
form is shown in Figure 8. All but one of the 49 experi
mental values lies between the ±20% deviation lines, 
and the results appear to be randomly distributed about 
the diagonal. Hence, we conclude that for systems that 
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Figure 8. Parity plot for overall mass transler coefficients for chloroform 
using the modified Onda correlation. 

are liquid phase controlled, the modified Onda correla
tion describes cascade crossflow mass transfer coeffi
cients to approximately the same level of accuracy as the 
original Onda correlation describes countercurrent mass 
transfer coefficients. Only the gas film coefficient k. is al
tered by the modification and this term is unimportant in 
Equation (6), since chloroform stripping is liquid-phase 
controlled. The modification might not be satisfactory for 
gas-phase controlled systems. However, in most contami
nated groundwater applications, the liquid phase resist
ance should be greater than the gas phase resistance. 

Having established that the mass transfer characteris
tics of the cascade crossflow and countercurrent units are 
comparable, we turned our attention to the gas-phase 
pressure drop, where cascade cross flow operation has a 
distinct advantage. When the mass flow rates of water and 
air are constant, the mass velocity (kg/m's) of the air in 
contact with the liquid is directly related to the bailie 
spacing characterized by a . Increased a increases the area 
for gas flow, decreases the gas mass velocity, and as a con
sequence, should decrease the gas phase pressure drop. 
Such behavior has been found experimentally, as shown 
in Figure 9. The pressure drop per unit of packed height 
is plotted against the gas loading rate on a logarithmic 
plot. Experimental data for four values of a between 1.0 
and 6.0 are compared to the expected pressure drop in a 
countercurrent column (at a slightly different liquid load
ing rate). The latter is based upon data supplied by the 
packing manufacturer. Note that the pressure drops for 
countercurrent and a = 1 are approximately equal and 
that the pressure drop in the cascade cross flow unit is a 
strong function of a. At a gas loading rate of 1 kg/m's, the 
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Figure 9. Pressure drop in the cascade crossflow calumn as a function of 
gas loading rate and bailie spacing (constant liquid rate). 
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pressure drop increases from approximately 18 N/m'/m at 
a = 6 to 300 N/m' /m for countercurrent flow, an increase 
of more than one order of magnitude. For those air strip
ping applications in which gas-phase pressure drop is a 
significant cost factor, such savings can be very important. 

In addition to operating with lower pressure drop, the 
cascade crossflow column is capable of stable operation 
over a wider range of gas and liquid loadings. In coun
tercurrent operation, as the gas rate is increased at a fixed 
liquid rate, conditions of loading and then flooding are 
encountered. Operation is impossible at gas rates above 
flooding. No comparable situation is encountered in cas
cade crossflow operation. Since the directions of gas and 
liquid flow are approximately normal, excessive gas ve
locity will impart a horizontal velocity component to the 
liquid and cause liquid build-up on the adjacent baffle. In 
the next stage, however, gas flow is in the opposite direc
tion so that liquid overflowing from the bailie is forced 
back toward the center of the packed section. The al
ternating flow directions, therefore, produce a self-cor
recting system. 

Figure 10 shows the experimental pressure drop data 
from the cascade cross flow system superimposed upon a 
standard Sherwood-Eckert diagram for countercurrent 
operation. Essentially all of the crossflow data lie above 
the loading curve and a few of the points are above the 
flooding line; however, the cross flow column exhibited 
stable operation throughout. This characteristic shows 
that cascade crossflow may be particularly useful in strip
ping components having small Henry's constants. High 
GIL ratios, which would be required by equilibrium con
straints. but might cause flooding in countercurrent oper
ation, would operate stably in crossflow. 

CONCLUSIONS 

Cascade crossflow air stripping for the removal ofVOCs 
from contaminated water results in mass transfer charac
teristics equivalent to those expected from traditional 
countercurrent operation. Stripping efficiencies in excess 
of 90% have been obtained from a unit containing 2.44 m 
packed height, while measured mass transfer coefficients 
agree with predictions using the Onda correlation. The 
advantages of cascade crossflow are associated with re-
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Figure 10. Sherwood-Eckert plot showing stable operation in the cascade 
crossf(ow system. 
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duced gas-phase pressure drop (more than one order of 
magnitude), and stable operation at gas and liquid rates 
that would not be possible in a countercurrent system. 
Column Hooding, as experienced in countercurrent How, 
does not occur since gas and liquid How directions are ap
proximately normal in cross How. Instead of causing liq
uid backup in the column, the gas imparts a horizontal ve
locity component and causes liquid accumulation on an 
adjacent baffle. However, liquid overHowing from the 
baffle is contacted by gas Howing in the opposite direc
tion, which tends to redistribute the liquid toward the 
center of the packing. 
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NOMENCLATURE 

A cross-sectional area of packing, J2 
at total interfacial area per unit bed volume, I- I 
aw wetted interfacial area per unit bed volume, I-I 
Cs solute concentration in liquid exiting packing, mlP 
Cf packing factor, I- I 
CT solute concentration in liquid entering packing mlP 
D. gas diffusion coefficient, J2lt 
D, liquid diffusion coefficient, 12/t 
dt> nominal packing diameter, I 
E stripping efficiency, defined by Equation (I), dimen-

sionless 
Fr Fronde number, dimensionless 
G gas volumetric How rate, Pit 
Gm gas mass velocity, m/l2t 
g acceleration due to gravity, lif 
H Henry's constant expressed as ratio of concentra-

tions in gas phase to liquid phase, dimensionless 
Kia overall volumetric mass transfer coefficient, t- I 

k" gas phase mass transfer coefficient, lit 
k, liquid phase mass transfer coefficient, lit 
L liquid volumetric How rate, Pit 
Lm liquid mass velocity, mJl2t 
Re Reynolds number, dimensionless 
We Weber number, dimensionless 
Z height of packing, I 
IX ratio of gas to liquid How areas, dimensionless 
fl. gas viscosity, mil· t 
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fL/ . liquid viscosity, mil . t 
P. gas density, m/P 
PI liquid density, mill 
(J' surface tension of liquid, mlf 
(J'c critical surface tension with respect to packing mate

rial, mlf 
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Hazardous Waste Minimization and 
Management at an R&D Laboratory 

M. J. Boortz 
Chevron Research Company, Richmond, CA 

Chevron Richmond Research Center (RRC), located in Richmond, 
California, conducts research and technical service in the fields of 

petroleum and petrochemical products, processes, and related matters. To 
assure proper disposal of aU wastes generated, RRC has implemented a 

unique waste disposal system. The system entails the use of specific disposal 
procedures and color-cotkd waste receptacles for the different types of 
wastes. Communication with employees is vital for successful use of the 
waste disposal system. A written waste management plan documents the 
achieved and the projected reductions in waste generation. Most of the 

hazardous waste reductions realized prior to 1989 were from instaUation of 
equipment and offsite recycling. Much of the future reductions are 

expected to come from changes in laboratory procedures and practices. The 
ultimate goal is to increase employee environmental awareness so that 

waste minimization is a routine part of every job. 

INTRODUCTION 

The Richmond Research Center (RRC) is comprised of 48 
buildings on 31 acres in Richmond, California. RRC is the 
headquarters of Chevron Research Company, a research 
company and analytical laboratory for Chevron Corpora
tion. Approximately 2000 people work at the RRC. How
ever, RRC is more than an R&D center and laboratory. 
Approximately half of the RRC employees work for other 
Chevron companies. Thus, the workforce includes chem
ists, engineers, technicians, pilot-plant operators, main
tenance personnel, engine mechanics, various services 
personnel, and a large number of office workers (e.g., 
computer systems analysts) whose work may be unrelated 
to the laboratory or pilot-plant operations. 

Sources of hazardous and nonhazardous wastes gener-
ated at RRC include: 

• Analytical and research laboratories. 
• Sample storage areas. 
• Pilot-plants. 
• Paint, carpenter, machine, welding, and glassblow-

ing shops. 
• Reprographic machines. 
• Office copier machines. 
• Test engine laboratories. 
• Motor vehicle maintenance. 
• Drum/can filling and blending operations. 
• Facility maintenance and alterations. 
• Office work. 
• Food consumption. 
The RRC waste disposal system, in its current form, 

was implemented in 1984. We designed the system to en-
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sure that all types of wastes generated are properly and 
legally disposed. A basic premise of the system was that it 
be easy to use with plenty of help readily available. We 
felt that people would be more likely to follow the system 
if it were easy to use and put minimum burden on them. 

Since 1984, we have clarified and revised the disposal 
procedures in response to various questions or problems 
that have arisen. The RRC waste disposal system is 
unique to match the unique qualities of the RRC Facility. 
We are not aware of any waste disposal system like it
within or outside of Chevron. 

The RRC Waste Disposal System 

In this waste disposal system, there is a specific color
coded waste receptacle to be used for each type of waste 
generated at RRC. Waste disposal stations, where several 
of the different receptacles are grouped together, are lo
cated in laboratory, pilot-plant, and maintenance opera
tions areas. A disposal tag must be completed and affixed 
to those waste containers which will be further sorted by 
waste handling personnel. The different waste recepta
cles, waste disposal stations, and the disposal tag are de
scribed below. 

Blue Drum (Return Oil) 

"Return Oil" is oil which is suitable for return to a pet
roleum refinery where it is co-mingled with crude oil 
feed. Materials are suitable for recycling in the refinery if 
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Figure I , Typical waste disposal station, 

they are not hazardous wastes and are petroleum fractions 
with no more than normal product levels of additives, Re
turn oil in containers 4 oz and larger are drained into a re
turn oil drum, Most of the return oil is oil samples which 
were tested or produced at RRC, 

Reel Drum, Box, or Dumpster (Oily, Trash) 

Oily trash is emptied oil, solvent, and paint containers 
plus other oily articles (e.g., hardware and glassware). 
Only empty containers are to be disposed in oily trash re
ceptacles. 

Orange Box (Chemicals) 

Full, part-full, and contaminated containers of chemi
cals, reagents, catalyst, additives, solvents, and nonreturn 
oil are to be disposed of in an orange box. The wastes 
must be in compatible, closed, and non leaking con
tainers. The container contents must be identified by a 
completed disposal tag affixed to the container. 

Yellow Box, (Synfuels) 

The yellow box is for full or part-full containers of syn
fuels. Procedures for use of the yellow box are the same as 
for the orange box, 

White Drum, Can, or Dumpster (Clean Trash) 

Cle'an trash is regular garbage. It includes such items as 
clean glassware, hardware, household-type items, wood, 
metal items heavier than a paper clip, food garbage, and 
paper towels. 

Wastepoper Baskeh (Black-, Gray·, and Beige-Colored Trash 
Receptacles) 

Wastepaper baskets are primarily for work paper des
tined for shredding. Other acceptable items include sta
ples, standard paper clips, and magazines. 

Other Waste Receptacles 

There are other types and colors of waste receptacles 
for some wastes that are only generated in a few areas , 
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Figure 2. Waste disposal station being serviced. 

For example, the shops have beige-color drums labeled 
.. scrap metal" for metal scrap. Some areas have light 
green-color cans for clean and dirty rags. 

Waste Disposal Stations 

Waste disposal stations are strategically located 
throughout the laboratory, pilot-plant, and maintenance 
operation areas at the RRC facility. Each disposal station 
consists of a number of color-coded containers designed 
to handle different types of wastes. Depending on the 
types of wastes generated in the particular area, not all 
colors may be present and container sizes may vary. A 
typical disposal station, shown in Figure I , has : clean 
trash can, oily trash can, orange box, yellow box, and re
turn oil drum. There are about 70 waste disposal stations. 
Each station is serviced (e.g., waste picked up and liners 
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Figure 3. Disposal tag. 
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in drums replaced) about once per day. Figure 2 shows a 
waste disposal station being serviced. 

The Disposal Tag 

An example of a completed disposal tag is shown in 
Figure 3. The disposal tags are preprinted, bright orange
color adhesive labels. They are stocked in the stationery 
stockroom and at all waste disposal stations. All con
tainers (except clean trash and oily trash) put into the 
waste disposal system must be identified by a completed 
disposal tag affixed to the container. 

TOOLS OF THE WASTE DISPOSAL SYSTEM 

Written Waste Disposal Procedures 

How to use the waste disposal system is described in 
the RRC Waste Disposal Procedures. A list of help phone 
numbers is included. The procedures are available as a 
separate booklet and are also contained in the RRC Envi
ronmental Compliance Manual. The booklets are stocked 
in the three chemical stockrooms. In some work areas, the 
personnel have hung a booklet in their laboratory or at the 
waste disposal station so that it is readily accessible to 
them. 

Division Waste Disposal Monitors 

When we implemented the waste disposal system, 
waste disposal monitors were appointed by each depart
ment/division at RRC. The monitors worked in the de
partment/division and were the designated contact per
son that employees could go to for help with waste 
disposal. The monitors were also focal points that the 
waste management personnel could go to when waste 
disposal problems were discovered in a particular depart
ment' s/division' s area. 

The monitors are a vital part in the successful imple
mentation of the waste disposal system. People can get 
waste disposal help from someone they know and work 
with and who are familiar with that area's operation. 

In 1986, the waste disposal monitor function was ex
panded slightly and renamed "Environmental Monitor." 
In 1988, the name was changed again to "Environmental 
Coordinator," but the function remained the same. There 
are currently 28 division environmental coordinators. 
Most of the divisions/departments appoint new environ
mental coordinators annually. 

Waste Disposal Assistance Phone Number 

The telephone number for waste disposal assistance is 
assigned to an answering machine. People are instructed 
to cal} the number and leave a message in the following 
instances: 

• Request assistance in the identification of an un
known waste. 

• Get guidance on proper waste packaging or labeling. 
• Request the pickup of high hazard wastes, such as 

water reactives or highly toxic materials. 
The hazardous materials technician reviews the mes

sages and responds to the callers' questions or requests. 
The Analytical Division of Chevron Research is responsi
ble for assisting in identification of unknown wastes. 

The RRC Waste Minimization Successes 

RRC has had a written waste management and minimi
zation plan since 1985. The plan is updated annually and 
contains the following elements: 
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Figure 4. Waste management hierarchy. 

• Inventory of wastes generated. 
• Current practices and procedures which minimize 

waste generation and the degree of hazard. 
• Recycle, reuse, treatment, and waste minimization 

opportunities which are being or will be investi
gated. 

• Past and projected future waste generation quan
tities. 

• Current list of treatment, disposal, and recycling fa
cilities and transporters used. 

Chevron Corporation has a corporatewide program for 
waste minimization called Save Money and Reduce Tox
ics (SMART). The RRC waste management plan is also 
the Chevron Research SMART Plan which is updated 
and submitted annually to the Corporation. 

Two main objectives of SMART are: minimize genera
tion of both hazardous and nonhazardous wastes, and 
move up the hazardous waste management hierarchy. 
"Moving up the waste management hierarchy" means 
managing waste by more environmentally protective 
methods. The least desirable and lowest management 
level is disposal by landfill. The most desirable and high
est management level is source control (or source reduc
tion) to avoid waste generation. The waste management 
hierarchy is depicted in Figure 4. Figure 5 shows the 
SMART objectives. 

Some changes made at RRC to minimize hazardous 
waste generation and move up the waste management hi
erarchy are discussed below. 

Substitution of Solvent 

Personnel are encouraged to substitute solvents which 
can be disposed of in return oil for solvents which must 

Save 
Money 
And 
Reduce 
Toxics 

Chevron's SMART Program 

= • Recycle = Waste ~ 
Source ReductiO

J MinImizatIon 
eTreat 

eDisposal 

Figure 5. SMART program objectives. 
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WArn!!!! CAN YOU USE ANOTHER SOLYEHT????? 
USE OF THIS SOLVENT CREATES HAZARDOUS WASTE 
DO HOT DISPOSE OF Ttl USED SOOENT W RET\RC OL 
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Figure 6. Label on I-gallon cans of dispensed solvents which must be dis
posed of as hazardous waste. 

be disposed of as hazardous waste (e .g., substitute a heav
ier aromatic solvent for toluene). Cans containing dis
pensed solvents which, after use, must be disposed as 
hazardous waste are labe led. The label asks if another 
solvent could be substituted. A copy of the label, which is 
canary-yellow color, is shown in Figure 6. In addition, we 
replaced one dispensed solvent (a high toluene content 
solvent which had to be disposed as hazardous waste) 
with an equivalent solvent which could be recycled to a 
petroleum refinery. Solvent disposal procedures are in
cluded in the written RRC waste disposal procedures. 

Recycling Pure Solvents 

Drums of used, relatively pure solvents (single solvent 
or mixture of only a few solvents) are sent to an ofTs ite sol
vent recycler. Users of large quantities of solvent are en
couraged to segregate, not mix, solvents so that they can 
be recycled. 

Triple-Rinse Cleon 

Many chemical and solvent jugs are triple-rinsed clean 
prior to disposal. The clean jugs are labe led with a triple
rinse clean sticker and disposed of with clean trash (regu
lar garbage). Figure 7 is a copy of a triple-rinse clean pro
cedure. The procedure is included in the RRC waste dis
posal procedures. 

~:!!O~f t~~.p~~~!~~:q b:!~:.~~~ I di:~::!.~f t:~~!~.!-t:!!~:a,~~·" 
.. lcohol . he. ane , acetone, chlorofor., aethylene chlor ide ... t ha-

~:!~n!~OO~!:n:he .~:!::~~~!l:~ !:~!:h!::'~~U~::~l:lht!t:~:!l only 
after firat obta1nin9 your aupervhor ' . approval. If Fou ha •• 
any que .tiona , uk your aupervhor or your dhhlon '. 
EnvlronaenUI Monitor . 

CAUTION : Wear ilona whUe rlna1n\l the bottl.. . Chl orotor_ and 
acetonitrUe boU.l ... uat be rift.ad In 8lnkl located undn hooda . 

1. If the .aUrial ia not IIhcible wi t h water, .a.h the bottle 
three tim .. with ,lIIaU portion. of acetone ,or other auitable 
.ohent which 18 .hclble with both water and the .aUrial). 
Flu.h the rin .. lolut.ion. with water into a laboratory aink. 

2. Thorou9hly rin .. the bottle three U ... with "liter in a labo
ntory ,ink . 

3. Put a green -triple-tinled clean- Uickn on the bottle. 

•• D18po .. of the bottle •• cle.n tr .. h. Put the bottle in a 
white. chan tr .. h container or place it In the ball for pickup, 
•• appr-Opr late for your wor k loc.tion . 

