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Editorial 

Two Primary Environmental Challenges 
for Industry and Engineering 

(1987 -1997) 

Michael R. Overcash 

As the chemical engineering society examines the lilture of our profession, the environment (along 
with safety and health) is identified as one of seven major challenges according to a major National 
Academy of Science study. This editorial is part of an e/lort to specifically define which issues in the 
environment are the major challenges to Chemical Engineering. Certainly there are equally 
important problems, but the two issues identified here are probahly the most profound, and will 
directly utilize the most resources as we respond to the past and look to the lilture of air, water, and 
terrestrial resources. 

The future efforts of industry and academic personnel in the area of waste reduction or 
elimination is one of two major frontiers in the environmental field. In capsule, there will be a 
transition in the magnitude and environmental impact (toxicity and filte) of wastes or emissions from 
all industry which parallel the profound changes in the pesticide manu/ilcturing field. The pesticide 
or agricultural chemicals field converted, over a decade, from highly chlorinated, persistent 
materials to more degradable, direct acting chemicals, and now toward greatly reduced, integrated 
pest management. This is a substantive change which when transferred to all manu/ilcturing 
industrial categories demonstrates the magnitude of this national transition. For the rest of industry, 
the cost of discharge (to streams, atmospheric, or hazardous wastes) will continue to rise as attention 
is focused on chemicals which at low chronic levels pose health and environmental concern. The rise 
in environmental costs (whether direct charges or indirect perceptions of liability) will be the driving 
force for such transitions, while the time-frame fi)r significant reduction is probably one to two 
decades. That is, if one were to compare the percentage of wastes and specific chemicals of concern 
generated which are presently discharged to the environment (landfills, atmospheric emissions, or 
effluents to receiving waters) it will be shifted from 80%-100% to <20% as the scientific personnel 
pursue the goals of waste reduction. These will be major changes and hence pose the challenges for 
chemical engineering research. 

There is a more profound research challenge to the chemical engineering profession than the 
simple acceptance of goals to substantively reduce environmental emissions. That challenge is to 
playa major role in determining how clean a discharge or how much reduction must be established 
as the objective. If we as a profession are to avoid a cycle in pursuit of zero we must contrihute 
substantively to the decisions on the reasonahle levels of environmental discharge. The latter 
environmental frontier is inherently tied to the successes in economic waste reduction, but is a 
separate area of research. The success in contributing to the "how clean is clean" engineering 
challenge centers on actual experimental investments as opposed to theoretical advances. That is, 
major weight is given to actual data on exposure, fate, background levels, feasibility of control, etc. 
Thus as chemical engineers in industry, government, or universities this will he a two directional 
challenge to us to both reduce, on a major scale, waste generation to all environmental media and to 
establish the appropriate environmental endpoints which achieve acceptahle risk. 

In the past decade the regulatory framework has moved constantly toward greater control of 
environmental discharge. The industrial response has been largely one of waste treatment and 
transfer to solid waste for landfills. Thus the past intellectual accomplishments and response to 
societal needs have been few since the pressure has been on regulatory concepts. The next decade 
poses major challenges since a number of the uncontrolled practices of society have become subject 
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to regulatory scrutiny. The new frontiers are to greatly reduce the levels of constituents which are 
often already present at low levels. In addition, everyone is sensitive to the fact that standards for 
human exposure or for the environment can be arbitrary and often are set in the absence of much 
quantitative information. Thus the demonstration of process modifications or recovery technologies 
needs to move much further ahead so that end-of-pipe treatments are not the only solutions. In 
addition the technical community must undertake the quantification studies for the range of issues 
raised in the setting of environmental standards or endpoints. 