TRIPLE-RINSED 
CLEAN 

Figure 7. Triple-rinse clean procedure. 
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Figure 8. Oily viol crusher. 

Environmental Awareness 

Hazardous waste quantity and cost data is publicized 
by holding meetings with and sending informational 
memos to the division environmental coordinators. Sug
gestions on ways to reduce waste gene ration are also pub
licized. 

Oily Viol Crusher 

Oily vials are small plastic and glass vials containing oil 
samples. A vial crusher was installed to consolidate the 
contents of oily vials into return oil. Oily vials were previ
ously disposed of in lab pack drums as hazardous waste. 
The crusher breaks the vials and separates the vials and 

Figure 9. Solvent mixing vessel. 

February, 1990 33 



Figure 10. Hot box for solid and semi-solid hydrocarbons. 

Figure 11. Pouring small container of return oil into the return .oil bin. 

caps from the oil. The vial remnants are disposed of in 
oily trash. The recovered oil is put into return oil. Figure 
8 is a picture of the crusher. 

Bulking of Waste Solvents 

A mixing vessel was installed to facilitate bulking of 
waste solvents. The solvents, mainly in I-gallon jugs, 
were previously disposed of in lab packs. The bulking de
creases waste disposal costs and increases the amount of 
waste solvent which can be recycled. A picture of the 
mixing vessel is shown in Figure 9. 

Hot Box for Solid and Semisolid Hydrocarbons 

Drums of meltable solid hydrocarbons which will not 
harm refinery processes, such as heavy crude oil and 
residuum, are melted in a designated hot box and 
pumped into return oil. This practice nearly eliminates 
the disposal of solid and semi-solid hydrocarbons as haz
ardous waste. The hot box is shown in Figure 10. 
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Figure 12. Pumping out a drum of retum oil using a drum stabber. 

RetumOil 

Return oil , which is petroleum oils and organics which 
will not harm petroleum refinery processes, is collected 
and sent to a petroleum refinery for processing with crude 
oil feed. Figure 11 shows small containers of return oil 
being poured into a collection bin. The bin is pumped out 
to an above-ground return oil tank. In Figure 12, a 55-
gallon drum of return oil is being directly pumped out to a 
return oil tank. 

FUTURE WASTE MINIMIZATION OPPORTUNITIES 

To date, much of the waste minimization at RRC has re
sulted from changes in waste handling after the waste has 
been generated. We are currently evaluating more of 
these recycling and waste treatment opportunities. Much 
of the future waste minimization successes beyond that, 
however, will come from greater emphasis on front-end 
approaches like source control. Some source control op
portunities we will be working on are discussed below. 

Changes in Chemical Stockroom Practices 

To help reduce generation of partially used waste 
chemicals, we will review the container sizes of stock 
chemicals. If container sizes more closely matched labo
ratory needs , the entire container contents would be con
sumed with no residual to be disposed. 

Changes in Laboratory Practices 

We will continue encouraging laboratory personnel to 
implement waste minimization practices in their labora
tories. Suggested laboratory practices include: neutralize 
reactive and corrosive wastes as part of the laboratory pro
cedure, make test materials in small batches, segregate 
waste materials, obtain only the quantities of chemicals 
needed, return surplus commercial plant samples to the 
plant, and modify or not use standard test methods which 
generate wastes which are difficult and costly to dispose. 

The ultimate goal is to increase employee environmen
tal awareness so that waste minimization is an automatic 
part of every job. 
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Chitosan, a polyglucosamine, can be formed by de-acetylating chitin, a 
major structural component of crustacean shells. Crab shell particles were 
treated and deacetylated to elaborate chitosan on their outer peripheries. 
Experimental data and an approximate preliminary economic analysis are 

presented to show the poten'tial of using treated crab shell waste for 
purifying electroplating rinsewater. This approach is compared with 

currently used precipitation technology for removing metal ions. 

INTRODUCTION 

Waste from the shellfish industry has usually been dis
posed of by land/liling or ocean dumping. In some in
stances, waste crustacean shells are converted into a low 
value livestock feed or a fertilizer. Witbin the last decade, 
Muzzarelli [1] focused on one of the major components of 
crustacean shells, namely, chitin and its deacetylated de
rivative, chitosan, as a raw material for a large number of 
potentially useful products. In 1936--1937, Rigby [2) was 
granted U.S. patents for a method of making deacetylated 
chitin by a series of boilings and washings with acid, al
kali, and detergent that required more than 14 hours. This 
suggests duPont (Rigby's employer) may have perceived 
potential value in chitin, the second most widely distrib
uted natural polymer (after cellulose) about the time of 
the discovery of nylon. 

In addition to its many other uses, the ion-complexing 
ability of deacetylated chitin (chitosan) has been meas
ured and explored [~]. However, many of the methods 
reported for producing chitosan from crustacean shells 
are slow and consume significant amounts of reagents [2), 
[7] and [8). 
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This paper describes a rapid, less costly method of pro
ducing a metal ion-complexing material from the shells of 
crab and other crustaceans. The approach involves brief 
mild treatments of the shell waste (i.e., deacetylation 
times as short as only a few minutes) that apparently de
velop chitosan at the outer periphery of the shell particles 
without substantially converting the interior regions of 
the particles. We have used this ion-complexing material 
to remove copper, nickel, and other ions from the waste
waters produced by rinsing electroplated parts. Thus, 
waste from the seafood industry (estimated at between 
5,000 and 8,000 tons/year by Hattis and Murray [9) and 
more recently at millions of tons/year, Business Week [10)) 
has been used successfully for treating wastewater from 
the electroplating industry as reported below. 

EXPERIMENTAL 

Crab shell waste was obtained from East Bay Crab 
Company of Peabody, MA. This consisted of shell parti
cles and remnants of flesh not removed in the crab meat 
plant that processes the New England red edible crab. 

February, 1990 3S 



i 
LL. 
(/) 

~3. 

~ 
Z 
0 + 
E 2.0 

Z + 
~ -a .. Q c 1.0 :a 

E 
8 

+ 

+ + ~ ~ 
6 0 

go 

6 

0 
0 

+ 

+ 
+ 

8 
g 

Decalcify 
(5'l1oHCI) 

I h, 
I h, 
I h, 

+ 
o e 

+ 
o 
B 

Deac.tylat. 
(50'lIoNaOH) 

10min 
I h, 

24 h, 
Pfaltz a Bau., Chltosan 

2 3 

Contact Time (hrs) 

Figu,e 1. Time Course of Ni(ll) Sorption from Prepored Solution. Solution 
(150 ml) initially containing 1,000 mg/L Ni prepared in laboratory from 
NiSO •. Dosage: 3g PCSFW or of Pfaltz & Bauer chitosan per 150 ml of 
solution. Solution stirred at 25'C. Initial pH = 6.6; final pH = 7.2. One 
ml of solution removed periodically for assay by atomic absorption spec-

trophotometry (AAS). 

Chitosan was obtained from Pfaltz and Bauer, Inc. ofWa
terbury, CT (product C07640). Samples of plating solu
tions and rinse waters from the electroplating operations 
were supplied by National Chromium Company, Putnam, 
CT. All chemicals employed were reagent grade, e.g., 
copper sulfate, nickel(II) sulfate, and chromium(III) ni
trate from Brand Nu Labs, Meriden, CT. 

Partially converted shellfish waste (PCSFW) was pre
pared from air-dried waste that had first been chopped in 
a Waring blender. A size range of about 1 mm to 10 mm 
was used; smaller particles were discarded. The shells 
were then soaked in a 5% HCl solution for one hour at 
room temperature to remove calcium salts (demineral
ization) . After washing in water to remove HCl, the shells 
were stined in 50% NaOH solution at 90°C for varying 
time periods to cause different extents of deacetylation. 
Protein was also removed by the foregoing NaOH treat
ment, after which the shells were again rinsed in water 
and dried in air. Although chemically similar, these treat
ments are shorter, milder, less extreme, and employ less 
chemical reagents than other methods reported for mak
ing pure ~hitosan from crab shells [2], [8], [7]. 

The aim of the less drastic treatment is to produce chi
tosan only at the surface rather than throughout the vol
umes of the particles. Allan, et aI., [11] employed partially 
deacety lated chitin and shell particles to modify paper. 
However, it is likely their particles were uniformly de
acetylated throughout their volumes because they had 
been previously ballmilled to very small size (44-100 mi
crometers). Grinding shells to very small sizes may be ex
pected to rupture chemical bonds and produce sites ac
tive for adsorption as well as high specific surface areas. 
For example, Hung and Han [12] found considerable 
sorption capacity for metal ions by shells that had merely 
been ground to particles of 100/200 mesh size. U nfor
tunately, it is more difficult to use particles of such small 
size as a practical sorbent on a large scale; moreover, 
grinding to small sizes is costly. 

Metal ion concentrations in solution were measured by 
atomic absorption (AA) Hame spectrophotometry, and in 
some cases, by specific-ion electrodes. Removal of metal 
ion from solutions was studied at 25°C in a typical proce
dure by adding 1 g of PCSFW or purchased chitosan re
agent to 100 mL of a solution and monitoring the concen-
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Figure 2. Time Course 01 Cu(lI) and Ni(ll) Sorption .from Electroplating 
Rinsewater; Cr(lll) from Prepared Solution. Solution (100 ml) initially 
containing 1,000 mg/L metal. Dosage: 1 g of PCSFW or Plaltz & Bauer 
chitosan per 100 ml of solution. PCSFW was prepored by demineralizing 
(5% HCI) for 1 hour and deacetylating (50% NaOH) for 1 hour. Solution 
stirred at 25'C. Initial and final pH's: 2, 5.4 for Cu; 2.1, 5.6 for Ni; 2.7, 
5.6 for C,. One ml of solution ,emoved periodically for assay by AAS. 

tration of metal ion versus time. Starting concentrations 
ranged from 10 to 1,000 mg/L. Elution of metal ions from 
PCSFW or chitosan was accomplished by contacting 1 g 
of the solid with 30 ml of N H2S04 for 15 minutes at room 
temperature. This was followed by washing in tap water 
and contacting it with a N NaOH solution in the same 
proportions used for the H2S04 and under the same con
ditions, to regenerate the PCSFW, much as ion-exchange 
resins are regenerated. 

RESULTS AND DISCUSSION 

The common feature of the results is the similar per
formance (regarding metal-ion removal) of the minimally 
treated PCSFW as compared to more exhaustively de
acetylated material, including the material supplied by 
Pfaltz and Bauer as relatively pure chitosan. Figure 1 
shows the specific amount of nickel removed from a pre
pared solution versus time. It is evident from the graph 
that the rates of removal are about the same for Pfaltz and 
Bauer (P & B) chitosan and all the PCSFW samples. 
P & B chitosan appears to offer a slight advantage regard
ing initial rate and specific amount of Ni(lI) adsorbed 
after 2-3 hours of contact. For tbe PCSFW, it appears 
to make little difference whether the deacetylationl 
deproteination step is conducted for 24 hours, 1 hour, or 
10 minutes. The extent of deacetylation were about 10% 
for 10 minutes and about 65% for 1 hour of this treatment. 
Thus, it appears that sorption of heavy metal ions during 
practical contacting times of up to several hours is limited 
to the outer portion of the particles, even when the parti
cles are as extensively deacetylated as 65%. The similar 
behavior of all the samples may arise from similar kinetic 
limitations that might confine access of metal ions only to 
the periphery of the particles. The result being that all in
terior amino groups were probably not accessible to metal 
ions, even during sorption experiments as long as 12 
hours. In the experiments described below, the PCSFW 
employed had been deacetylated for only 1 hour. 

Figure 2 shows the time course of removal of Cu(II) 
and Ni(lI) from electroplating rinsewaters obtained from 
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Figure 3. Sorption Isotherms of Ni(II), Cu(lI) and Cr(lll) from Prepared 
Solutians. Each data point was generated by adding I g of PCSFW to 
100 ml of solution containing initial concentrations ranging from 10 
mg/L to 1,000 mg/L of Ni(II), Cu(II), or Cr(lll); solutions prepared in lab
oratory from NiSO.; CuSO., or Cr(NO,h. After 12 hours of contact, 
metal ian cancentration in solution was determined by AAS. 

a commercial operation, and of Cr(I1I) fi-om a laboratory
prepared solution of Cr(N03h. Control experiments to 
measure Cu(II) sorption by untreated shells (particle 
sizes 3-5 mm) revealed capacities smaller by a factor of 5 
than those indicated in Figure 2. It was visually apparent 
that copper sorbed preferentially at the fracture edges of 
the shell particles. Again, there is no significant difler
ence between the general behavior of Pfaltz and Bauer 
chitosan and I-hour-deacetylated PCSFW as ion-removal 
agents. 

Figure 3 compares adsorption isotherms for Cu(I1), 
Ni(lI), and Cr(III) on PCSFW. Adsorption capacity 
(meq/g) is roughly in the order of 0.5 to 1.0. By way of 
comparison, the sorption capacity of PCSFW for copper 
evident in Figure 3 is about three times less than the 
values obtained for chitosan by Blair and Ho [13], wbo 
used equilibration times up to one week and extrapolated 
their results to infinite time. They used exhaustively de
acetylated chitosan prepared by refluxing demineralized, 
decolorized, fine «75 micrometers) shell particles in 
50% NaOH solution for two hours. The isotherm of Fig
ure 3 for Cr(I1I) is roughly equivalent quantitatively to 
comparable isotherms reported by Eiden, et al. [14] for 
sorption of Pb(1I) and Cr(I1I) by chitosan. The same in
vestigators reported sorption capacities of these metals on 
chitin that were smaller by about a factor of five. In fur
ther comparison, typical sorption capacities for commer
cial ion-exchange resins are in the range of about one mil
liequivalent per gram. 

Initial pH does not have a strong influence on tbese iso
therms, although adsorption capacity for Cu seemed to be 
increased slightly when initial pH was 2 as compared to 
6.0. During the adsortion process pH increased, probably 
owing to some replacement of transition metal cations 
removed from solution by sodium cations leaving the 
PCSFW. Eiden, et al. [14] also observed increases in pH 
caused by sorption of Cr(Ill) by chitosan, but made no 
suggestion to explain the phenomenon. 

Recovery of metal ions from PCSFW was studied by 
contacting it with N H2S04 for 15 minutes in proportion 
of 30 ml of the acid solution to 1 g of original PCSFW. 
The metal-ion sorption capacity of the PCSFW was then 
partially restored by contacting it 15 minutes with N 
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Figure 4. Elution of Ni from PCSFW. Each cycle comprises a sorption, an 
elution and a regeneration step. Sorption: I g of PCSFW contacted with 
100 ml of electroplating rinse solution containing 500 mg/L Ni far 2 
hours. Elution: I g PCSFW contacted with 30 ml of NH,SO. for 15 min. 
Regeneration: I g PCSFW contacted with 30 ml of NNaOH for 15 min. 
Experiments conducted at 25"C with stirring. 

NaOH solution in the same proportion of mass ofPCSFW 
to volume of solution. The results of performing these op
erations 10 times for sorption and elution ofNi are shown 
in Figure 4, where a cycle refers to the sequence de
scribed: metal-ion sorption followed by metal-ion elution 
with N H2S04 and the restoration of sorption capacity 
with N NaOH. Similar behavior was observed with Cu 
and Cr, except that the elution ofCr(III) was considerably 
slower than Ni(1I) and Cu(lI). Figure 4 shows that both 
sorption capacity and amount of metal ion recovered by 
elution decrease gradually over the 10 cycles. 

The decrease in sorption capacity and in recovery by 
repeated sorption and elution might be associated with 
phenomena such as: 

• Gradual degradation and dissolution of pellicular 
chitosan by repeated elution and regeneration. 

• Incomplete demineralization of the interior regions 
of the particles (see discussion of Figure 5 below), 
with protection and densification of the chitin mah'ix 
maintained by unremoved calcium carbonate. 

• Transport of a portion of metal ions into the unde
mineralized and undeacetylated interior where the 
ions could be trapped, e.g., by precipitation as hy
droxides or carbonates, or simply limited in mobility 
within a denser matrix of lower diffusivity. Eiden, 
et al. [14] repOited good evidence that Pb and Cr 
formed nodular flakes on the surface of chitosan par
ticles, perhaps as aggregates of Cr(OH)., and 
Pb(OH)2' 

• Partial immobilization of sorbed polyvalent ions by 
crosslinking, a phenomen observed and reported by 
Blair and Ho [13]. 

Several particles of PCSFW containing sorbed Ni(1I) 
were investigated by energy dispersive x-ray analysis of 
their surfaces and interiors. Typical, representative re
sults, shown in Figure 5, indicate high eoneentration of 
Ni at the surface and low eoncentration of Ni in the inte
rior of a particle. This is in aecord with the view of selee
tive pellicular sorption of Ni(II) near the surface of the 
PCSFW particle, but not in the interior, probably owin'g ' 
to a eorresponding distribution of deaeetylation and ki
netic limitation. Figure 5 also shows the converse distri
bution of Ca within the PCSFW particle. The low Ca con
centration at the surface refleets the removal of surface Ca 
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TABLE 1. MAJOR EQUIPMENT ITEMS AND COSTS (1987 U.S.$). 

Precipitation PCSFW Sorption 
Process Process 

Item Number Cost Number Cost 

Waste collection tanks, 3 4,500 3 4,500 
3,7S3liters (1,000 gal) 

Chem. storage tanks, 4 I,SOO 4 I,SOO 
63 liters (250 gal) 

Pumps 5 2,500 5 2,500 
Elution tank, 1 500 

63 L (250 gal) 
Rotary filter 1O,()(X) 

Total Cost IS,800 9,300 

TABLE 2. TOTAL CAPITAL INVESTMENT (FAl.'TORS FROM PETERS 
AND TIMMEHHAUS [15]. 

PCSFW 
Precipitation Sorption 

Energy (KeV) Direct Cost 

Figure 5. Energy Dispersive X-Roy Analysis of Particle of PCSFW. Upper 
spectrum-particle surface; lower spectrum-particle interior. Particle hod 
first been equilibrated with a solution of Ni(II). 

by the mild demineralization step with HCl for one hour. 
The high residual Ca concentration within the interior of 
the particle reflects the mild, partial conversion of the 
shell during which removal of Ca was not accomplished 
in the interior, but only near the surface of the particle. It 
seems likely that the non-uniform distribution ofCa (and 
therefore probably also of carbonate) within the PCSFW 
particles may also relfect non-uniform transport resis
tance from the surface to the interior of the particle. 