Several incentives and activities have been aimed at this environmental frontier. The AIChE 
Environmental Division (ED) has restructured to specifically focus on waste reduction in two 
principal subcategories of approach. These are process modification and recycle/recovery 
technologies. The ED has a significant number of technical sessions and a part of the Hazardous 
Waste Management Continuing Education course is devoted to the broad industrial approaches for 
waste minimization. In addition, the ED has a major technical session commitment in the area of 
fundamental environmental research and hence toward the issues of environmental standards. The 
National Academy of Science has recently completed a study to identifY the barriers to hazardous 
waste reduction, which further signals identification of this area as a priority frontier. 

The second major frontier in the environmental field is centered on the means by which society 
can clean up the legacy which we are discovering at the present time. This frontier is as critical in 
providing solutions for past practices and mistakes as the pollution prevention frontier is critical in 
redUcing the likelihood of generating a legacy today filr future generations. 

Importance of innovative means of detecting and providing remedies in this area is illustrated 
by economics. The clean up cost of single site, such as an abandoned landfill or underground 
contamination of water resources is conservatively between one and ten million dollars. the number 
of sites from the EPA priority list, the Department of Defense locations, and prudent estimates of 
secondary priorities or undiscovered situations is between one and five thousand. This yields 
financial implications between $1 billion and $50 billion. It is this stage, on which the intellectual 
and societal challenges filr the renovation of past practices is set. It is this stage which poses 
substantive challenges filr chemical engineers and industry. 

Research needs exist across the entire range of issues that arise in this field. As examples one 
can cite as research needs for groundwater and industrial sites, detection of contamination, rate of 
expansion of pollution, interaction of chemicals with the environment, treatment in situ, other forms 
of treatment, and monitoring of progress . All of these have substantial chemical and mechanistic 
characteristics such as kinetics, multi-phase equilihria, diffusion, etc. which require experimental 
and theoretical explorations. The need filr innovation and a strong understanding of which remedial 
actions will lead to the required end points is paramount when such large financial consequences are 
involved. In addition, the past practices of industry have largely led to the present situation and 
chemical engineers are an integral part of past and filture industrial prosperity, and thus this 
environmental issue would appear to be a central challenge to our profession. 

The past chemical engineering advances are largely unquantified since the impetus to 
undertake clean-up is just emerging. As with the field of preventing waste emissions, the remedial 
situation will be highly sensitive to the standards established for acceptable environmental levels. 
Thus chemical engineering needs exist in the science of setting clean-up criteria. The field of 
remedial strategies for past industrial practices contains a broad range of professional specialties with 
which chemical engineers would interact. These range from political and social scientists to basic 
scientists in physics and chemistry. 

--_ . .. _ _ .. __ ..• . .. __ ..... -
Michael R. Overcash, Professor of Chemical Engineering at North Carolina State University, is 

currently an EPA Distinguished Scientist and a member of the North Carolina Governor's Waste 
Management Board. Overcash is a past chairman of the Environmental Division of the American 
Institute of Chemical Engineers. He has contributed to the understanding of environmental 
processes and the technology for major industrial reduction in the generation of toxic chemicals. Dr. 
Overcash has published eight hooks, over sixty journal articles and one hundred ten papers for 
Symposia Proceedings. 
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New AIChE Symposium 
Series Title 
Electrochemical Engineering Applications 
Ralph E. White, Robert F. Savine(( & Alfred Schneider, 
Editors 
(AlehE Symposium Series Volume 83, No. 254) 
This volume consists of papers presented at the AIChE Annual 
Meeting held in Miami Beach. November 2-7. 1986. They relate 
to fundamental electrochemistry and industrial electrochemical 
processes, and report advances being made in applying engineer
ing and scientific principles to understanding industrial electro
lyte systems. 
PARTIAL CONTENTS 
Kinetics of Copper Dissolution at Oxygen Free and Phosphorized 
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New Publications 
From the Center for 
Chemical Process Safety 
Guidelines for Vapor Cloud Dispersion Models 
Steven R. Hanna & Peter J. Drivas 
The dynamic field of modeling episodic releases of hazardous or 
toxic materials is made accessible in this book. Developed from 
the current reports and manuscripts of researchers and model 
developers, it is the state-of-the-art. This practical and concise re
source of great value to the beginner, the expert, and the man
ager promotes understanding of the uses and limitations of this 
advanced tool. This is a publication of the Center for Chemical 
Process Safety. 
CONTENTS 
Conclusions and Recommendations. Introduction. Overview of 
Release Scenarios and Modeling Procedures. Source Emission 

Models. Transport and Dispersion Models. Model Evaluation Ex
perience and Uncertainties Estimates. References. Nomencla
ture. Index. Appendix A: Summary of Operational Models. Ap
pendix B: Examples of Hazardous Chemical Release Scenarios. 

1987 176 pp. est. ISBN 0-8196-0403-0 LC87-1166 
Pub G-2 AlChE Members $40 Others $75 

Proceedings of the International Symposium on 
Preventing Major Chemical Accidents 
Sponsored by The Center for Chemical Process Safety of the 
American Institute of Chemical Engineers, The U.S. 
Environmental Protection Agency & The World &Ink. 
The papers presented at this symposium held in Washington D.C. 
on February 3-5, 1987 contain the latest information as it was 
presented by world experts. Topics covered range from quantita
tive risk analysis to human error considerations. 
PARTIAL CONTENTS 
Mathematical Models for Atmospheric Dispersion of Hazardous 
Chemical Cas Releases. Reduction of Risks by Reduction of 
Toxic Material Inventories. Safety Policy for the Rijnmond Re
gion. Concrete in Chemical Plants. Safety Considerations in the 
Design of Batch Processing Plants. Relief System Design for Run
away Chemical Reactions. Reactive Chemical Hazards. Calorime
tric Methods Used in the Assessment of Thermally Unstable or 
Reactive Chemicals. Post-Release Mitigation Design for Mitiga
tion of Releases. Hazard Control Methods of High Volatility 
Chemicals. Remote Sensing of Fire and Hazardous Cases. The 
Potential of Aqueous Foams to Mitigate the Vapor Hazard from 
Released Volatile Chemicals. Approaches to the Control of the 
Effects of Human Error on Chemical Plant Safety. Ensuring Op
erator Reliability During Off-Normal Conditions Using an Expert 
System. A Methodology for Chemical Hazards Analysis at Nuclear 
Fuels Reprocessing Plants. Relative Advantages of People and 
Machines in Process Industries. 
1986 500 pp. est. ISBN 0-8169-0411-1 LC87-12642 
Pub P-47 AlChE Members $40 Others $75 
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From the Editor 

Environmental Progress Readership Survey 
At a meeting of the Environmental Progress Editorial Advisory Board held in Chicago in 
1986, it was suggested that a readership survey be conducted. Subsequently a survey ques
tionnaire designed by Robert Peters (Purdue) and Attly JefCoat (Alabama) was published in 
the November 1986 issue. 

Unfortunately the response to the survey was disappointing (1.85% or 62 responses 
from the 3,353 potential responses). I believe the reason for the poor return was because the 
questionnaire was quite lengthy (probably over-ambition on our part in order to obtain data) 
and was bound at the back of the issue, resulting in the survey being missed by most 
readers. 

Although responses were not extensive, they were well thought-out and the informa
tion will be used to guide Environmental Progress's editor in his duties. Some of the guid
ance (data) is reported below: 

• The respondents consisted of 26% consultants, 19% government, 15% professors, 
13% plant operation, and 10% R&D. 

• 75% are involved with hazardous waste and wastewaters; 50% are involved with all 
media; air water and solid waste. 

• Regarding coverage: 25% of the readers thought more attention should be given to 
hazardous waste; 30% thought water should receive more coverage; many of the read
ers felt there was excessive emphasis on air pollution. 

• 80% of the readership thought the technical level of articles was appropriate. 

• Environmental Progress was rated well when compared with other technical envi
ronmental journals. 