POTENTIAL FOR TREATING ELECTROPLATING WASTEWATER 

A common and traditional approach to treatment has 
been precipitation of the metals as the hydroxides from 
electroplating wastewaters, followed by filtering, and 
burying the solid precipitate in a landfill. In some cases, it 
is necessary to use bases other than lime or caustic for 
precipitation, e.g. Mg(OHh is used to precipitate Ni hy
droxide in order to obtain a precipitate that has good fil
tration properties. In the case of chromium-containing 
wastewater, it is necessary first to reduce hexavalent 
chromium ions using sodium bisulfite to form Cr(I1I) 
ions, which can then be precipitated as the hydroxide. 
Burying metal precipitates in a landfill is costly, and a 
practice that must eventually be replaced by better tech
nology. 

The ability of PCSFW to sorb and to release metal ions 
during elution offers another possible approach to treat
ing electroplating wastewaters. Because metal ions can 
be eluted from PCSFW, which can then be re-used, this 
approach has promise as a possible method of reclaiming 
and recycling the metals, in contrast with past and pre
sent practices. Table 1, which shows a comparison of sim
ple flow sheets for the two treatment processes, indicates 
major equipment items and costs for treatment of 11,350 
Umo of Ni(1I) rinsewater (1000 mg/L, pH = 2) and 11,350 
Umo ofCr(VI) rinsewater (1000 mg/L, pH = 2). This is a 
typical treatment scenario for a small, electroplating job 
shop. For sorption by PCSFW, the Cr(VI) must be re
duced to Cr(III), and also done for the precipitation pro
cess. A major cost contribution to the conventional pre
cipitation approach arises from the rotary filter that is 

38 February, 1990 

equipment 
installation 
piping 
electrical 

Indirect Cost 
engineering 
supervision 
lees 

Total Capital Cost 

= cost 
= O.47(mst) 
= O.66(cost) 
= O.ll(cost) 

subtotal 

= 0.15(cost) 
= 0.15(cost) 
= 0.14(cost) 

$IS,SOO $ 9,200 
8,800 4,3()() 

12,400 6,100 
2,100 1,000 

$42,100 $20,600 

$ 2,SOO $ 1,400 
2,SOO 1,400 
2,600 1,300 

$ S,200 $ 4,100 

$50,300 $24,700 

required, because the precipitates do not readily settle 
and dewater to form a concentrated mass that could be 
easily handled. Total capital investment for each process 
is summarized in Table 2. Note that the equipment for 
PCSFW sorption includes provision for storing reagents 
to convert crab-shells to PCSFW, to regenerate the 
PCSFW by acid elution, and to reduce Cr(VI) to Cr(III). 
Similarly, the equipment list for precipitation includes 
reagent storage for precipitation/neutralization and for re
duction of Cr(VI) to Cr(IlI). 

Table 3 provides an economic comparison of the two 
processes. The operating and maintenance costs for the 
PCSFW process are based on the assumption that the sor
bent can be used for 10 cycles, and that the eluted Ni(lI) 
and Cr(I1I) (after re-oxidation to Cr(VI)) are recycled to 
the electroplating process. The high cost of chemicals for 
the precipitation process reflects the use of magnesium 
hydroxide, which is required to produce a sludge that can 
be conveniently filtered and disposed of following cur
rent practice. Disposal costs (for burying sludge in a land
fill) and capital and depreciation costs (expensive filter) 
are also high for precipitation. If precipitation using lime 
had been assumed, the cost of chemicals would be less. 
However, the cost of sludge disposal would be corre
spondingly greater, owing to the larger specific volume of 
the sludge precipitated by lime rather than Mg(OHh. The 
net effect on the economic comparison would be small. 

The disposal costs shown are also somewhat large for 
the PCSFW sorption process and are based on the as
sumption that used PCSFW will be buried in a landfill 
after 10 cycles of sorption and regeneration. This assump
tion is conservative because it is likely that PCSFW can 
be used for more than 10 cycles before it must be dis
posed of. It is also likely it will be cheaper, more con
venient, as well as environmentally more acceptable to 
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TABLE 3. TOTAL COST OF TREATMENT.' 

Basis: 11,350 Umo (3,000 galimo) Cr(VI) wastewater (1,000 
mg/L) 
11,350 Umo (3,000 gal/mo) Ni(II) wastewater (1,000 
mg/L) 
Cr(VI) reduction by sodium bisulfite 
Precipitation with magnesium hydroxide 
assumed capacity of PCSFW = 50 mg Ni/g, 20 mg Cr/g 

PCSFW 
Precipitation Sorption 

----

Total capital $50,300 $24,700 
investment 

Monthly costs: 
capital cost 500 200 
depreciation 400 200 
operating & maintenance 
a. chemicals' 1,350 300 
b. disposal" 850 400 
c. maintenance4 200 100 
d.labor' 360 400 
credit for recovered -100 
Crand Ni" 

Total monthly cost 3,660 1,500 
Treatment ~'Ost 0.61 0.25 

per gallon 
Treatment cost 0.15 0.06 

per liter 

I Pritoes Imsed in part nn inf()fmation snpplied by National Chromium Company. 
Putnam,CT. 

2 Chemicll)s: Mg(OH)2 
N.OH.50% (w/w) 
Hel. 36% (w/w) 
H2S04. 95% (w/w) 
NaHS03 

3 Disposlti cost $460/nr1 ($l3JCll 1'i:), 

$1.721k~ ($O.7Il1lh) 
$215!metric ton ($1951ton) 
$71.651metrk ton ($65/ton) 
$105.70/metrie ton ($95.90/ton) 
$O.66Ik. (SO.30Ilh) 

"Annual maintenam:e taken as 5% "ftotn) capital investment. 
5 Lahor estimated at $12lhr. 30 hr/mo, 
fi Re(:overed metal mean cl'erlit assumed to he about $4.5()/kg; overall treatment cost 

is relatively insensitive to this item. 

incinerate exhausted PCSFW than to bury it in a landfill. 
It should be noted that landfill toll costs are high in that 
they reflect severe technological requirements (e.g., the 
mandated use of lining membranes and monitoring) for 
disposal of such heavy metal sludge. Furthennore, such 
disposal methods are likely to be banned by statute in the 
future. The treatment of wastewater generated by the 
production of PCSFW would add a cost of more than one 
dollar for the basis of Table 3, therefore, this has been ne
glected as relatively inconsequential. Moreover, it would 
be possible to recover protein and sodium acetate, per
haps with favorable economics, from such a wastewater. 

CONCLUSION 

Partial conversion of crab shell waste to chitosan in the 
outer, pellicular regions of the particles produces a useful 
sorbent for transition metal ions that is nearly as effective 
as relatively pure chitosan. It is technically feasible to use 
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this material (PCSFW) to sorb metal ions from electro
plating wastewaters, to elute the metals therefrom, and 
recycle them to the electroplating process. An approxi
mate economic comparison of the conventional precipita
tion process to a conceptual process based on sorption on 
PCSFW indicates that the latter is economically more fa
vorable under reasonable assumptions. 
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Prediction of Activated Carbon Adsorption 
Performance Under High Relative Humidity 

Conditions 

Tim C. Keener and Derong Zhou 
Civil and Environmental Engineering Department, University of Cincinnati, 

Cincinnati, OH 45221 
Humidity effects on carbon adsorption were investigated using five flolatile 
organic compounds (VOCs). Relative humidities ranged from 54% to 92%. 

Under these high relative humidity conditions, the Dubinin-Polanyi 
equation was used to analyze the results of activated carbon adsorption 

capacity. Based on the Dubinin-Polanyi equation and the concept of a mass 
transfer zone, an adsorption kinetic equation was derived to predict the 

carbon adsorption (MTZ) velocity and the adsorbate concentration 
profile in the bed. 

INTRODUCTION 

Carbon has been known throughout history as an ad
sorbent; its usage could date back centuries. Presently, 
activated carbon plays an important role in water, air pol
lution control (such as controlling emissions of Volatile 
Organic Compounds, VOCs) and material recovery. 

Emissions ofVOCs are of concern,primarily because of 
their contribution to localized atmospheric pollution. In 
general, the formation of smog results from photochem
ical reactions between VOCs, nitrogen oxides, and ozone. 
These produce a variety of noxious compounds such as 
peroxyacetyl nitrate (PAN). The presence of these com
pounds form aerosol particles which cause eye irritation, 
and are possibly carcinogenic. These situations are preva
lent in heavily industrialized urban areas . Primarily, voe 
emissions are from industries such as the semiconductor, 
auto paint baking, aluminum siding paint baking, appli
ance paint baking industry and so on. 

Although adsorption with activated carbon has been 
used commercially for many years , Significant research on 
the fundamental behavior (such as adsorption mecha
nisms and adsorbent structures), and industrial applica-
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tions (such as optimal adsorption system design and ad
sorbent regeneration as well as adsorbate recovery) are 
still being undertaken. 

There are many theories concerning adsorption of 
vapor on activated carbon. Among them, the Dubinin
Polanyi (D-P) equation is a simple and practical equation 
used for design purposes. Once certain parameters in the 
D-P equation are obtained with a reference adsorbate, 
adsorption efficiencies of other similar adsorbates may be 
predicted without experiment [1 , 2). Further, these pa
rameters may be introduced into a kinetic model for de
scribing the entire adsorption process. However, cur
rently available data for adsorption is limited to low 
relative humidities. VOC control applications are con
cerned with flow streams at any level of humidity. Since a 
decrease of adsorption efficiency occurs at relative hu
midities greater than approximately 50% to 70% [3, 4, 5] 
there is a need for design information at these conditions. 

The goals of this research included using the Dubinin
Polanyi relationship to analyze activated carbon ad
sorption capacity under high humidity conditions, to 
quantify the effects of high relative humidity on ad
sorption and to predict adsorption breakthrough profiles 
and compare these with experimental results. 
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THEORY 
Adsorption Copocity: Dubinin-Polonyi Equotion 

The Dubinin-Polanyi model is an extention of the po
tential theory for multilayer adsorption. This equation 
represents the theory of adsorbate adsorption potential 
and the filling of the adsorbent micropore volume. Ac
cording to experimental data and theoretical considera
tions [6] the characteristic curve for micro porous carbon 
adsorbents can be given in the explicit form as: 

In(WlWo) = -k0.2 (1) 

where, 

0. RTln (P,JPo) 

W = the adsorption space occupied by the condensed 
adsorbate (mllg) 

Wo = limiting amount of adsorption space for each ad
sorbent (mllg) 

k a parameter for each system of adsorbent and ad
sorbate, (J/moJt2 

T the ahsolute temperature of adsorption,OK 
p,. saturated vapor pressure at absolute temperature 

T(OK), atm 
Pa adsorbate equilihrium partial pressure under op

erating conditions, atm 
R = gas constant (8.3143 J/K . gmol) 

For a reference adsorbate, equation 1 can be written as 
follows: 

In(WIW.,) = - k, 0..0 (2) 

(where subscript s represents the reference adsorbate.) 
Comparing Equation 1 with Equation 2 for any ad

sorbate on the same adsorbent, the adsorption equation is 

In(WIW.,) = - (k,l~2)0.2 

(k,lk) = (0.10.,)2 = ~2 

(3) 

(4) 

Reucroft and co-workers [7] found that the affinity coef
ficient, ~, was best expressed by the ratio of the electronic 
polarization of the adsorbate to that of a reference ad
sorbate. 

Consequently, Equations 1-4 may be solved to yield 
the following: 

k. [ P,]2 In(W) = In(Wo) - ~ RT In-
~ P" 

(5) 

Therefore, when experimental values for In(W) are 
plotted against (RT In (PsIP.,))2, a straight line with an in
tercept equal to In(Wo) and a slope of k,l~2 will be ob
tained. 

The value of Wo is independent of both the operating 
temperature and the nature of the adsorbate vapor [3, 4]. 
Therefore, the value ofW,,, once determined, can be used 
for other adsorbates and adsorption conditions. Having 
estimated the value of the affinity coefficient, ~, the value 
of k, can be calculated since the slope of the straight line 
is determined by k,l~2. 

Dubinin [6] suggested that the values of the three pa
rameters, W,,, ~, and k" remained constant over adsorption 
temperatures and conditions of adsorption. Therefore, if 
the parameters, W,,, ~, k, are obtained from experiment on 
adsorption capacity with a reference adsorbate, the 
theoretical adsorption capacity for another similar ad
sorbate can be predicted for various adsorption tempera
tures and pressures by use of Equation 5. 

Adsorption Kinetics 

An adsorption kinetic equation was developed based 
on the concept of a mass transfer zone (MTZ) [8], and the 
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Dubinin-Polanyi equation. The assumptions used in this 
approach are as follows: 

1. Adsorption conditions such as temperature and How 
rate are constant. 

2. There are no radial temperature, concentration, and 
How rate gradients in the adsorbent bed. 

3. Adsorption heat effects are negligible. 
4. Physical adsorption predominates with negligible 

chemisorption. 
5. The thickness of the adsorption zone is constant 

under the conditions of these assumptions. 
6. The velocity of the adsorption zone is constant 

throughout the adsorption process and small in com
parison to the gas superficial face velocity. 

7. The adsorbate condenses (through capillary conden
sation) to a liquid. 

The amount of adsorbate entering the adsorption zone 
essentially equals the amount transferred to the ad
sorbent. As a result, a mass balance of the adsorbate be
tween the gas and solid phase in the adsorption zone is: 

where, 

m" = carrier gas, air mass How rate, kglmin 
Co = adsorbate inlet concentration, kglm3 

A = cross-sectional area of adsorber, m2 

P"d = adsorbent packed density, kglm3 

P. = carrier gas density, kglm3 

X. .. " = equilibrium adsorption capacity, kgikg 
V"d = adsorption zone velocity, mlmin 

(6) 

The adsorption zone velocity or, MTZ velocity, may be 
obtained from Equation 6 as: 

(7) 

Equation 5 may be rewritten as follows: 

W = Woexp [ - tz [RT In PSIPO]2] (8) 

From the assumption of total liquid condensation of the 
adsorbed vapor we may write: 

(9) 

where, 

W, = adsorption capacity, kglkg or gig 
P"h = adsorbate density, kg/m3 or glml 

Then, Equation 8 can be rewritten as follows : 

{ 
k, [ P,, ]2} W, = X,,,, = P"I, W" exp - ~ RT In p;; (10) 

Equation 10 and 7 may be combined, and assuming the 
adsorbate vapor behaves as an ideal gas, the adsorption 
velocity equation may be obtained as the following: 

M" P .M." {k. [ I P.]2} --"':""'=- ' --exp - RT n-
P.P.',Pa~WO RT ~2 Po 

P,M"" {k. [ P.]2} ( ) = B--exp 9: RTln- 11 
RT ~ Po 

Equation 11 indicates the relationship between the ad
sorption velocity, and the D-P equation. 

Tbe transfer of mass from the gas phase to the solid 
phase within tbe MTZ may be expressed by 
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where, 

dm"" = - m" dC 
p" 

m"" = adsorbate mass flow rate, kg/min 

(12) 

The adsorbate mass flow rate from the gas phase to the 
solid phase within the MTZ is proportional to the concen
tration difference between that in the gas phase and the 
equilibrium concentration which could exist on the ad
sorbent. This condition may be expressed by the rela
tionship 

m"b = KV(C - C,) 

where, 

K = an overall mass transfer coefficient, S-I 

C = adsorbate concentration 
C, = adsorbate equilibrium concentration 
V = volume of the bed 

(13) 

and the change of mab with respect to position within the 
MTZ is therefore 

dm"" = KA (C - Ce)dx (14) 

where, 

x = position along the MTZ, m 

The relationship expressing concentration change 
within the MTZ as a function of position may now be ob
tained by combining Equations 12, 14 and the Dubinin
Polanyi equation. The result is as follows: 

dx = m"dP 

p"KA {p -P, exp [ - :T k , -1/2 [In ~ + F r]} 
(15) 

The boundary conditions for Equation 15 are as follows: 

at x = 0, P = P,,, and at x = x, P = P 

Let 1) = PIP", dP = P"d(P/P,,) = P"d1) 

Integration of Equation 15 from 0 to x yields an expres
sion for the adsorption zone thickness 8. 

p"KAB II d1) 
m"B' = "1) B'1) - exp (-G (F - In 1))112) (16) 

where 

G = (.i..) k,- 1J2, F = ~ [RT In ~]2, B' = Pi P, 
RT i3 Po 

Equation 16 may he integrated in order to obtain B, the 
mass transfer zone thickness. A value of 1), the ratio of out
let concentration to inlet bed concentration is normally 
set in order to estimate the bed breakthrough time. For 
instance, if a ratio of outlet concentration to inlet bed con
centration of 0.1 is defined as the breakthrough point, 
then Equation 16 is integrated for values of1) from 1 to 0.1 
in order to obtain B. The breakthrough time then is ob
tained from the iClllowing equation: 

L-8 
t,=--

, V aJ 
(17) 

where, 

t" = the breakthrough time, hours or minutes 
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Figure I . Flow diagram of adsorption system. 

B = thickness of adsorption zone, m 
V"" = adsorption velocity, mlmin or mlsec 
The breakthrough time, t'l> may be obtained fi:om ex

perimental data. The MTZ velocity, V",,, may be calcu
lated from Equation 11 for the adsorption conditions. The 
thickness of the adsorption zone may be calculated with 
Equation 17 for a given bed length. Finally, with the 
values of B used in Equation 16, the mass transfer coeffi
cient, K, may be obtained for the various adsorption con
ditions. 

ADSORPTION SYSTEM OVERVIEW 

The bench-scale adsorption system (as shown in Fig
ure 1.) used in this research consisted of five sub-systems. 
They were: 

1. Clean Air System, 2. VOC Vapor Generation System, 
3. Humidity Generation System, 4. Adsorption and Re
generation System, 5. Calibration and Analysis System. 

System 1, 2, and 3 provided a known VOC stream to the 
adsorbers . System 4 and 5 included the means of regener
ation of the saturated carbon beds and VOC concentration 
analysis. 