• The readers liked the ancillary features-editorial; environmental shorts; Washing
ton Environmental Newsletter. 

• Most of the readership felt Environmental Progress should feature lists of environ
mental meetings and entre to research grant applications. 

• Nearly 75% of the readership favored having special issues devoted to a particular 
topic. 

The editor sincerely thanks Drs. Peters and Jefcoat for their work on the survey and 
analysis thereof, and also thanks those who took the time to fill out the questionnaire. The 
results are being used. The following recommendations have been implemented since re
ceipt of the survey: 

• More emphasis is being placed on hazardous waste. 
• One special (single topic) issue has been published and another is planned for next year. 
If these issues are well received, one issue will be devoted to a single topic each year. 
• A book review editor is being sought. 

Suggestions and comments by readers are always welcome. 

Environmental Progress (Vol. 6, No.3) 

Gary F. Bennett 
Editor 
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Environmental Shorts 

Superfund Handbook Now Available 

ERT Inc., of Concord, Massa
chusetts, has announced the availa
bility of a second edition of its 
Superfund Handbook. This second 
edition has been revised to cover 
the "new" Superfund program -
the Superfund Amendments and 
Reauthorization Act (SARA) and 
the Emergency Planning and Com
munity Right-to-Know Act (Title 
III). 

Written in question and answer 
format, the Handbook takes read
ers step-by-step through the 
Superfund process detailing new 
and existing provisions. It helps 
readers formulate practical strate
gies for dealing with complex 
Superfund requirements, high
lighting the important aspects of the 
new SARA and Titmle III pro
grams. In addition, time and cost 

savings tips are provided for com
plying with Superfund. 

For a complimentary copy of the 
Superfund Handbook write on your 
business letterhead to ERT Inc., 
Marketing Department, 696 Vir
ginia Road, Concord, Massachu
setts 01742. or call ERT toll free at 
1-800-722-2440. Large quantities of 
the Handbook may be purchased 
for $9.00 each. 

New edition of Who's Who in Environmental Engineering 

The 1987 edition of Who's Who 
in Environmental Engineering, pub
lished by the American Academy of 
Environmental Engineers, is now 
available. 

The book provides a complete 
listing of environmental engineers 
in all occupation groups, such as, 
consulting, government, education, 
etc., who have proven to their peers 
through an extensive review and ex
amination process that they have 

special knowledge in one or more of 
the following areas: Air Pollution 
Control; General (Public Health) 
Environmental Engineering; Indus
trial Hygiene; Radiation Protec
tion; Solid Waste Management and 
Water Supply and Wastewater 
Engineerng. 

Divided into three primary sec
tions, the book lists environmental 
engineers alphabetically, by spe
cialty and by geography (state or 

foreign country). The book also de
scribes in detail the certification 
program that each must satisfy to 
obtain this distinction along with 
historical and organizational data 
about the Academy. 

Copies of the hardcover edition 
can be purchased for $50 postage 
paid from the American Academy 
of Environmental Engineers, 132 
Holiday Court, Annapolis, Mary
land 21401. 

Puget Sound Acidity Levels Drop After ASARCO Shutdown 

The levels of acidity in Puget 
Sound region rainfall have de
creased significantly since the shut
down of the ASARCO copper 
smelter in Tacoma, Washington, 
according to a study funded by the 
U.S. Environmental Protection 
Agency. 

The two-year study was managed 
by the U.S. Department of Ener
gy's Pacific Northwest Laboratory 
and conducted in cooperation with 
the University of Washington. 
Battelle Memorial Institute oper-
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ates PNL for DOE. 
"Study results indicate that sul

fate and hydrogen ion concentra
tions obtained from samples taken 
before the closure were significantly 
different than those collected after 
the shutdown," said Dr. Nels S. 
Laulainen of Battelle's Earth and 
Environmental Science Center. "In 
addition, rainwater samples col
lected downwind during smelter op
eration were also significantly dif
ferent from those collected upwind. 

"Sulfur dioxide is considered to 

be one of the principal contributors 
to acid rain," explained Laulainen. 
"According to the Puget Sound Air 
Pollution Control Agency, the 
smelter was a major source of sulfur 
dioxide emissions in the Puget 
Sound region before it shut down in 
March 1985." Acid rain is suspected 
to cause fish loss in streams and 
lakes and is the alleged cause of 
other detrimental environmental ef
fects including damage to forests 
and buildings. 

Environmental Progress (Vol. 6, No.3) 
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Waste Testing and Disposal, Vol . 6, 
Lorinzen , 1'. , Conway, R. A. , 
Jackson, L. 1'., Hamaza, A. , Perke t, 
C. L. , and Lacy, W., ASTM , Phila
delphia, PA, 1987, $63.00, 471 pgs. 

Major Chemical Hazards, Marshall, 
V. c. , Ellis-Horwood , Chichester , 
UK, 191)7, $59 . .50,587 pgs. 

Hazardous Waste Management En
gineering, Martin , E. J., and 
Johnson , J. H., Jr. , eds. , Van 
Nostrand Reinbold, New York, 
1986, $67.50, .520 pgs. 

Atmospheric Pollutions , Picke tt , 
E. E., ed ., Hemisphere Publishe rs , 
New York, NY, 1987, $62 .50, 285 
pgs. 

Dedert/Tops~e 
CA TOX Catalytic Incineration 

Dedert/Tops!!'>e CA TOX catalytic incinerators are extremely effective at remov· 
ing volatile organic compounds from exhaust gases. The CA TOX process is 
very reliable and uses a proprietary CK 302 metal oxide catalyst The catalyst is 
resistant to poisoning by sulfur, chlorine and silicones, and has a guaranteed 
life of 12,000 hours, with 30,000 hour life expected in most applications. 
CA TOX plants can be designed for autothermal operation in many cases, and 
can handle varying inlet concentration and flowrate without damage to the 
catalyst or the equipment. Some typical industrial applications for the CA TOX 
system include: printing, plastics, tape and coatings manufacturers, phthalic 
anhydride, petrochemical, pharmaceutical, adhesives and production line 
painting operations. 
Dedert Corporation, 20000 Governors Drive, 
Olympia Fields, Illinois 60461·1074 (312) 747·7000. 
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Biotechnology Regulation 
",,: ''"' ,110:;1<:; .5 increased concern both within EPA and Congress over the need to correctly 

"ho,r'l,.t<>T·i7<> the environmental and health risks that our society must deal with. One area 
receiving an increased level of attention is the regulation of the products of biotechnology 

"genetic engineering" . EPA's Office of Toxic Substances (OTS) is primarily charged 
with this responsibility: .' . - -. " 

, , 'Recent advances in biological research are providing powerful new tools for altering the ' 
t\. ,genetic . makeup of plants, animals and micro-organisms and almost every company 
"'. producing biological or chemical products is actively pursuing such R&D. A recent study ~.; 
"',:, ~redi~te.d that by the year 2000, sales of biotechnology products could reach as high as $40,' . 
..• bilIioIi a' ¥ear; regulating·this economically important industry in a manner that does not ':, 
. , impede innov~tion ~nd progress while insuring the protection of human health 

the environment isa major challenge now facing the Federal Government. 