The VOC concentration analysis of the inlet and outlet 
of the adsorber were monitored by a Beckman Model 400 
hydrocarbon analyzer. All the concentration values were 
logged by microcomputer. 

Five different organic compounds were used in this 
study; toluene, carbon tetrachloride, ethylbenzene and 
methylene chloride. These were certified from Fisher 
Scientific. Ethyl alcohol was also used from Pharrnaco 
Products Inc. 

In order to test the adsorption model, a series of experi
ments were conducted in which the adsorption test pa
rameters were varied as follows: relative humidity ranged 
from 54% to 92%; the carrier gas (air) flow rate ranged 
from 300 to 320 SCFH (8.5-9m3Ihr); the concentration of 
the adsorbates ranged from 300 ppm to 900 ppm. 

The air as a VOC carrier gas was filtered and cleaned of 
oil , water vapor and particles. The carrier air passed 
through a dryer (Fauver Company, Inc. Model X03-02-
000 114 descant dryer) which removed water vapor and 
oil. The air was filtered by a Gelman 12510 Housing and 
Gelman 12570 cartridge. Particles larger than 0.45 micron 
are removed in this type filter. 

One-third to two-thirds of the conditioned air was di
rected to the humidity system, then to the mixing cham
ber. For the case of the dry adsorption tests, the cleaned 
and dryed air was totally directed to the mixing chamber 
except for a small part which was used for the analyzer. 
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Figure 2. Carbon adsorption capacity versus adsorbate concentration. 

For the case of the high humidity adsorption tests (rang
ing from 60% to 90% relative humidity), the air stream 
was divided into two parts; one was directed to the hu
midity generator while the other was directed to the mix
ing chamber. 

The humidity generation system was comprised of two 
stainless steel tanks both 4.2 inches inside diameter 
(10.7cm) and six inches in height (15.25cm). Both tanks 
were periodically filled with water. The water in the 
tanks was heated by an electric heat tape wrapped on the 
surface of the tank. The temperature was controlled by 
varying the voltage applied to the heating tape. 

A three-neck flask was partially filled with the liquid 
organic compound being tested. The glass flask was 
heated by an electromantle. Air used to dilute the VOC 
vapor was directed through a rotameter into the flask. The 
mixture of air and absorbate vapor were exhausted by the 
vacuum pump 1. (See Figure 1). Adjustment of the vapor 
concentration was controlled either by adjusting the flow 
rate of the dilution air, or the temperature of the liquid 
absorbate. 

A stainless steel cylinder, 12 inches inside diameter 
and height (30.48 cm), was used as the mixing chamber. 
Dry or humid air and the VOC stream individually en
tered into the mixing chamber and formed a uniform 
VOC/air mixture. The pressure of the mixing chamber 
was usually under 30 psig (207 k Pal. The pressurized ail' 
stream with VOC mixture was directed to the adsorbers. 
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Figure 3. Adsorption breakthrough time versus adsorbate concentration. 
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Figure 4. Test of the Dubinin-Polanyi isotherm form. 

The adsorbers consisted of two stainless steel tanks, 
both 4.20 inches inside diameter (10.7 cm) and 20 inches 
height (50.8 cm). Each adsorber was filled to a height of 
five inches (12.7 cm) with 469.5 grams of pelletized acti
vated carbon (Witco Corp., type JxC). 

The activated carbon was regenerated with steam to re
cover the activity of the carbon. The steam was produced 
by an electrical steam generator (Sussman Model 
MB-6L). The steam, with pressures from 20 to 30' psig 
(138-207 k Pal, was directed into the saturated adsorber at 
the rate of three pounds of steam per pound of carbon. 
The steam and VOC vapor mixture was condensed by a 
chiller where· the VOC was decanted. Conditioned air 
was used to cool and dry the hot, wet carbon bed prior to 
the initiation of a new adsorption cycle. 

Experiment Results and Discussions 

The experimental adsorption capacities for two levels 
of relative humidity are given in Figure 2. The break
through times (10%) for these experiments are given in 
Figure 3. A test of Equation 5 for the Dubinin-Polanyi 
isotherm for the data is given in Figure 4. The experimen
tal data fit the linear form as given by the Dubinin-Polan
yi equation even though the adsorption experiments took 
place under high humidity conditions. 

The adsorption capacity for the different adsorbates 
varied from 0.041 to 0.141 g adsorbate/g carbon. Ranking 
the adsorption capacity, from the highest to the lowest is 
toluene, ethylbenzene, carbon tetrachloride, methylene 
chloride and ethanol. Ranking the molecular weight, from 
the highest to the lowest is carbon tetrachloride, ethyl
benzene, toluene, methylene chloride and ethanol. The 
experimental results shown in Figure 2, and set in the 
Dubinin-Polanyi form in Figure 4, indicate possible 
changes in either the values of k" ~ or W" due to the con
figuration of the isotherms. 

Unparallel adsorption lines as shown in Figure 4 for a 
given adsorbate indicate that the value of either ~ or k, is 
not constant. The values of ~ represent an adsorbate prop
erty which measures the strength of adsorption interac
tion of a given adsorbate on a carbon relative to a refer
ence adsorbate. 

In order to determine if ~ stays constant under high hu
midity conditions, it is necessary to understand the ad
sorption mechanism of water molecules on activated car
bon. Because water is a polar molecule, the adsorption 
capacity of water on activated carbon as a result of disper-
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Figure S. Mass transfer zone velocity versus adsorbate concentration. 

sion forces alone should be very small. Activated carbon, 
because of contact with atmospheric air, will form "sur
face oxides" [6] as a result of the stable chemisorption of 
oxy~en. These oxides are essentially oxygen containing 
radicals attache.d to the individual carbon atoms forming 
the wall of micropores. For examples, Adams, et al. [9] 
found the adsorption performance of hexane on "aged" 
charcoals to be inferior to that of the control charcoals. 
The "aged" charcoals were from the same stock as the 
control but contained more surface functional groups. 
Dubinin described these oxygen-containing radicals as 
primary adsorption centers localized in the adsorption 
space of the micropores. Tire molecular adsorption of 
water is chiefly due to the formation of hydrogen bonds 
between water molecules. The adsorption of other ad
sorbates is dependent largely on forces of dispersion be
tween molecules, while adsorption of polar water mole
cules is controlled by electrostatic interactions with 
adsorption centers. Due to diflerences in adsorptive 
mechanisms, the water molecules only reduce the num
ber of adsorption centers. The value of J3 should not be 
changed with the number of adsorption centers or pres
ence of water molecules. In other words, the values of J3 
should be a constant whose value only depends upon the 
reference adsorbate. As a result, the reason for the unpar
allel adsorption lines should be attributed to k,. 

The phenomenon of k, varying with the adsorption con
ditions may be explained by noting that k; is a function of 
the ratio of limiting adsorption space, W,,, and the volume 
of micropores, V",;. As the ratio of WjV",; increases, the 
,:alue of k, also increases. The values of V",; vary with rela
tive humidity. These experimental results found in this 
study are similar to those reported by Werner [3], who re
ported k, values ranging from 4.70 x 10-9 to 13.2 x 10-" 
over a relative humidity range of 4.7% to 80%. The values 
of k" as found in this study are shown in Table 1 and are 
believed to account for the changes in the isotherm 
slopes. 

A second phenomenon, adsorption lines with different 
intercepts, In(W.,), should also be attributed to the de
crease in carbon adsorption capacity due to humidity ef
fects. An analysis of the intrusion pore volume 

TABLE 1. Ks(J/MOL)-2 VALUES AT RELATIVE HUMIDITY 

C7H. 
C.Hj() 
CCI4 

C2H,OH 
CH2CI2 

(13 = l.l82) 
(13 = 1.385) 
(13 = 1.00) 
(13 = 0.487) 
(13 = 0.619) 
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54% 

4.65 X 10-4 

3.07 X 10 -4 

5.00 X 10-' 
1.42 X 10-' 
7.40 X 10-5 
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Figure 6. Comparison of the exit stream concentration of toluene. 

(Micrometrics Model 9100 Mercury Intrusion Poro
simet~r! of our dry carbon versus carbon treated with gas 
contammg water vapor at 92% relative humidity showed 
a reduction of 53%. Therefore, it is impossible for the in
tercept to be at the same value for different relative hu
midities because the number of adsorption centers varies 
with relative humidity. Of course, under the same con
centration value, different humidities resulted in the dif
ferent adsorption capacities. The quantitative relation
~hip between relative humidity and adsorption capacity 
IS. probably more complicated. Based on data given in 
Figure 1, when relative humidity increased from 54% to 
92%, carbon adsorption capacity decreased about 11 % for 
C7HH, about 37.5% for CHH w, about 39% for CH,CI" about 
19% for CCI. and about 6% for C2HsOH. Perhaps ad
sorption capacity is not significantly decreased in the 54% 
to 92% relative humidity range because both relative hu
midity levels are usually considered as high humidity. If 
w~ compare the ~dsorption capacity data at low humidity 
With t?e adsorptIOn data at high humidity, a large decre
ment IS seen. Taking toluene as an example, when the 
concentration is 575 ppmv, these results indicate an ad
sorption capacity equal to 0.089 gig for 54% relative hu
midity, a~d an ad~o~ption capacity equal to 0.079 gig for 
~2% rdative humidity. However, the adsorption capacity 
for thiS concentration is given as 0.28 gig for an assumed 
low humidity condition (data from Witco Inc., no ad
sorption. conditions and system were indicated) [iO]. 
Comparmg these results, the toluene adsorption capacity 
decreases by 68% at 54% relative humidity and by 71 % at 
92% relative humidity. Werner [3] reported that activated 
carbon adsorption capacity for trichloroethylene de
creased by 70% when relative humidity increased from 
5% to 85%. The above experimental data and analysis re
sults clearly indicate that humidity eflects should be con
si?ered in adsorption system equipment design and oper
ation for vapor phase adsorption. 

.The calculated adsorption velocities are presented in 
Figure 5. When adsorption concentration increases the 
adsorption velocity or MTZ velocity increases. Assu~ing 
one adsorption center only needs one adsorbate mole
cule, when the molecular number of an adsorbate in
creases, the limited adsorption centers in the MTZ are oc
~upied quickly. Another point shown in Figure 5 is, that 
for t?e. saI?e conditions, the adsorption velocity at high 
humidity IS greater than that at low humidity. Under the 
conditions of high humidity, part of the adsorption cen
ters are occupied by water molecules. Finally, the entire 
MTZ velocity increases with humidity increment. This 
phenomenon can be observed in Figure 6. In this figure, 
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Figure 7. Adsorption film coefficient versus adsorbate concentration. 

for the same concentration, the breakthrough time for 
high humidity is less than that of low humidity. 

Average values of the mass transfer coefficient, K, were 
obtained for each adsorbate (the average values of K for 
three of the adsorbates are shown in Figure 7). By com
bining Equation 16 with the adsorption velocity values, 
the concentration profiles with adsorption time were ob
tained, and are shown in Figure 8 through Figure 10. An 

TABLE 2. EXAMPLE OF' ApPLICATION 

Concentration of Toluene: 
Flow Rate of Carrier Gas: 
Superficial Velocity: 
Cross-Section Area of Adsorber: 
Breakthrough Time: 
Pore Volume ofCarhon W,,: 

RH 

% 
0.00 

54.0 
62.0 
92.0 

Vml 

mlmin 
0.00048 
0.00108 
O.OOllO 
0.00120 

& 

m 
0.00105 
0.00150 
0.00165 
0.00620 

800 ppm 
28.30 m3/min: 
30.48 mlmin 
0.928 m' 
120.0 min 
0.60mllg 

L 

m 
0.0580 
0.1311 
0.1336 
0.1502 
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Figure 8. Concentration profiles of CCI, in the bed. 

Environmental Progress (Vol. 9, No.1) 

1.0 .---------------~ 

cJ ,0.8 
u 

.: 
o 
'il O.S 
!; 
C 
II 
U 
C 
o 
u 0.4 

E 
i: 
o 
'iii i 0.2 
E o 

II Experimental Ooto. Solid Une: CCllculotion Dato 

0.0 !------'..' ....!·~=1::::::;;I;,.--.L.-~12bO:--.L.-~, SbO:--.L.-='200 

Adsorption lime, minutes 

Figure 9. Concentration profiles of C,H,• in the bed. 

example of the impact of relative humidity on carbon ad
sorption using the results obtained above is given in 
Table 2. The value of k, for 0% relative humidity was ob
tained from Equation 10 for a value ofW. = 0.28. Table 2 
indicates that the bed depth required to maintain a break
through time of 120 minutes is increased by over 150% for 
high humidity conditions compared to low humidity con
ditions . 

CONCLUSIOIoi 

Summarizing all of the experimental data and analysis 
results, some useful conclusions are obtained. The pres
ence of water vapor can make carbon adsorption capacity 
decrease by as much as 65% for some organic vapors for a 
humidity change from 50 to 92%. From low relative hu
midity values (e.g. 5%) to 92% relative humidity, the car
bon adsorption capacity for toluene decreased 75%. The 
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Figure 10. Concentration profiles of C7H, in the bed. 
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Dubinin-Polanyi equation can be used to predict carbon 
adsorption capacity for different adsorbates and the MTZ 
equation derived from this isotherm model can be used to 
accurately predict adsorption kinetic behavior, such as 
the breakthrough time and the concentration profile in 
the bed for high humidity conditions. 
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Modeling and Simulation of Bioremediation 
of Contaminated Soil 

J. C. Wu, L. T. Fan, and L. E. Erickson 
Department of Chemical Engineering, Durland Hall, Kansas State University, 

Manhattan, Kansas 66506 

A mathematical model has been developed for in situ biodegradation of 
contaminants in a soil bed. The model equations comprise three convection

dispersion partial differential equations and one ordinary differential 
equation. Dimensional analysis of the model equations has been performed, 
and solution of these equations has been conducted by the newly-developed 

three-point backward finite difference method. The effects of insufficient 
oxygen supply, growth of biomass and resistance to contaminant migration 

on the rate of biodegradation have been examined by numericaUy simu
lating the dynamic behavior of in situ biodegradation processes. The results 

of numerical simulation indicate that the rate of biodegradation of con
taminants in soil may be constrained not only by insufficient oxygen supply, 

but also by resistance to contaminant migration within the pore network. 
The effect of recycling the unreacted contaminants from the bottom of the 

bed to the top has been examined through simulation, showing that 
biodegradation takes place mainly in the upper part of the bed. 

INTRODUCTION 

In situ bioremediation of contaminated soil is an innova
tive and cost-effective treatment technology. This tech
nology exploits the capability of naturally occurring mi
croorganisms to decompose toxic substances deposited in 
a soil bed; it can be applied to the cleanup of organic 
sludge, where organic compounds with high molecular 
weights are adsorbed on the soil particles. To aerobically 
operate the biodegradation process, water containing ox
ygen is allowed to flow through the soil bed. The flow be
havior of water through the soil bed is very similar to that 
observed in bioremediation of contaminated ground
water. 

Several mathematical models have been proposed for 
simulating in situ bioremediation of contaminated 
groundwater [1-6). These models focus mainly on contam
inant transport from the bulk liquid to microorganisms at
tached to particle surfaces [7). Few models have been 
proposed for bioremediation of contaminated soil. In this 
process contaminants are initially adsorbed in soil parti
cles. Consequently, the rate of biodegradation may be 
controlled by transport resistance to contaminant migra-

Environmental Progress (Vol. 9, No.1) 

tion within the pore network [8]. In contrast, transport re
sistance to contaminant diffusion across a stagnant liquid 
layer adjacent to particle surfaces is negligible. 

In the present work, a mathematical model has been 
developed for simulating bioremediation of contaminated 
soil. The effects of insufficient oxygen supply, growth of 
biomass and resistance to contaminant migration on the 
rate of contaminant degradation have been examined by 
numerically simulating the dynamic behavior of in situ 
biodegradation processes. 

MODEL DEVELOPMENT 

Organic contaminants are initially deposited in a soil 
bed. Water is allowed to flow through the bed continu
ously, thereby saturating the bed. The dissolved oxygen 
in the water affects aerobic biodegradation. By consum
ing substrate, including all contaminants, oxygen and 
other nutrients, naturally occurring microorganisms grow 
both in the solid phase as immobile microcolonies, which 
are clusters of microorganisms attached to the surface of 
soil particles, and in the liquid phase as suspended mi
croorganisms. 

February, 1990 47 



Assumptions 

The following major assumptions are made in deriving 
the model equations for bioremediation of contaminated 
soil. 

a. Water in interstices or pores of the soil bed consti
tutes the liquid phase and the remaining part of the bed is 
considered as the solid phase. No gas phase exists be
cause the bed is saturated with water. 

b. Only three components, substrate, oxygen and bio
mass, are involved in biodegradation. 

c. Macroscopically, one dimensional flow prevails 
through the liquid phase. The void fraction in any cross
section of the soil bed is constant, and thus, the pore ve
locity of water is constant. 

d. No convective flow and dispersion occur in the solid 
phase. 

e. The microcolonies in the solid phase are attached to 
the surface of soil particles, i.e., the interface between the 
solid and liquid phases. 

£. The biodegradation by microcolonies takes place 
only at the interface between the liquid and solid phases; 
in other words, no reaction proceeds in the bulk of the 
solid phase. 

g. The concentration gradients across the stagnant liq
uid layer, adjacent to the interface between the liquid and 
solid phases, are negligible, and thus, the concentrations 
of substrate and oxygen experienced by the microcolo
nies are equal to those in the bulk of the liquid. The stag
nant layer is extremely thin due to the small average di
ameter of the macropores in soil which is generally less 
than 0.5 mm [9]. 