'UnderEPA'~ bi()technology policy, OTS has been given the responsibility for 
, reviewing premanufacturing nofices (PMN's)for the testing and use of "new" micro-
" : that have been manipulated to' possess new traits. The authority for this review' 

same as OTSauthority to review new chemicals-Section 5 of the Toxic Substances 
, Act (TSCA). ' ' 

A~cordingto Charles L. Elkins of OTS, they are initially treating biotechnology PMN's 
. , ., " environI):lental releases somewhat differently from other PMN's. For example, ,· < 

;EFA. s BiotechnologyScience Advisory Committee, made up of experts from outside 
·,:EPA." is~ctively.involved in the evaluation of environmental releases. With this advisory ···· 

'" help, OTS develop~ a risk assessment of the proposed product and reaches a regulatory 
:}:·decision.,As with other PMN's, the decision could allow manufacture and use without 
'"'"restriction; to permit manufacture and use with specified restrictions; or to prohibit 
,"" manufacture. EPAinay also decide that there is insufficient information to evaluate 

potential risks and require that additional data "be submitted. , , 

In short, biotechnology R&D is already beginning to , yield products which are subject 
to review in TSCAand thus subject to the procedures and safeguards that such reviews 

, ,call for, 

The Govern.mentPrograms Steering Committee (GPSC) of AIChE is in the process 
"producing a "Commentary" on Biotechnology Regulation containing some 
,recoinmendations that we hope will help biotechnology continue to become a new 

,: area without posing unreasonable risks to human health or the environment. As new 
" biotech products come out of the R&D mode and into production, chemical engineers 
, ,have an increasingly important role. ' 

A8 August. 1987 

AIChE's Washington Representative, Siegel. Houston & Associates, 
St~eet, N.v.;., Washington, D.C. 20036. Tel. (202) 22~-0650 
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Mr. Paul Shapiro Area Coordinator 
Office of Research and Development (RD-681) 
U.S. EPA 
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Dr. John Seinfeld (Chairman) 
Department of Chemical Engineering 
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Department of Chemical Engineering 
University of Washington 
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(617) 369-8910 
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U.S. EPA 
Air and Energy Engineering Research Laboratory 
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Paul Shapiro (Chairman) 
Office of Research and Development (RD-681) 
U.S. EPA 
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696 Virginia Road 
Concord, MA 01742 
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JBF Associates Inc. 
Technology Drive 
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Department of Civil Engineering 
Santa Clara University 
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(408) 554-4697 
Larry Southwick (Co-Chairman) 
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6. Out orWell Treatment Technologies for Deep Well 
Injection 
Dr. Rohert Irvine (Chairman) 
Department of Civil Engineering 
University of Notre Dame 
P.O. BoxG 
Notre Dame, IN 46556 
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Dr. Robert C. Ahlert (Chairman) 
Department of Chemical and Biochemical 

Engineering 
Rutgers University 
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Michael Overcash (Co-Chairman) 
Department of Chemical Engineering 
North Carolina State University 
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Dr. Richard B. Kapuscinski (Chairman) 
Department of Civil Engineering 
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108 Engineering I-A Building 
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U.S. EPA 
Office of Research and Development 
Hazardous Waste Engineering Research Laboratory 
Cincinnati , OH 45268 

3. Decontamination of Soils 
Leo Weitzman (Chairman) 
Acurex Corporation 
P.O. Box 13109 
Research Triangle Park, NC 27709 
(919) 544-4535 
Dr. Michael Overcash (Co-Chairman) 
Dept. of Chemical Engineering 
Box 7905 
Raleigh, NC 27695-7905 
(919) 737-2325 
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2300 N.W. Walnut Boulevard 
Corvalis, OR 97330 
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Well Injection of Hazardous Waste 
Dr. Charles A. Wentz (Chairman) 
Waste Management Division 
Energy Research Center 
University of North Dakota 
Box 8213, University Station 
Grand Forks, ND 58202 
(701) 777-5235 
Dr. David Constant (Co-Chairman) 
Department of Petroleum Engineering 
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Baton Rouge, LA 70803-6417 
(504) 388-5215 

6. Where Do We Stand on Superfund? 
Dr. Edward Martin (Chairman) 
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7. State Mandated Site Assessment Prior to Land 
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8. New LUST Regulations 
Daniel Moon (Chairman) 
GCA Technology Division 
213 Burlington Road 
Bedford. MA 01730 

9. University Graduate Research in Environmental 
Control Fundamentals 
Dr. Robert C. Ahlert (Chairman) 
Rutgers University 
Dept. of Chemical and Biochemical Engineering 
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P.O. Box 909 
Piscataway, NJ 08854 

10. Closing Hazardous Waste Lagoons-State-of-the-Art 
Peter S. Daley (Chairman) 
Director of Rand D 
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Waste Management Division 
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\\~\ Pump Literature 
from laboratory to pilot plant. to 
full production ... American Lewa 
offers a sealless. leakfree solution: 

Triplex Diaphragm Pumps: 
For production processes to 
5.000 psi and 50.000 gph. Zero
leakage. low-maintenance de
sign. Ask for Catalog D 1-005. 

Diaphragm Metering Pumps: 
For services up to 17.000 psi and 
IS.OOO gph. Modular design for 
versatile applications. Ask for 
Catalog D2-200. 

Laboratory Pumps: 
To meter to 710 psi and I.Soo 
ml / hr. hermetically sealed and 
non-contaminating design. Ask 
for Catalog DI-251. 

For hazardous or harmless fluids. 
American LEWA pumps pay for themselves in reliable. 
low-maintenance and safe operation. 
Call 617-429-7403 or write today! 

~E".C~ 132 Hopping Brook Road 
"'E~~ Holliston. MA 01746 



Recommendations for the 
Regulation of Air Toxics 

To assist federal, state, and local government officials concerned with the protection of our nation's air quality 
from pollutants, this paper was prepared by the Air Quality Task Force of the Government Programs Steering 
Committee of the American Institute of Chemical Engineers (AIChE). 

I. Introduction 

Jacoby A. Scher 
Principal Author 

The Government Programs Steering Committee (GPSC) of the American Institute of Chemical Engineers 
(AIChE) has long been concerned with reasonable and technically sound solutions to our Nation's environmental 
problems. As chemical engineers we believe that the employment of proven scientific and engineering princi
ples, as well as innovative approaches to the solution of these problems, must be considered in the promulgation 
oflegislation and subsequent regulations. 

Such legislation and regulation designed to remove harmful substances from the environment are necessary 
and desirable, but our laws must address these issues in a realistic and workable manner. Prior legislation, such 
as Section 112 of the Clean Air Act, introduced a perspective that would essentially proVide a "zero risk" climate. 
While this may be an ideal goal, legislators must acknowledge that "zero risk" is unattainable-impossible to 
achieve because of the basic laws of science, as well as the economic realities and constraints involved. 

GPSC believes that if the following technical program elements are included in the regulations, they could 
provide a more effective mechanism for the regulation of toxic air pollutants and could possibly be a model for 
other environmental regulation. 
Note: This commentary addresses only the chronic effects of chemicals relative to their impact upon the environ
ment and the population at risk. 

II. Technical Components for Consideration 
The major technical components to be considered for inclusion in legislation which addresses the regulation 

of air toxics are: 
A_ Reassessment of Section 112-Clean Air Act 

As previously stated, the use of the phrase "ample margin of safety" has been construed to define a zero 
risk scenario. However, there is no definitive method to set this margin and no uniform level upon which 
such a margin can be established. With the inclusion of that phase as an unquantifiable entity, the use of 
risk assessment becomes meaningless. We believe that the phrase "ample margin of safety" should be elim
inated or modified in Section 112 and the following elements should be mnsidered. 
1. A more intensive focus on those pollutants which have the greatest potential as health hazards. 
2. The creation of rigorous scientific procedures, including peer review, in order to develop the neces

sary background data that will encompass the health effects of individual pollutants. 
3. Modification of the "ample margin of safety" clause to include words that encompass procedures 

committed to reasonable risk assessment. 
4. Consideration of the effects of standard setting on our industrial network and economic climate as well 

as on the public health and welfare. 
B. Consideration of Reasonable Time Frames for Evaluation & Regulation 

Chemical emissions of toxic and hazardous air pollutants have been present throughout history. For ex
ample, wood burning fires are known emitters of hazardous air pollutants. There are many natural chemi
cals which provide a considerable risk to both public health and the environment. The industrial revolution 
only exacerbated the problem of chemical air emissions, but the problem is neither unique nor new. More 
recent incidents have focused interest upon rapid and strict enforcement of emission controls; however, to 
mandate controls without a valid scientific basis lilr such controls is inappropriate and possibly munterpro
ductive. 