Derivation of General Madel 

The schematic diagram of the transport and biodegra
dation in a controlled volume is given in Figure 1. The 
mass balance of component i in the liquid phase gives 
rise to 

-E aC i I 
ax x 

I"---<---..... :......---+---------~ X+AX 

48 

1 1 l I 
I aCil 

vC i X+6X -Eax- X+6X 

Figure 1. Schematic diagram of transport and biodegradation in a 
controlled volume. 
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ac, (ac, ) 1 eA (ax)- = eA -E- + vC, 
at ax , 

- eA (-E aa~' + vc,) 1,+0, 

+ eA (~x) rl- A (~x) ail (1) 

where subscript i is s, 0, or b, standing for substrate, oxy
gen, or biomass, respectively; A is the cross-sectional 
area; a is the interfacial area per unit volume of the bed; 
and £ is the void fraction of the bed or the volume fraction 
of the bulk of the liquid phase. Dividing both sides of 
equation (1) by A~x and letting ~x approach to zero give 

ac· a2c· aC 
£~ = £E--' - £V~ + £r.L - all'.!' (2) 

at ax2 ax ' , 

The corresponding mass balance in the solid phase yields 

iJq, 
pA (~x) - = A (~x) aN 

iJt 
(3) 

where p is the bulk density of the bed. This equation can 
be simplified to 

iJq · PTt = aN (4) 

The rate of mass transfer of component i from the liquid 
phase to the interface must be equal to the sum of the rate 
of its transfer from the interface to the bulk of the solid 
phase and the rate of its consumption at the interface, i.e., 

Substituting this equation into equation (2) leads to 

iJC, iJ2C, ac, L ., 
E - = EE -- - EV - + Er· + pr.'J - a!1',,' (6) 

at iJx2 iJx ' , , 

Equations (4) and (6) are the general transport equations 
for component i in the solid and liquid phases, respec
tively. This set of equations gives rise to two classes of 
transport models, equilibrium and nonequilibrium. 

If the rates of adsorption and desorption of all com
ponents are sufficiently fast so that the concentrations in 
the liquid phase, Cis, are in equilibrium with those in the 
solid phase, q,' s, the resultant model will be an equilib
rium model. For component i in such a model, equations 
(4) and (6) merge naturally into a single equation through 
an equilibrium relation (see Appendix I). The equilib
rium model is widely used in simulating in situ bio
remediation of contaminated groundwater (see, e.g., Va
locchi [10]). In contrast, if the rates of adsorption and de
sorption of anyone of the components are controlled 
by transport within the pore network in the solid phase so 
that its concentration in the liquid phase is not in equilib
rium with that in the solid phase, the resultant model will 
be a nonequilibrium model. Separate equations, equa
tions (4) and (6), are required for this component. 

In bioremediation of contaminated soil, the substrate, 
i.e., contaminants, is initially deposited in soil particles 
and the rate of substrate desorption from the soil particles 
to the liquid phase is generally controlled by transport 
within their pore network; thus, the concentration of sub
strate in the liquid phase is not in equilibrium with that in 
the solid phase. Consequently, the nonequilibrium 
model is more appropriate than the equilibrium model for 
bioremediation of contaminated soil. 
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Derivation of the N ......... llibrium Model 

As stated earlier, both equations (4) and (6) are required 
for substrate. In terms of the film model, the mass flux of 
the substrate, js', in these equations can be expressed as 

(-j,') = k'. (q, - q*,) (7) 

where q*, is the concentration of substrate in the solid 
phase which would be in equilibrium with that in the liq
uid phase, i.e., 

q*, = K,uC, (8) 

Substituting this expression into equation (7) yields 

(-j: ) = k, (::, - c.) (9) 

where 

k, = k',Ka, (10) 

Substitution of equation (9) into equations (6) and (4) re
sults, respectively, in 

ac.. a2c , ilC. 
e - = eE -- - ev-

ilt ilr ilx 

+ u· L + "'1' ./ + ak (.!i!. -C) 
t t" ... ... 'KJ, ... (11) 

"'-= -a --C ilq, k (q, ) 
.. at ' K,u ' 

(12) 

The flux of oxygen, j ,,', is negligible because the solid 
phase hardly adsorbs oxygen; thus, 

aq" = 0 
ilt 

ilC" il
2
C" ilC" L f e - = eE -- - ev - + er + "'1" 

ilt ar ilx " .. " 

(13) 

(14) 

The rates of exchange between biomass in the form of 
immobile microcolonies and that in the form of sus
pended microorganisms are not controlled by transport 
within the pore network of the solid phase because the 
microcolonies are mainly at the interface between the liq
uid and solid phases. Thus, a local adsorption-desorption 
equilibrium exists, which can be expressed as 

(15) 

where 1(,1/, is the partition coefficient of biomass. Substi
tuting equation (15) into equation (4) and combining the 
resultant expression with equation (6) lead to a single ex
pression, Le., (see Appendix I) 

where 

ilC" il
2
C" ac" L f eR,- = eE-- - ev- + er, + "")' , at ax2 ax , .. , 

R" = 1 + 1>1(,1/, 
e 

(16) 

(17) 

This expression is termed as the retardation factor of 
biomass. 

The reaction terms in equations (11), (14), and (16) can 
be expressed in terms of the Monod model (see, e.g., 
Bailey and Ollis [11) . The rate of biomass growth in the 
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form of the suspended microorganisms in the liquid 
phase, rb L, is expressed as 

(18) 

where the first term on the right-hand side is for the 
growth and the second term is for the decay. The rate of 
biomass growth in the form of microcolonies at the inter
face, rb'/ , is expressed as 

(19) 

where q" is the concentration of microcolonies at the in
terface, based on the mass of the solid phase. Note that as 
stated in assumption g, the concentrations of substrate 
and oxygen extracted by the microcolonies are equal to 
those in the bulk of the liquid phase. Similarly, the rate of 
substrate degradation by the suspended microorganisms 
in the liquid phase, -r,L, is 

The rate of substrate degradation by the microcolonies at 
the interface, - 1','1, is 

(21) 

The rate of oxygen consumption in the bulk of the liquid 
phase, -1'0 L, and that at the interface, -1'0'/, are expressed, 
respectively, as 

(-r.,L) = ~: c" (K, ~'c,) (K" ~"c.) (22) 

,fI .... m ( C, ) ( c" ) 
(-1' ... ' ) = Yo qh K, + C, K" + Co (23) 

Substituting the above kinetic expressions and the 
equilibrium relation of biomass, equation (15), into equa
tions (ll), (14), and (16) gives rise, respectively, to (see 
Appendix II) 

ac, = E a2c, _ v ac, + k,a (.!i!. _ C,) 
at ar ax e Ka, 

.... m (C, ) ( c" ) --R,C, --- --'--
Y, ' , K, + C, K" + C" 

(24) 

.... m R C ( ·C,. ) ( Co ) (25) 
- Y" b b K, + C. 1(" + Co 

ac" a2cb ac" Rb-=E--- v -
at ar ax 

These three equations together with equation (12) rewrit
ten as 
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ilq, = _ k,a (~ _ C) 
ilt p Kw. ' 

(27) 

constitute the non equilibrium model. 

Dimensional Analysis 

To better understand the effects of the model parame
ters on the solution, it is desirable to rewrite equations 
(24-27) in dimensionless form. For this purpose, the fol
lowing dimensionless variables are defined. 

tv 
9=-

L 
(28) 

x 
(29) X=-

L 

- C., 
(30) C'='C* 

,0 

- Gil 
(31) Cll =-

Co! 

- CbR" 
(32) Cb=---

C*.oR,Y., 

q, qjKd' 
(33) q,=-=-.-

q,o C sb 

In these definitions, Co! is the concentration of oxygen in 
the feed solution and C',o is the concentration of sub
strate in the liquid phase which would be in equilibrium 
with the initial concentration of substrate in the solid 
phase, q,o. Note that in the definiti9n of the dimen
sionless concentration of biomass, C,,, the numerator 
stands for the total biomass in the forms of both sus
pended microorganisms in the liquid phase and microcol
onies at the interface, and the denominator stands for the 
maximum quantity of biomass produceable from the 
available substrate deposited in the bed. Substitution of 
the dimensionless variables into equations (24-27) re
sults, respectively, in 

ilC.. 1 il2C., ilC, --
-=----+St (q -C) il9 Pe ilX2 ilX .... .• 

- ( C, ) ( Co ) 
- N'.lR.,C" K, + C, 1(" + Co 

ilCo _ 1 il2Co ilCo 
ail - Pe ilX2 - ax 

- ( C, ) ( Co ) - N"WC, - ~--~ 
, 'K, + C, Ko + Co 

ilC
" 

1 il2C
" 

1 ilC" 
ail = R"Pe ilX2 - R

" 
ax 

(34) 

(35) 

+NC( C, )( Co )-NC 
',I I, K. + C, K" + Co ,,2 I, (36) 

ilq, St.. - -
To" = R - 1 (q. - C,) , 

(37) 
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where 

Lv 
Pe=- (38) 

E 

N _ ...... L 
T,l---

v 
(39) 

k"L 
N,,2=- (40) 

v 

k"aL 
Stoo=-- (41) 

VE 

R = 1 + pKw. .. (42) 
E 

K=~ 
S C*.10 

(43) 

- Ko 
(44) 1(,,=-

Co! 

W= C',oR,Y, 
(45) 

Co!Yo 

Among the dimensionless numbers, N"I and N,.2, de
fined in equations (39) and (40), respectively, are known 
as the reaction units; the former is for the growth of bio
mass and the latter is for the decay of biomass. These 
numbers reHect the magnitudes of reaction rates. R" de
fined in equation (42), is the retardation factor of sub
strate. W, defined in equation (45), is the ratio of the maxi
mum quantity of biomass produceable from the available 
substrate to that of biomass produceable from the avail-' 
able oxygen; thus, it can be termed as the oxygen supply 
number. 

For a soil bed with a depth of L and a cross-sectional 
area of A, the quantity of substrate initially deposited in 
the liquid phase is LAEC*,o and the quantity of substrate 
initially deposited in the solid phase is LApq.o. The sum 
of these two quantities is the total quantity of the sub
strate in the bed, LAEC* .oR", where R" is defined in equa
tion (42). Thus, the maximum quantity of biomass pro
duceable from the substrate is LAEC*,oR,Y,. In case 
neither substrate nor oxygen Hows out of the bed, the 
maximum quantity of biomass produceable from the sub
strate is equal to that from the oxygen, which is equal to 
toovAeC'ifY'" where v is the pore velocity of water and too is 
the minimum time required for completing the biodegra
dation process under the conditions of plug How and neg
ligible mass transfer resistance. This and equation (45) 
lead to 

(46) 

Thus, W can also be defined as the minimum dimen
sionless time for completing a biodegradation process. 

The Damkiihler number for bioremediation of contami
nated soil, Da, can be defined by dividing equation (39) 
with equation (41), i.e., 

Da=N",=~ 
St.. k., (alE) 

(47) 

This number signifies the ratio of the maximum specific 
growth rate to the maximum substrate transfer rate. 
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When the aqueous solubility of the substrate.in bio
remediation of contaminated soil is sufficiently low so 
that C* .0 is much less than the saturation constant of sub
strate,~" the dimensionless saturation constant of sub
strate, K" will be much greater than unity. Consequently, 
a modified Damkohler number, Da', is defined as follows: 

Da' = IJ-m/R, 
k, (alE) 

(48) 

Note that Da' is inversely proportional to the mass trans
fer coefficient of substrate, k •. 

SOLUTION ALGORITHM AND NUMERICAL SOLUTION 

The model equations developed in the preceding sec
tion consist of three convection-dispersion partial differ
ential equations (PDEs) and one ordinary differential 
equation (ODE). Two major difficulties are encountered 
in solving these equations. One is that numerical solution 
of a convection-dispersion PDE is adversely affected by 
numerical oscillations and excessive numerical diffusion 
(dissipation) if the convection term is more dominant than 
the dispersion term [12, 13]. The other is that the three 
PDEs are coupled through the nonlinear reaction terms, 
and they are also coupled with the ODE. These diffi
culties have been overcome in the present work by re
sorting to a recently developed numerical method, the 
three-point backward finite difference method (TPB 
method) [14, 15]; it is based on the approach proposed by 
Warming and Beam [16]. The TPB method substantially 
reduces the numerical oscillations and diffusion arising 
from the low-order discrete approximation of the convec
tion term; it is computationally efficient due to the use of 
the tridiagonal method to solve the finite difference equa
tions. For a system of PDEs with nonlinear reaction 
terms, a two-step expansion technique has been de
veloped to linearize the nonlinear finite difference equa
tions and to uncouple the PDEs. The derivation of the 
numerical procedure for solving equations (34-37) is sum
marized below. 

Equations (34-36) can be compactly rewritten as 

ac, ait, ac, . 
-=P,.--p.,.-+~, '=s ° b (49) ao . aX: ax J" , , 

where subSCript i refers to component i, and PI.' and P2., 

are the coefficients for the dispersion and convection 
terms, respectively. The nonlinear reaction terms in 
equation (49), f., i = s, 0, b, can be expressed as 

N R G ( G. ) ( G" ) - ,.1 ,. I, K;"'+C, K" + C" (50) 

- - - - ( G, ) ( Go ) f. (C .. C., C,,) = - N",WCb i(,"'+'C, K., + C" (51) 

f"(G"G,,,G
,
,) (-) ( _ ) - C, Co -

=N,C, - - -N"Cb 
r. , K, + C, K" + C" r 

(52) 

Application of the TPB temporal differencing to equation 
(49) yields 

3(G,)"+' - 4(G,)" + (C,)"-' 
2M 
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(
ait,)n+1 ( a) -

= PI' -- - P2 ' - (~c,)n . aX: .' ax 

- P2 .• (:~'r + (f,)n+l, i = s, 0, b (53; 

where superscri~t n refers to the n-th time step, and thE 
"delta" form, (~C,)", is defined as [16] 

(~G,)" = (G,)"+I - (G,)" (54; 

Approximation of the first term on the right-hand side 01 
equation (53) by the central differencing, the second term 
by the upstream differencing and the third term by the 
TPB spatial differencing results in a finite difference 
equation of the following form: 

3(G,)r' - 4(G,)/ + (G,)r l 

2M 

3(G,)/ - 4(G,)j_l" + (G,)j-2" 
- P2 •• -'--"'----'-=-':"::'---'----"-

2~ 

- f.r l + O(M2 + ~), i = s, 0, b (55; 

where subscript j refers to the j-th grid point. Rewritin! 
this equation and ignoring the truncational error give 

where 

(-rl,l - 2r.,,) (G,)j_I"+1 + (3 + 2ru + 2r.,,) 

(G,)/+! - rl., (G,)j+I"+1 

= -r." (G,)j-t + 2r2 .• (G,)j_l" 

+ (4 - r.,,) (G,)l" - (G,)rl + 2~0 /."+1, 

i = s,o,b (56 

(57 

Equation (56) is a system of nonlinear equations due tc 
the existence of the nonlinear reaction term, f."+ I. How
ever, if!."+1 can be approximated in terms off." andf.n-l 
equation (56) can be solved with the tridiagonal method 
which is highly efficient for solving a system of linem 
equations having a tridiagonal coefficient matrix. This call 
be accomplished through the two-step Taylor expansioll 
technique. 

According to the Taylor expansion, 

1 
f, (0 + M) = f. (6) + P. (0) ~e + 21", (0) ~&2 + 0(~1tl) (59: 

1 f. (0 - ~9) = f. (0) - P, (0) M + - 1". (0) M2 - O(~Itl) 
2 (60) 
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Subtracting the second from the first yields 

j. (& + M) = j. (0 - M) + 2f'; (0) M + 0(M3
) (61) 

/."+1 = /."-1 + 2 (a~.) aO + 0(M3) (62) 

Note that the magnitude oftruncational error from this ex
pansion is one order higher than that from equation (56); 
thus, this error does not significantly affect the accuracy of 
the solution. Also note that substitution of equation (62) 
into equation (56) uncouples all PDEs, equations (34-36), 
so that they can be solved separately at each time step. 
The expressions for the derivatives off';' s with respect to 
o in equation (62) are obtained as follows: 

af. _ af. ac, af. aco af. aCb af. aq, 
----+--+ --+--ao ac, ao aco ao aCb ao aq, ao (63) 

af" af. ac, af" ac" af" ac" 
-=--+--+~-
ao ac, ao ac" ao ac" ao 

(64) 

af" aj., ac., aj., ac" aj., ac" 
-=~-+--+--
a8 ac, ao ac" a8 ac" ao 

(65) 

The derivatives ofF s with respect to C; in equations 
(@-65) are obtained analytically from equations (50-52); ac/ao can be calculated from the finite difference approx
imation of equations (34-36). Meanwhile the evaluation 
of aq)a8 in equation (63) can be directl; obtained from 
equation (37). With all these derivatives available,j;n+' 
~an be evaluated from equation (62); subsequently, Ct+ l 

IS obtained with the tridiagonal method from equation 
(56). 

After equations (34-36) are solved with the TPB method 
at each time step, the ODE among the model equations 
equation (37), can be solved for q . ."+1 with the second 
order Runge-Kutta method. The resultant scheme is 

where 

(67) 

(68) 

(69) 

Note that the TPB method is a two-step ~thod; thus, a 
starting algorithm is needed to calculate C; at time step 
n = 1. This algorithm can be generated through the com
bination of the Crank-Nicolson method and the two-step 
expansion [14, 15]. 

Two classes of numerical simulation have been con
ducted with the developed algorithm. One is for the once
through operation for which the initial and boundary con
ditions are 

At 0 = 0, C, (O,X) = 1.00, q, (O,x) = 1.00 

C" (O,X) = 0.05, C" (O,X) = 0.01 

- - 1 (ac) At X = 0, C; (0,0) = (C;),,+ - -.---: , i = s, 0, b 
Pe aX ,,+ 

where 
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C, (8,0) = 0.00 

C" (8,0) = 1.00 

C
" 

(8,0) = 0.01 

aC 
AtX=l, iJX'=O, i=s,o,b 

The other is for the recycle operation, in which the efflu
ent containing unreacted substrate is recycled to the top 
of the bed to eliminate the substrate, i.e., contaminants, to 
the maximum extent possible. For this operation, the ini
tial conditions and the boundary conditions at X = 1 are 
the same as those for the once-through operation. The 
boundary conditions at the inlet of the bed are 

- - 1 (ac) At X = 0, C; (8,0) = (C;),,+ - Pe ax' , 

where 

C, (8,0) = C, (0 - M, 1) 

C" (8,0) = 1.00 

C" (0,0) = C" (8 - M, 1) 

,,+ 

i = s, 0 , b 

where the residence time of the recycle stream is as
sumed to be very short and equal to a8, the dimensionless 
temporal step size for the numerical integration. It is also 
assumed that no reaction takes place in the recycle 
stream. The parameters used in the simulation are given 
in Table 1. 

TABLE 1. PARAMETER VALUES FOR THE NUMERICAL SIMULATION 

lJ.,.1 = 12.0 
K, = 3.0 
Pe = 100 
R, = 20, 60, 80 
Stm = 4, 8, 40 

RESULTS AND DISCUSSION 

fo!..2 = 0.2 
K" = 0.05 
W = 6, 12.5 
R

" 
= 50 

D'" = 0.1,0.5,1 

The results have been obtained from simulating both 
once-through and recycle operations. Analysis of the dy
namics of the once-through operation enables us to deter
mine the effects of various model parameters on the rate 
of biodegradation. Insight into the in situ bioremediation 
process can be gained through understanding the dy
namics of the recycle operation. 

Dynamics of the Once-Through Operation 

The effects of model parameters on the rate of biodeg
radation have been analyzed by focussing on the modi
fied Damkiihler number, Da', the retardation factor of 
substrate, R." and the oxygen supply number, W. 

Figures 2 through 4 reveal the effect of Da' on the rate 
of biodegradation. Da' reflects the ratio of the maximum 
specific growth rate to specific substrate transfer rate. 
When the maximum specific growth rate is fixed, the 
larger the Da', the smaller the transfer rate, or the larger 
th~esistance to substrat~..transport. When Da' is equal to 
1, C, is ml!,ch lo~er than q, (see Figure 2). The difference 
between C, and q, represents the departure of the state of 
the system from its equilibrium state, which is deter
mined by the rate of substrate transport. When Da' de
creases to 0.5, the rate of ~bstra~ transport increases, but 
the difference between C, and q, continues to be appre-
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Figure 2. Concentration profiles for the once-through operation at 
6 = 3: Do' = 1, R, = 20, and W = 12.5. 

ciable (see Figure 3). When Da' further decreases!Q 0.1, 
the rate of substrate transport becomes so fast that C. ap
proaches to q,. A comparison between Figures 2 and 4 
shows the smaller the Da', the faster the rate ofbiodegra
dation. 

The rate of biodegradation is also affected by the retar
dation factor of substrate, R,. By definition, R, signifies 
the magnitude of the equilibrium constant of substrate, 
K.J •. The larger the R" the larger the K.J" and, from equa
tion (7) or (9), the smaller the concentration gradient or 
mass transfer driving force. A comparison between Fig
ures 4 and 5 indicates that when R, increases from 20 to 
60 and Da' remains at 0.1, the difference between C, and 
q, increases, or the nonequilibrium behavior is enhanced. 
This is because the rate of substrate transport is de
creased. R, in bioremediation of contaminated soil may 
be larger than 60. The larger the R" the slower the rate of 
substrate transport, and thus, the slower the rate of bio
degradation . 
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Figure 3. Concentration profiles for the once-through operation at 
6 = 3: Do' = 0.5, R, = 20, and W = 12.5. 
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Figure 4. Concentration profiles for the once-through operotion at 
6 = 3: Do' = 0.1, R. = 20, and W = 12.5. 

The oxygen supply number, W, is another factor affect
ing the rate of biodegradation; as defined in equation (45), 
it signifies the ratio of the maximum quantity of biomass 
produceable from the available substrate to that from the 
available oxygen. The larger the W, the lesser the avail
able oxygen. Figures 3 through 5 indicate that when W is 
12.5 and Da ' or R, is small, the oxygen in the liquid phase . 
is rapidly consumed and the insufficient oxygen supply 
through the liquid phase becomes rate-limiting. A com
parison between Figures 3 and 6 reveals that when W de
creases to 6 from 12.5. the effect of insufficient oxygen 
supply becomes less profound and the resistance to sub
strate desorption becomes increasingly dominant. Note 
that the increase in R, can change the rate-limiting step 
for the same W. For instance, as R. increases from 20 to 80 
and W remains 12.5, we see from Figures 3 and 7 that the 
difference b~tween C, and q, increases significantly and 
the value of C, becomes very low, indicating that the re
sistance to the substrate desorption is rate-limiting. 
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Figure 5. Concentration profiles for the once-through operation at 
6 = 3: Do' = 0.1, R. = 60, and W = 12.5. 
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Figure 6. Concentration profiles for the once-through operotion ot 
o = 3: Do' = 0.5, R. = 20, ond W = 6. 

Dynamics af the Recycle Operation 

The once-through operation discussed in the preceding 
subsection has demonstrated the effects of substrate 
transport resistance and insufficient oxygen supply on the 
rate of biodegradation. However, the once-through opera
tion is seldom employed because the contaminants would 
flow into the groundwater underneath the bed. The recy
cle operation provides a means to eliminate the substrate, 
i.e., contaminants, to the maximum extent possible. 

The simulated concentration profiles are plotted at dif
ferent dimensionless times in Figures 8 through 11. At {) 
equal to 2 and 4, three distinct reaction zones are ob
served in the bed (Figures 8 and 9). In the upper zone, 
the concentrations of both oxygen and recycled substrate 
are high, thereby exhibiting a high rate of biodegradation 
and steep decline in the concentration profiles. In the 
middle zone, the rate of biodegradation becomes moder-
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Figure 7. Concentration profiles for the once-through operation at 
9 = 3: Do' = 0.5, R. = SO, and W = 12.5. 
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Figure 8. Concentration profiles for the recycle operotion at 
6 = 2: Do' = 0.2, R. = 20, and W = 8. 

ate because it is constrained by the low concentrations of 
oxygen and/or substrate in the liquid phase; thus, the con
centration profiles become rather flat. Oxygen is totally 
consumed in the lower zone, and thus, degradation of 
substrate ceases. Figure 10 demonstrates that at {) equal to 
6, the middle zone expands substantially as the result of 
degradation of substrate; meanwhile, the lower zone 
shrinks significantly. The concentration profiles at {) = 8 
(Figure ll) indicate that the biodegradation process is al
most complete. The fact that the oxygen supply number, 
W, is also equal to 8 is consistent with equation (46), 
which indicates that W can also be defined as the mini
mum dimensionless time for completing a biodegradation 
process. Note that how close the dimensionless biodegra
dation time is to W depends on both the mass transfer re
sistance and hydraulic dispersion. The larger the mass 
transfer resistance and hydraulic dispersion, the longer 
the dimensionless biodegradation time. If they are negli
gible, the dimensionless time will be equal to W. 
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Figure 10. Concentration profiles for the re<:ycle operation at 
9 = 6: Da' = 0.2, R, = 20, ond W = 8. 

CONCLUSION 

A mathematical model for biodegradation of contami
nants deposited in a soil bed has been developed. The 
transport resistance to contaminant migration within the 
pore network in soil particles is considered. The model 
equations comprise three convection-dispersion partial 
differential equations and one ordinary differential equa
tion. The effects of insufficient oxygen supply, growth of 
biomass and resistance to contaminant migration on the 
rate of biodegradation have been examined with the 
model. 

To simulate in situ biodegradation, the model equa
tions have been solved by a recently developed numeri
cal method, the three-point backward finite difference 
method (TPB method). This method approximates the 
first order temporal and spatial derivatives in convection
dispersion PDEs through the three-point backward finite 
differencing, and resorts to the two-step Taylor expansion 
technique to linearize the finite difference equations con
taining nonlinear reaction terms. This has resulted in 
high computational efficiency and substantial reduction 
in numerical oscillations and diffusion. 

The numerical simulation of the once-through opera
tion has revealed the effects of model parameters on the 
solution and has demonstrated that a nonequilibrium 
model is more appropriate than an equilibrium model; 
the rate of biodegradation may be limited not only by in
sufficient oxygen supply, but also by the transport resist
ance to substrate desorption. Under certain circum
stances, the latter is even more dominant than the former. 

The simulation of the operation involving the recycle of 
unreacted substrate, i.e., contaminants, has indicated that 
biodegradation takes place mainly in the upper zone of 
the bed and that the oxygen supply factor, W, can serve as 
an estimate of the dimensionless biodegradation time if 
the mass transfer is relatively fast. 

APPENDIX I. DERIVATION OF THE EQUILIBRIUM MODEL 

In this model, the concentration of each component in 
the liquid phase is in equilibrium with that of the corre
sponding component in the solid phase. Thus, for com
ponent i, 
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Figure 11 . Concentration profiles for the re<:ycle operation at 
9 = 8: Do' = 0.2, R, = 20, and W = 8. 

q,= KJ,C, (Al.l) 

where a linear equilibrium isotherm is assumed. Substi
tuting this equation into equation (4) in the text results in 

ac, .. 
"KJ,-=al) : 
~ at ' (AI.2) 

Combining this equation with equation (6) in the text 
gives 

ac, ac, a'c, ac, 
E- + ~K,,,- = EE--- - EV-

at at ax' ax 

+ Er,L + ~r;,1 - a};' + aj;' (AI.3) 

or 

E 1 + -- -- = EE --- - EV - + Er, + ~rl (AI.4) ( ~Kd') ac, a'C, ac, L 'I 
E at ax' ax 

This expression is the governing equation for the equilib
rium model; note that no mass transfer term is involved. 

APPENDIX II . DERIVATION OF EQUATIONS (24) THROUGH 
(26) 

The procedures for deriving equations (24) through (26) 
in the text are the same. Thus, only equation (24) is de
lived here for illustration. 

Substitution of equations (20) and (21) into equation 
(11) in the text gives 

ac.. a'c.. ac, k (q, ) 
E-= eE---- EV-+ a , - - C, 

at ax' ax KJ .• 

11", (c.. ) ( c" ) - -- E C, ------ ---
Y.. ' K. + C, K" + C" 

11", (c.. ) ( c" ) --- ~ q, --- ---
Y, 'K, + C.. Kv + C" 

(AIl.l) 
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Substituting equation (15) in the text into this equation 
and dividing both sides of the resultant expression by E 

yield 

- ,""no (1 + PK.iI') c[, (~) (~) 
Y, E K, + C, 1<" + C. 

or 

- ,""", RIC, (~) (~) 
Y. ' , K. + C, 1<" + C" 

(AII.2) 

which is equation (24) in the text. 
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NOTATION 

a interfacial area per unit volume of the soil bed, L'IL' 
C, concentration of component i in the liquid phase, MIL3 

Q.of COD<,entration of oxygen in the feed solution, MIL' 
C, dimensionless concentration of component i 
E dispersion coefficient, L'lt 
j,L transport flux from the liquid phase to the interface, (MIL2)lt 
H transport flux from the interface to the bulk of the solid 

phase, (MIL2)lt 
kd reaction rate constant for the decay ofbioma .. , t- I 

k, mass transfer coefficient of substrate , lit 
K" saturation constant of oxygen, MIL3 

K, saturation constant of substrate, MIL' 
K", linear isotherm partition coefficient of component i 
L depth of the contaminated soil bed, L 
q, concentration of component i in the solid pha<e, MIM dry 

soil 
q, dimensionless concentration of component i in the solid 

phase 
r·L reaction rate in the liquid phase, (MIL3)lt 
r;'[ reaction rate at the interface, (MIM dry soil)lt 

R, = 1 + PK.i, = retardation factor for component i 
E 

V pore velocity of the liquid, Ut 
t time, t 
x vertical position, L 
X dimensionless depth 
Y" yield factor of oxygen 
Y, yield factor of substrate 
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Greek Letters 

P bulk density of the soil bed, M dry soillL3 
void fra~'1ion of the soil bed 

"'.. maximum specific growth rate of biomass, t-I 
6 dimensionless time 

Supencript 

n n-th time step 
L liquid phase 
s solid phase 
sf interface 

Subscripts 

s, 0, b for substrate, oxygen, and biomass, respectively 
j j-th grid point 
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Disposal of refinery biotreatment sludges through land application is 
being strictly controUed and, in many cases, eliminated by regulatory 

constraint. An alternative to land application of sludges is incineration. 
This paper discusses fluidized-bed incineration ,nlot studies conducted 
on refinery sludges obtained from two different refineries. Destruction 

of hazardous organic constituents, as well as the fate of inorganic 
metals, is discussed. Metal emissions are examined and the impact of 

the new EPA metals emissions limits is investigated. Installation 
of a waste heat recuperator to preheat combustion air is explored 
as an alternative to a high-pressure sludge dewatering process. 

REGULATORY FRAMEWORK 

Land application of refinery biotreating sludges is be ing 
stringently restricted by EPA regulations. As a result, var
ious alternatives are being discussed in the literature. 
These include incineration, stabilization, sludge biotreat
me nt, and solvent extraction to remove or mitigate or
ganic contaminants. In all cases, a residue that requires 
suitable disposal is produced. Depending on the sludge's 
ash content, incineration of refinery sludges can reduce 
volume by 80 to 90%. The potential exists for delistin~ 

Figure 1. Fluidized-bed incineration unit. 
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the incinerator ash to reduce futu're liability and landfill 
costs. 

Incineration of refinery and biological sludges is a well
known commercial practice. Many incinerators, such as 
the Amoco incinerators in Whiting, Indiana, and Mandan, 
North Dakota, are fluidized-bed incinerators. They work 
particularly well with sludges because of their ability to 
break up the sludge droplets and expose the waste to oxi
dizing conditions. The results obtained in a series of flu
idized-bed incineration experiments using actual refinery 
sludges under a range of controlled conditions are dis
cussed below. 

FLUIDIZED·BED INCINERATION TEST UNIT 

A series of seven test burn runs were conducted in a 0.2 
meter, 485 million joules-per-hour (mJthr) fluidized-bed 
test unit owned by Waste-Tech Services in Golden, 
Colorado. A process flow diagram for the unit is shown in 
Figure 1. Air is forced into the fluidized-bed media at a 
slight positive pressure by the forced draft (FD) fan . 
Superficial gas velocities of 1.2 to 3.7 meters per second 
are commonly used, which results in good to high energy 
release in the unit. Waste feed sludge is injected into the 
fluidized-bed using a positive displacement pump and air 
assist. 
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TABLE 1. ULTIMATE ANALYSES OF REFINERY SLUDGES 

Ultimate Analyses 
Sludges 

(wt%) A B 

Carbon 12.3 12.8 
Hydrogen 1.6 1.8 
Oxygen (by djfference) 3.4 7.9 
Nitrogen 0.1 0.8 
Sulfur 1.1 0.3 
Halides <0.1 <0.1 
Water 61.5 64.9 
Ash 20.0 11.5 

TOTAL 100.0 100.0 

Higher Heating Value 
(HHV), Btu/lb 2,400 2,440 

Gases exiting the shallow (0.5 to 1.0 meter) fluidized
bed region enter the integral, Secondary Reaction Cham
ber (SRC). The SRC is an unfired, refractory-lined cham
ber with 2 to 3 seconds of residence time that serves to 
complete combustion. Coarse (10 micrometer [fl-m] or 
larger) particulates are removed in a cyclone from the gas 
stream at the end of the SRC. Incinerator off gas is tested 
at the cyclone exit for organics, particulates, and combus
tion products. 

An afterburner is installed in the unit after the cyclone 
exit gas sample point to ensure complete destruction of 
the principal organic hazardous constituents at research 
test conditions before venting. Commercial fluidized-bed 
incinerators of this type do not require and are not 
equipped with an afterburner. The pilot unit afterburner 
gases are scrubbed in a caustic wash, packed-bed scrub
ber, followed by a mist eliminator. Combustion gases are 
removed by the induced draft (10) fan . The process unit 
above the fluidized-bed is maintained at a slight vacuum 
by the 10 fan to control fugitive emissions. A stack gas 
sample point upstream of the 10 fan is used to test for 
stack particulate and metal emissions. 

WASTE FEED COMPOSITIONS 

The refinery sludges used in this test program were ob
tained from two refineries owned by different companies. 
Both refineries had lagoon-type biotreatment systems. 
The lagoon sludges from each refinery were composites 
blended from several streams within each refinery. The 
individual streams were blended based on their annual 
production rate to produce an "average" waste feed com
position to be processed at an incineration facility at the 
site. The waste feed ultimate analyses of the two compos
ite sludges are very similar (Table 1). The higher heating 
values of the two sludges are almostthe same. The higher 
heating value is the heat of combustion measured wben 
water in the combustion gas is condensed to the liquid 
phase. 

The sludges were analyzed for hazardous components 
as listed in 40 CFR, Part 261, Appendix VIII. Principal or
ganic hazardous components (POHCs) were determined 
by gas chromatograph mass spectroscopy (GS-MS) analy
sis. The sludge POHCs were petroleum eompounds or 
those used in refinery processing: toluene, other alkyl
benzenes, naphthalene, other polynuclear aromatics, and 
phenol. The sludges were analyzed for eight Appendix 
VIII hazardous metals by atomic adsorption (AA). Lead 
and chrome were found in both samples, presumably res
idues from gasoline additives and water treatment chemi
cals. Nickel, probably from petroleum and catalyst, was 
found in some samples. Some nickel and chrome are 
leached from refinery piping. The significant levels of 
chromium and lead found in these samples should de
cline at these and other refineries because of the discon
tinuation of chromium-based water treatment chemicals 
and the phaseout of lead additives. 

INCINERATOR TEST BURN RESULTS 

Seven fluidized-bed incineration pilot tests were made 
with the A and B sludge composites. The operating con
ditions and organic destruction results are reported in 
Table 2. Five of the pilot tests were made with Sludge 
Composite A, and two with sludge Composite B. The in
cinerator exit oxygen content was measured with an on
line Ametek WOG-liC oxygen analyzer, calibrated be
fore each pilot test, and averaged over the 2- to lO-hour 
test period. 

The exit gases contained 7.9 to 11.2 volume percent 
(vol %) oxygen measured on a wet basis. These oxygen 
concentrations translate into approximately 50 to 100% 
excess air. The average incinerator temperature, based or 
six thermocouples distributed throughout the vessel, 
ranged from 645° to 756°C. 

The sludge composites were spiked with 1 to 2 weight 
percent of each of two POHCs to be studied during the 
tests. Waste feed spiking was required to allow measure
ment of the POHCs in the incinerator off gas. Sludge A 
was spiked with toluene and naphthalene. Sludge B was 
spiked with naphthalene and phenol. The organic de
struction and removal efficiencies (ORE) shown in Table 
2 were measured at the afterburner inlet and are the re
sult of two incinerator off-gas organic content analyses 
measured using a liquid adsorption technique [1]. The 
destruction and removal efficiencies are defined as 
follows : 

ORE 
wt POHC in feed - wt POHC in off gas 

wt POHC in feed 

x lOO weight percent 

The POHC destruction shown in Table 2 suggests that 
toluene, naphthalene, and phenol have comparable de
struction results at a given set of operating conditions. A 

TA8LE2. RE~'INEIIY SLUDGE INGINEIlATlON TE,T BUliN RESULTS 

EXL'ess O2 

at Vessel Incinerator 
POHC DRE, wt % Run Sludge Exit, Wet Tempel"dture 

No. Feed (vol%) (0C) Toluene Naphthalene Phenol ----
I A 7.9 665 99.973 99.866 
2 A 10.2 645 99.931 99.986 
3 A 11.2 653 99.931 99.997 
4 A 8.4 680 99.965 99.994 
5 A 9.8 691 99.992 99.996 
6 B 8.5 756 99.395 99.963 
7 B 9.5 745 99.999 99.999 
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Figure 2. Naphthalene destruction as a function of temperature and 
excess oxygen. 

plot of naphthalene destruction results is shown in Figure 
2 as a function of incineration temperature and exit gas 
oxygen content. 

As expected, POHC destruction increases as the tem
perature and oxygen content increase. The EPA-required 
POHC 99.99 weight percent DRE was met at a compara
tively low temperature of 691°C. A rough correlation can 
be made with the limited number of data points in Table 
2, which suggests that an incinerator temperature in
crease of 30'C allows the exit oxygen content to be re
duced by 1 vol percent at constant POHC DRE. Energy 
balances based on this correlation show that the higher 
temperature is more fuel efficient than the addition of 
more excess air. 

SLUDGE DRYING AND HEAT RECUPERATION FOR IMPROVED 
PERFORMANCE 

A series of computer-modeled incinerator design cases 
were made using the refinery sludge compositions in 
Table 1 at 704°C and 75% excess air. In the first series of 
computer simulations, water was removed from the 
sludge to simulate a high-pressure sludge dewatering 
press without hydrocarbon loss. The results of these sim
ulations are shown in Figure 3. Dewate ring reduces both 
the required incinerator size and the supplemental fue l 
consumption. 

An optimum water content is reached at approximately 
40 weight percent where the unit size has been reduced 
10% and no supplemental fuel is required to maintain in
cineration temperature. Unit size increases at refinery 
sludge water contents less than 40 weight percent if unit 
temperature is held constant due to the addition of 
quenching air. In commercial practice, the incineration 
temperature would be allowed to rise and the unit size 
would stay constant. 
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Figure 3. Sludge dewatering reduces unit size and auxiliary fuel re
quirements. 
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Figure 4. Waste heat recuperation significantly reduces incinerator 
size. 

A second set of computer simulation results is shown in 
Figure 4 at constant refinery waste feed water content (64 
weight percent), 70'C temperature, and 75% excess air. 
Incinerator size and fuel consumption are shown as a 
function of inlet air temperature simulating the presence 
of a heat recuperator in the incinerator system used to 
heat combustion air. Both unit size and fuel consumption 
decline nearly linearly as preheat temperature is in
creased. At a 370'C preheat, a reasonably conservative 
heat recuperation temperature, the incinerator size is re
duced 30% below the 70'C temperature obtained at the 
FD fan exit without heat recuperation. Auxiliary fuel con
sumption at 370'C preheat is reduced 80%. 

A heat recuperator to preheat combustion air may be 
more cost-effective in some cases than waste feed de
watering. Capital costs for either option are comparable, 
but the heat recuperator significantly reduces the inciner
ator size. The operating costs with refinery sludges may 
be lower with heat recuperation, since the use of filter 
aids for some dewatering processes is expensive and in
creases incinerator ash production with the associated 
disposal costs. 

METAL DISPOSITION RESULTS 

During the refinery sludge pilot incineration test, five 
sets of chromium and four sets of lead material balances 
were made. During these tests, there were three stack 
emission tests for chromium and two for lead. The aver
age results from these balances are shown in Table 3. The 
range of material balance closures is shown in Table 3 as 
well. 

The results in Table 3 show that about 80% of the 
chrome and over 90% of the lead were captured in the cy
clone on the larger 10 ILm + particulates exiting the fluid
ized-bed pi lot unit. Less than 10% of either metal was re
tained in the fluidized-bed media. The fluidized-bed 
media was coated with a layer of residue during the test 
burn. This residue was observed to be removed during 
periods between tests when the unit was operated on fuel 
oil only. Based on this observation, it is expected that dur
ing prolonged operation the metal content on the fluid-

TABLE3. DISPOSITION OF METALS DURING R EFINERY 
SLUDGE INCINERATION 

Disposition Chromium Lead 

Wt % Captured in the. Fluid Bed 8 1 
Wt % Captured in the Cyclone 83 96 
Wt % Captured in the Scrubber 3 2 
WI % Emitted to the Stack 1 2 
Wt % Material Balance Closure, 

Range 79-103 60-127 

February, 1990 S9 



TABLE 4. ALLOWABLE INCINERATOR SIZE BASED 
ON EPA GUIDANCE 

Chromium Lead 

Metal in Waste Feed, WPPM 100-1,500 30-300 
Allowable Emission/Feed 4 x 10-3 0.4 

Rate (g/sec) 

Tier I Waste Feed Rate 

Maximum (kg/hr) 144 48,000 
Minimum (kglhr) 10 4,800 

Tier II Waste Feed Rate 

Maximum (kg/hr) 14,400 2.4 x 10· 
Minimum (kg/hr) 1,000 2.4 x 10' 

B:L'Iis: Rllr'.i11101l<''tllltplex tt'rrltin, 6.'J..mt'ter effective stack heiJ(ht. 

ized-bed media will reach a steady-state level and not ac
cumulate further metal except as large particulates. 

Two to three percent of the lead and chrome were 
found in the scrubber. Only one to two percent of the lead 
and chrome exited the incinerator via the stack. The bal
ance of metal is caught in the cyclone and vent scrubber. 
The percent metals emitted from the stack are compa
rable, but lower than those observed by others [2] during 
sewage sludge incineration in fluidized-bed incinerators. 

AIR EMISSIONS OF METALS 

Metal emissions from incinerator stacks have become a 
major area of regulatory concern. In September 1988, the 
EPA issued a draft final guidance manual for metals and 
hydrogen chlorine emissions from hazardous waste incin
erators [3]. The new guidelines have a three-tier system to 
determine permitted metal and hydrogen chloride emis
sions, based on health standards. 

In Tiers I and II, absolute emission limits in grams per 
second are tabulated as a function of stack height, terrain, 
and population density. In Tier I, all hazardous metals in 
the waste feed are assumed to exit with the stack gas, and 
a permitted waste feed rate can be back calculated from 
the emission limit. In Tier II, allowance is given for air 
pollution control equipment and metals removal in the 
captured ash streams. 

The Tier III emissions limits are set on site-specific 
modeling and health-based standards. The permitting 
process moves from one tier to the next tier and to the 
higher level of complexity, as required by the incinerator 
emission level. If incinerator emissions cannot be permit
ted at Tier III, then additional engineering or operating 
controls must be installed to meet the Tier III emission 
limits. 

Table 4 shows the effect of the new incinerator metal 
emission guidelines on a scale up of the pilot unit results 
with refinery sludges. Based on the assumed case of an 
incinerator located in a rural area with noncomplex ter
rain and an effective stack height of 65 meters, the allow
able emissions of chromium and lead were obtained from 
the guidance document. These allowable emissions lim
its, obtained from the guidance document, are 4 x 10-3 

grams per second (g/sec) for chromium and 0.4 g/sec for 
lead, as shown in Table 4. The waste feed content of lead 
and chromium is also shown in Table 4 and can be used to 
calculate the incinerator feed rate under Tier I. 
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The Tier I assumption that all the waste feed metals are 
vented from the stack shows that chromium emissions re
strict the unit to a nonuseful size of 10 to 144 kg/br. Exam
ination of the metals emissions limits based on the Tier II 
guidelines, which credit metal capture in APC equip
ment, allows the incinerator to be an economical size of 
1,000 kg/br to 14,400 kilograms per hour (kg/br), as shown 
in Table 4. The Tier II estimates are based on the 1% 
stack emission of chromium in the waste feed and 2% 
emission oflead, as shown in Table 3. 

Meeting the new Tier II metals missions guidelines in 
fluidized-bed incinerators with refinery sludges will re
quire additional investment for improved air pollution 
control equipment·and higher stacks. However, it can be 
done with readily available equipment and with a reason
able level of operating control. 

CONCLUSIONS 

Two refinery lagoon sludges from different locations 
were incinerated in a fluidized-bed pilot test unit. The 
composite sludges from both locations were similar in 
composition and contained the following hazardous con
stituents: 

• Toluene 
• Other alkyl benzenes 
• Naphthalene 
• Other polynuclear aromatics 
• Phenol 
• Lead 
• Chromium 
• Nickel 
Acceptable regulatory destruction and removal effi

ciency (99.99 weight percent) were obtained at the com
paratively mild temperature of 691°C. Sludge dewatering 
to 40 weight percent water reduced the incinerator size 
by 10% and eliminated auxiliary fuel requirements. Use 
of a waste heat recuperator to preheat conversion air re
duced unit size by 30% and auxiliary fuel requirements 
by 80% at conservative preheat temperatures. Unit metal 
emissions of lead and chromium can meet potential regu
latory requirements. Fluidized-bed incineration is a 
proven and effective means of treating refinery wastes to 
comply with present and proposed environmental regula
tions. 
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Fluidized Bed Combustion of Aluminum 
Smelting Waste 

R. S. Tabery and K. Dangtran 
Turnpoint Engineering Corporation, Austin, Texas 78746 

Pilot tests by Fluidized Bed Combustion (FBC) have successfully destroyed 
Spent Potliner (SPL), a hazardous waste by-product from aluminum 

smelters. Well known technical challenges such as ash agglomeration, ash 
leachate control, and off-gas emission control have been studied and 

overcome by additives and by special combustion chamber design. 
Economic evaluation of a 20,000 tons per year (9 megawatt) facility 

indicates that disposal costs are competitive with land-based disposal. 
A 0.5 MW Fluidized Bed Combustor of this design is under construction 

by Turnpoint Engineering Corporation. 

NATURE OF THE ALUMINUM SMELTING WASTE 

Commercially smelted aluminum metal was first pro
duced and is still produced by reducing aluminum from 
its oxide by an electrolysis technique called the Hall
Heroult process. The process consists of dissolving alu
mina in a bath of molten salts, cryolite (Na~IF6) and alu
minum fluoride (AIF3) in an electrolysis pot lined with re
fractory and carbon (cathode). An e lectric current passes 
between the anode and the cathode. Figure 1 shows the 
cross section of a typical aluminum reduction pot. The 
carbon anodes, inserted directly in the molten bath are 
consumed during the operation and must be replaced pe
riodically. The thick carbon lining cathode, or potliner, is 
not consumed, but must be removed and replaced after 
3-5 years or longer due to the loss of its integrity by migra
tion of cryolite bath, molten aluminum, salts, and other 
chemicals. From 40-60 tons of waste are discarded as 
spent potliner (SPL) per replacement, depending on the 
size of the pot. 

The quantity of SPL generated annually in the United 
States has exceeded 200,000 tons. In addition, over 
1,200,000 tons are presently found in recoverable storage 
and more are festering in landfills . Table 1 shows the 
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compositions of typical spent potliner from two US alumi
num producers. Because of high concentrations of fluo
rine and cyanide, SPL was recently listed as "hazardous" 
(EPA hazardous waste * K088 [1]). 

SCOPE 

Several management alternatives to land-based dis
posal of SPL have been suggested [2]. The complexity, 
cost, disposal of residuals, and engineering problems of 
most of these alternatives make them economically unac
ceptable. 

Perhaps the most promising solution is Fluidized Bed 
Combustion. During the last decade, FBC has been 
widely adopted for burning low-grade fuels and gained 
commercial acceptance for the disposal of a growing 
number of solid and liquid wastes [3, 4, 5, 6]. The advan
tages of this process are well established: High tur
bulence and residence time of the waste in the combus
tion chamber allow complete combustion at a moderate 
temperature. FBC has also demonstrated the capability to 
dry-scrub acid gases evolved from the combustion of hal· 
ogenated, sulfurous and phosphorous containing waste 
by injecting sorbents in the combustion chamber. 
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Figure'. Aluminum reduction pot cross section. 

A number of attempts to apply FBC to SPL have been 
made [7, 8]. However, technical and environmental feasi
bility was not satisfactorily demonstrated. Three primary 
difficulties need to be overcome, namely: 

Agglomeration: Ash resulting from combustion forms 
a low-melting eutectic causing the entire bed mass to ag
glomerate, thereby requiring shutdown of the process. 
Published data on the agglomeration behavior of SPL in 
fluidized bed is no~xistent. However, agglomeration 
studies of low-grade anthracite and lignite by Fluidized 
Bed Combustion and Gasification can be found in recent 
literature [9, 10]. In those studies, agglomeration was at
tributed to the interaction between acidic and basic ox
ides (Si02 and KzO) at operating temperature. 

Ash Leachability: Fluoride, cyanide and metal ion 
concentrations in the ash leachate must be low enough to 
satisfy regulatory authorities that no harm will come from 
proper disposal of the ash. Cyanide is relatively easy to 
destroy at FBC temperature (850°C) if agglomeration is 
controlled. Fluoride and metals are contaminants of chief 
concern. 

Off-gas Emissions: Satisfactory control of hydrogen 
fluoride (HF) emissions as well as other combustion 
products is necessary. HF emissions can be controlled by 
limestone addition. This, however, can aggravate the 
problems of agglomeration [1, 6, 7]. 

These major problems have been investigated in two 
small-scale combustors, a spouted bed and a deep bub
bling bed and presented in the first part of his paper. The 
effect of additives on agglomeration, leachability of the 
ash, and on the emission of acid gases was investigated. 
X-ray diffraction and scanning electron micrograph 
(SEM) techniques were used to study the nature of inter
stitial glue holding agglomerates together. The effect of 

TABLE 1. COMPOSITION OF TYPICAL SPENT POTLINER FROM Two 
MAJOR US ALUMINUM PRODUCERS. 

Composition 

Carbon 
Aluminum 
Silicon 
Iron 
Sodium 
Fluorine 
Cyanide 
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Alcoa 
(%) 

28.6 
14.20 
4.76 
3.23 

13.90 
18.20 
0.09 

Reynolds 
(%) 

42.70 
4.70 
0.11 
0.27 

20.00 
17.60 
0.13 

design was also studied; a special combustion chamber 
design specifically for burning SPL and similar hard-to
handle wastes is proposed. 

In the second part of this paper, results from test burns 
investigated in the first part are used to develop an eco
nomic model. In this study, a fluidized bed combustor 
with a capacity of 20,000 tons SPL per year is fitted to an 
existing cement kiln for generating 9000 KW. 

EXPERIMENTAL 

Materials 

Spent potliner from an ALCOA smelter was selected 
for use in testing (see Table 1 for its composition). The 
heating value of the SPL is low (2222 cal/gram). For self
sustained combustion, an additive with high heating 
value has been used as auxiliary fuel and, more impor
tantly, for increasing the fusion temperature of the ash to 
above the FBC operating temperature. (We would like to 
share with you the nature of this ingredient, but unfor
tunately this innovative process is not completely 
protected as yet. To avoid confusion, this ingredient will 
be called additive (A) in this work.) SPL and additive 
samples were sieved to less than 10 mm prior to injection 
into the reactor chamber. Central Texas limestone with a 
narrow particle size distribution around 6 mm was used 
as sorbent (S). 

Equipment 

Test burns were conducted in two small-scale reactors, 
a spouted bed and a fluidized bed combustor. 

Spouted Bed Combustor: Figure 2 shows the schema
tic of the 5 cm diameter, 90 cm high spouted bed used. 
The reactor, constructed of Hastelloy B. Bed material, 
was brought to 700°C by a 10,000 Hz inductive heating 
coil prior to manual feeding of fuel blend through the top 
of the bed. The air was measured via rotameter before 
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Figure 2. Spouted bed combustor. 
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Figure 3. 15 em FBC reactor. 

entering the combustion chamber. Bed temperature was 
recorded by a small thermocouple suspended at different 
locations in the bed. 

Fluidized' Bed Combustor: Experiments were per
formed in a 15 cm diameter, 2lO cm high atmospheric 
fluidized bed combustor configured for continuous opera
tion at a feed rate of 10 kg/hr. The reactor and most major 
components of the plant were constructed of type 309 
stainless steel. The major components of the pilot reactor 
are illustrated in Figure 3. 

The air required for combustion and fluidization was 
supplied volumetrically and distributed homogeneously 
through the typical 30 cm bed via a windbox and a perfo
rated plate covered with alumina balls. Methane was 
used for preheating the bed to 600°C, which was gener
ally sufficient to ignite the reactive fuel blend. 

Fuel blends (A, SPL, and S) were premixed and placed 
in an airtight hopper prior to injection into the combus
tion chamber at a height of 5 cm above the distributor 
plate. Flue gas entered a cyclone where entrained parti
cles were collected for analysis and disposal. The exhaust 
stream from the cyclone was introduced either to the 
sampling line for analysis or directly to a waste gas man
ifold. 

Bed solid was drained intermittently via a central 4 cm 
duct to maintain constant bed height. Samples were col
lected routinely for analysis. Temperature and pressure 
were measured in the reactor via thermocouples and 
pressure taps . 

TABLE 2. SUMMARY OF ADDITIVE (A), SORBENT (S), AND SPL 
PROPORTIONS USED IN SPOUTED AND FLUIDIZED BED TEST RUNS. 
TillS TA8LE SHOWS ALSO THE TEMPERATURE OF AGGLOMERATION 

ENCOUNTED. 

Test A/SPL S/SPL CalF Agglom. Technique 
# (weight) (weight) (molar) T(°C) Used -- --- ---
I 0 0.00 0.00 770 SB 
2 4 0.12 0.12 > 900' SB 
3 10 0.30 0.30 >900' SB 
4 4 0.40 0.40 >950' SB 
5 1 l.OO l.OO 800-900 FB 
6 3 l.OO l.OO 950 FB 
7 8 l.OO l.OO > 950' FB 
8 3 0.50 0.50 950 FB 
9 3 0.90 0.90 950 FB 

10 3 1.15 1.15 950 FB 

SB: Spuuted Bed 
FB: F1uidizt!d Bed 
• Nu AJ{JI;lomerution Observed 
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Figure 4. Fluorine leochobility versus CoiF molar ratio. 

RESULTS AND DISCUSSIONS 

A series of four spouted bed and six fluidized bed tests 
were conducted at different A1SPL and S/SPL weight ra
tios (Table 2). 

In the spouted bed, the initial bed material fed to the 
reactor was 600 grams of alumina. When the bed tempera
ture reached 700'C, fuel blend was gravity fed. The feed
ing rate, initially very low, was incrementally increased 
from 1 gram/min to 6 gram/min. Temperature of the bed 
was raised from 700'C to 900°C or higher after one bed 
equivalent of fuel blend had been fed. A superficial air 
velocity of 46 cm/sec was maintained constant during all 
these tests. 

In the 15 cm fluidized bed combustor, a 20 cm static 
height of alumina was used initially and fluidized at a 
superficial air velocity of 75 cm/sec. 

Effect of A1SPL Weight Ratio on Agglomeration Tem
perature: Ash agglomeration temperature is presented 
versus additive/SPL ratio in Table 2. Results show an in
crease of the ash agglomeration temperature with the 
A1SPL weight ratio in both spouted and fluidized beds . 
Without additive (run 1), bed solids started to ag
glomerate at 770'C. Table 2 shows also that a weight ratio 
of A versus SPL of approximately 3: 1 is necessary to in
crease the agglomeration temperature to 950°C. 

Effect of S/SPL Weight Ratio on Fluoride Leachabil
ity: Fluoride concentration in both water and acid 
leachates decreases sharply with CalF molar ratio. By in
creasing from 0 to 0.4 S/SPL weight ratio (which corre
sponds to 0 to 0.4 CalF molar ratio), a decrease in fluoride 
concentration from 10.5% to 8 ppm is noted. This sharp 
decrease is shown in Figure 4, in which concentration of · 
fluoride in the leachates is plotted in logarithmic scale 
versus the molar ratio of CalF. 
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Figure 5. HF emission versus CalF molar ratio . 
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TABLE 3. FLY ASH AND BOTTOM AsH ANALYSIS AND LEACHABILITY. 

Sample Identification 

Ash Analysis (mglkg) 
Total cyanide 
Free cyanide 
Total fluoride 
Total Sulfide 
Total organic carbon 
Total arsenic 
Total barium 
Total cadmium 
Total chromium 
Total lead 
Total mercury 
Total selinium 
Total silver 
Total nickel 
ASTM Dl Cyanide Leach (mg/l) 

E.P. TOX Leach (mg/l) 
Fluoride 
Arsenic 
Barium 
Cadmium 
Chromium 
Lead 
Mercury 
Selenium 
Silver 
Nickel 

Drinking Water 
Standards 

1.4-2.4 
0.05* 
1.00* 
0.01* 
0.05* 
0.05' 
0.002* 
0.01* 
0.05* 
0.35 

7-Day Water Leach (Texas Method) (mg/l) 
Arsenic 0.05* 
Barium 1.00* 
Cadmium 0.01* 
Chromium 0.05* 
Lead 0.05' 
Mercury 0.002* 
Selenium 0.01' 
Silver 0.05* 
Nickel 0.35 

• ReM limit i ~ 100 times this value. 

Fly Ash 
Run 13 

5.60 
1.60 

72.00 
<20.00 
1240.00 

19.00 
200.00 

4.00 
80.00 
35.00 
0,0} 
2.80 
7.00 

35.00 
0.11 

5.60 
<0.1 
<1.00 
<0.10 
<0.50 
<0.50 
<0.004 
<0.05 
<0.20 
<0.50 

0.650 
<0.1000 

0.0267 
0.1670 
0.2170 

<0.0002 
0.2234 
0.0934 
0.3333 

Effect of SISPL Weight Ratio on HF Emission: Ex
haust gas was sampled and analyzed at variable S/SPL 
weight ratios (runs 8-10, see Table 2), in which NSPL 
weight ratio was kept constant and equal to 3:1. 

As expected, increasing the molar ratio of calcium to 
fiuorine lowered HF emission. The capture of HF by 
limestone can be described simply as: 

850"C 
CaC03 -- CaO + CO2 

CaO + 2 HF --> CaF2 + H20 

(1) 

(2) 

HF concentration in the exhaust gas is plotted versus 
CalF molar ratio in Figure 5. HF emission decreases 
more or less linearly with increasing CalF molar ratio. 
This is not surprising for a diffusion-limited process in 
which the reaction rate is proportional to the availability 
ofCaO reactive sites. 

The high lime requirements for control of fiuoride ion 
leachability implies, as an ineluctable consequence, ex
cellent HF emission control. (See Ash Analysis below.) 

Ash Analysis: Fly ash and bottom ash samples from 
two representative FBC runs (at 8S0·C, NSPL and S/SPL 
weight ratios of3:1 and 1:1, respectively) were collected 
for analysis. Results from this analysis is presented in 
Table 3, in which the analytical analysis of ash samples 
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Bottom Ash 
Run 13 

1.20 
<0.5 
50.30 

160.00 
220.00 
36.00 

<100.00 
<10.00 
<50.00 
<50.00 
<0.01 

1.40 
<20.00 
<50.00 

0.03 

7.00 
<0.10 
<1.00 
<0.10 
<0.50 
<0.50 
<0.004 
< 0.05 
<0.20 
< 0.50 

0.5650 
<0.1000 

0.0175 
<0.0500 

0.1125 
<0.0002 

0.1575 
0.0500 
0.1250 

Fly Ash 
Run 14 

4.70 
1.80 

74.80 
<20.00 
1210.00 

7.00 
400.00 

3.00 
50.00 
30.00 

0.01 
1.20 
5.00 

35.00 
0.08 

6.20 
< 0.10 
<1.00 
<0.10 
<0.50 
<0.50 
<0.004 
<0.05 
<0.20 
<0.50 

0.4000 
<0.1000 

0.0375 
0.0625 
0.2000 

< 0.0002 
0.1775 
0.0850 
0.3250 

Bottom Ash 
Run 14 

1.20 
<0.50 
50.40 

300.00 
57.00 

5.00 
400.00 

2.00 
25.00 
30.00 
<0.01 

1.10 
8.00 

25.00 
0.03 

7.40 
<0.10 
<1.00 
<0.10 
<0.50 
<0.50 
<0.004 
<0.05 
<0.20 
<0.50 

<0.1137 
<0.5750 

0.0325 
0.1625 
0.1625 

<0.0005 
<0.0625 
<0.0275 

0.2125 

are presented in the lirst part, and the leachability analy
sis of different contaminants is presented in the second. 
Various leach techniques were employed including EP 
Toxicity, ASTM, and Texas distilled water leaches. Re
sults from the Texas method represent the average of 4 
samples. The EPA drinking water standards and RCRA 
limits for each concentration are also presented. One can 
note clearly that: 

1. From the analytical analysis of the ash, concentra
tion of all components, except sullide are higher in 
the fiy ash than in the bottom ash. This could be at
tributed to elutriation of unburned line particles. Re
cycling of these particles or increasing the residence 
time of the waste in the bed can improve already ac
ceptable concentrations. 

2. Fluoride, cyanide and metals concentration in the 
ash leachate are well below RCRA standards. (Lime 
is thought to playa role in immobilizing metals.) 

3. Concentration of metals are generally higher in the 
EP leachates than in the Texas leachates. This may 
be due to the requirement in the test for adjustment 
to a pH of 5 prior to steeping. 

Nature of Agglomerate Interstitial Glue: The ag
glomerate produced by run 1 (without additive, see Table 
2) was studied by x-ray diffraction and SEM. Analysis 
shows that the glue is composed of approximately 51 % F, 
30% Na, 16% AI, and traces of Ca and others, suggesting 
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CONTINUOUS DISCHARGE 

Figure 6. Internal circulating bed and continuous removal of oversized 
materials. 

that F, Na, and AI are the most important components 
causing bed agglomeration. 

COMBUSTION CHAMBER DESIGN STUDY 

Fluidized Bed Combustion chamber design is partic
ularly important when burning SPL and low-grade fuels 
with similar softening characteristics. 

The caUSe of ash agglomeration can be described as a 
consequence of localized excessive temperature within 
the combustion zone compared to the ash fusion tempera
ture. Of course, poor design of the combustion chamber 
can lead to an excursion of temperature. In such a system 
a waste particle, when injected, instead of being rapidly 
dispersed in the support solid, can sink and build up near 
the bottom of the bed creating a zone in which heat gen
erated by combustion of the fuel element is higher than 
the heat transfer rate to the surrounding area via incom
plete mixing, leading to hot spots. The localized exo
therm causes fusion of the ash. 

Good mixing of fresh fuel, waste , additive, and spent 
ash particles in the combustion chamber is evidently of 
primary importance in firing SPL. Segregation of these 
particles~n the contrary-is believed to be a major con
tributing cause of agglomeration. To minimize the ag
glomeration problem, a combination of internal circu
lation of the dense phase-allowing good mixing and 
even distribution of fresh feed-and an effective in situ 
agglomerate withdrawal system should be considered. 

Internal Circulating Bed: Despite successful small
scale test bums in a spouted bed, the later is not recom
mended for commercial application. The main disadvan
tage of a spouted bed is, that despite its highly turbulent 
central zone, the remaining part is relatively stagnant. 
This poor gas-solid contacting zone can be devastating for 
such low-fusion-temperature fuels as SPL. For this pur
pose, an advanced fluidized bed, within which coexist 
good gas-solid contacting of a smoothly bubbling bed and 
an intensely active zone similar to a spouted bed is re
quired. To enhance the degree of mixing of fresh waste 
particles and promote smooth dense-phase circulation of 
the bed materials, installation of a central fast riser within 
the bed is proposed. 

It is well established that bubble behavior is the main 
phenomena governing solid mixing in a fluidized bed 
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layer. Solids are carried upward by the wake and drift of a 
rising bubble. The downward movement of solid conSe
quently occurs elsewhere, in bubble-free regions. It is 
also well known that bubble distribution is not uniform 
across a horizontal section. It has been found that they 
form preferentially close to the wall and gather upward 
toward the central axis by oblique coalescence at approxi
mately one bed diameter from the distributor. This natu
ral hydrodynamic property of bubbles induces in a deep 
bed an upward movement of the dense-phase along the 
central axis between approximately one bed diameter 
from the distributor and the top of the bed. Once the bub
ble bursts the surface, solids are spread out and start de
scending in the bubble-free region close to the wall. At 
approximately one bed diameter from the distributor, the 
downward flow of emulsion moves inward and solids are 
redistributed. In the bed area below the riser, solids 
move in an inward circulating pattern. The overall circu
lation pattern of solids is better known as "gulf stream" 
effect [11 , 12]. Superimposed on this overall effect is sig
nificant random motion due to passing bubble-a charac
teristic of fluidization. 

To take advantage of tbis bydrodynamic effect, a rela
tively deep bed must be used. A central fast riser with a 
divergent bottom has proven to enhance the "gulf 
stream" effect and accelerate circulation. Figure 6 shows 
the central fast riser with the preferential bubble and 
solid patterns. Different shapes and designs of the riser 
are proposed. Design and installation detail can be found 
elsewhere [13]. 

Continuous Removal of Oversized Materials: If ag
glomerates are formed during operation their difference 
in size and density, when compared to the bed material, 
will cause segregation. These agglomerates need to be re
moved as they are formed. An effective withdrawal sys
tem is required. A system of air distribution by parallel air 
headers with approximately 50% opening is presented in 
Figure 6. Pressurized air is first introduced to an annular 
air plenum, then through parallel air headers, and finally 
is released to the combustion layer via standpipes. The 
high percentage of opening assures efficient (instantane
ous and even) removal of agglomerates. Spacing between 
air headers is also an important parameter: It must be 
large enough to allow passage of any agglomerate formed 
but small enough to ensure homogeneous repartition of 
the fluidizing air. 

ECONOMIC STUDY 

The process of incinerating SPL by FBC and offeri.ng 
the ash to a cement kiln is particularly attractive. Beside 
the benefits provided by FBC discussed in the first part of 
this work (recovery of energy while destroying the waste) 
the byproduct ash generated through this process may 
also have viable asset value. When used as an additive in 
cement manufacturing, the byproduct ash presented mul
tiple benefits: 

Fuel Saving: The byproduct ash can lower the clink
ering temperature (the operating temperature of the kiln). 
Moreover, limestone from the FBC is precalcined prior to 
kiln entry, further lowering the energy requirement. 

Increased Product Throughput: Byproduct ash accel
erates clinker formation and calcination reactions, 
thereby more product can be made per unit of fuel con
sumed. 

Fluoroaluminate Content: The high fluoride and alu
mina content of the ash provided allows the cement man
ufacturer to take advantage of the fluoroaluminate phase 
for cement with high early-strength development. 

An economic model was developed to ascertain the 
economics of a FBC facility serving an existing cement 
kiln for SPL management. In this model SPL, additive, 
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Figure 7. Facility steam loop schematic. 

and sorbent are incinerated by FBC. Byproduct ash from 
FBC is provided free to the cement kiln. Heat from the 
FBC and from the cement kiln is recovered for generating 
electricity through a turbine generator. A steam loop 
schematic of the facility is presented in Figure 7. All facil
ity equipment is assumed new except the existing kiln. 
The heat balance of this facility is presented in Table 4. 
Assuming a turbine generator effiCiency is 75%, 122,400 
MJ/hr is needed (of which 57,300 MJ/hr is supplied from 
the FBC) for generating 9.44 MW electricity. 

A complete investigation of this economic model has 
been performed, based on a weight ratio of additive and 
sorbent versus SPL of 3: 1 and 1: 1 respectively. 

Assumptions have been made as close as possible to 
data given by a cement kiln. Two major parameters of this 
economic model are: (1) the commodity annual cost esca
lation, and (2) the SPL management cost escalation. 
While the first one is relatively easy to assign, the second 

GROSS PROFIT vs YEAR 

10 
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Figure 8. Gross profit versus year for various SPl fee escalations. 

one, directly associated to the degree of severity in ap
plying the newly-established law declaring SPL as haz
ardous, is more subtle to suppose. 

Expenses, revenues, and profits of this FBC facility and 
kiln, versus kiln alone, are calculated for 10 years assum
ing annual escalation cost of 4%. Results show that the 
major source of revenue is from the generation of electri
cal power. In Figure 8, total profit is plotted versus year 
for various SPL annual management cost escalators (with 
fixed commodity escalation factors = 4%). From this fig
ure, profit of this process is clear. Even with a 0% increase 
in the management cost of SPL, the profit is still sub
stantial. 

TABLE 4. CEMENT PLANT HEAT BALANCE. 

Stream '*' 
o Super heated 
1 Turbine Exhaust 
2 Condensate 
3 Deaerator Feed 
4 FBC BFW Low Pr 
5 FBC BFW High Pr 
6 Economiser Exit 
7 Convection Exit 
8 FBC Tube Bundle 
9 Kiln BFW Low 

10 Kiln BFW High 
11 Blowdown 
12 Makeup Water 
13 De-Air Stm High 
14 De-Air Stm Low 
15 Blowdown Liquid 
16 Blowdown Vapor 
o Theoretical 

KXl Kiln 1 Exhaust 
KX2 Boiler Exhaust 
FXl FBC Exhaust 
FX2 Conv. Exhaust 
FX3 Econ. Exhaust 
FBC Economiser Thermal Output 
FBC Convective Thermal Output 
In-Bed Bundle Thermal Output 
Kiln 1 Boiler etc. Thermal Output 
Condenser Pump Work 
Condenser Heat Duty (calculated) 
BFW Pump Set 1 Work 
BFW Pump Set 2 Work 
Percent Breakdown 
Assumed Turbine-Generator Efficiency 
Electrical Output 

66 February, 1990 

Mass 
Rate Enthalpy 

(Kg/Hr) (KJ/Kg) 

36343 3367.9 
36343 2583.7 
36343 195.4 
36343 195.4 
22680 458.5 
22680 467.4 
22680 784.8 
22680 1278.7 
22680 2526.4 
18416 456.1 
18416 461.5 

454 1101.3 
324 92.6 

4300 2767.4 
4300 2139.5 

324 455.9 
130 2307.7 

36343 3367.9 
164844 
164844 
23586 
23586 
23586 

Press Temp Energy 
(1<,' Pal (OK) (10" MJIHr) 

6205 755 122.4 
10 320 93.9 
10 320 7.1 

138 320 7.1 
138 382 10.4 

8618 384 10.6 
8446 460 17.8 
7584 578 29.0 
6550 554 57.3 

138 382 8.4 
6550 384 8.5 
6550 551 0.5 

138 300 0.03 
6550 554 11.9 

138 382 9.2 
138 382 0.1 
138 382 0.3 

6205 755 122.4 
839 
478 

1089 
700 
433 

7.2 
11.2 
28.3 
69.3 

0.004 
86.9 

0.14 
0.24 

0.890/0 
75.00% 

9444.634 KW 
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CONCLUSIONS 

Experimental data from bench-scale studies indicate 
that SPL can be destroyed safely by spouted bed and by 
fluidized bed combustors via modification of ash chem
istry. 

X-ray and electron microgmphs reveal that the "glue" 
found in agglomerates formed during combustion of SPL 
is composed of approximately 51 % F, 30% Na and 16% AI. 
These components are thought to cause bed agglomer
ation. 

The ash agglomeration temperature is increased from 
770°C to 950°C by using an appropriate additive in an ad
ditive: SPL weight ratio of 3: 1. 

As expected, increasing the molar mtio of calcium to 
fluorine lowered HF emissions. HF emissions decreases 
more-or-less linearly with increasing CalF molar mtio. 

Fluoride concentration in the leachate decreases 
sharply with increasing CalF molar mtio. 

Beside the important role of additives and ash chem
istry, hydrodynamics of the FBC should not be neglected 
in burning SPL and similar low-melting wastes. A combi
nation of an internal dense-phase recirculation system 
(allowing mixing and even distribution of the fresh feed), 
and an effective withdrawal system (allowing elimination 
of agglomerates as they are formed) is considered critical 
in system design. 

The advantage of applying FBC ofSPL to a cement kiln 
is clear. While the benefit from byproduct ash is not con
sidered, the economic model shows that the main re
source is from generation of electrical power. 
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