GPSC believes that Congress, when enacting regulatory legislation, should set an appropriate time 
frame for regulatory administration of toxic air emissions based upon valid, Scientifically defenSible data 
and a reasonable assessment of the risk to the public health and environment. The proper institutions nec
essary to address the pertinent issues and develop the scientific inlilflnation, should be established (while 
not overlooking the necessity to proceed expeditiously). There exists a great hody of underutilized scientific 
and engineering talent which, if properly administered, could devote its efforts to enhance the initiation 
and maintenance of the program as outlined. 
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C. Use of Emission Standards rather than Ambient Standards for Control 
GPSC believes that the intent of the Clean Air Act, to control hazardous air pollutants at the emission 

source, is technically correct and it is only at that point that measurements are accurate and technological 
control is achievable. However, instead of uniform national standards, site specific emission standards em
ploying controls which achieve some minimum reasonably achievable emission levels are recommended. 
Additionally, the site specificity should account for the population at risk as determined by risk assessment 
and dispersion modeling. 

D. Use of Approved Consensus Dispersion Models to Relate Emissions to Chronic Exposure 
Values 

Obviously the basis for any characterization of a chemical as carcinogenic, hazardous, etc. will be de
pendent upon that chemical's effect upon the human or other biological species. While the prediction of the 
degree of carcinogenity or hazard of a chemical is a problem unto itself, it must be relatable back to the 
source of the emission. Air dispersion modeling has progressed significantly in the last decade and it is now 
possible to use dispersion models to relate the assigned chronic exposure values back to the controllable 
emission source. It should be noted that models are only technically adequate for chronic effects and are not 
reliable for acute impacts. They are also not as reliable for heavier than air components as lor lighter than air 
components. As an initial basis for regulating particular chemicals, recognized exposure values as promul
gated under OSHA, MSHA, the National Cancer Institute and other recognized institutions can be used. 
To develop a cmnplete analysis of the impact of new facilities upon the population at risk, new risk assess
ment models must be developed. 

E. Use of Existing State Permit Programs for Administration 
EffiCient permit mechanisms already exist at the State level to administer such a program. There seems 

to be little need to superimpose another burdensome permit program upon one that has been proven to be 
effective and accepted. The State permit programs proVides reasonable intimate contact between the regu
lator and the emitter, and such an interface is necessary for implementation of the program. 

F. Use of Risk Assessment for Determining Regulated Species and the Acceptable Level of Risk 
The GPSC as well as many scientific and engineering institutions have recommended that risk assess

ment be a necessary component of all environmental regulation. It is an accepted tool in the scientific com
munity and filr years has been utilized within the Federal Government, particularly the Department of De
fense. While not without Haws, risk assessment, properly implemented, provides a strong technical basis 
for the regulation of individual chemical species. GPSC strongly recmmnends that risk asseSSlnent, in con
junction with other elements of this proposal, be at the core of any air toxics legislation. This is best 
achieved by using air dispersion models to determine emission levels that could be allowed, without ex
ceeding desired ambient air quality levels with known risk profiles to the public. It is also important to rec
ognize that risk assessment and risk management should be separated within the regulatory framework. In 
this context, risk management will be based upon political and socio-economic as well as technical consid
erations. 

G. The Protection of Industrial Proprietary Information 
There has been considerable impetus in the last few years to proVide information on the environmental 

effects of chemicals to the American public under Community Right-to-Know legislation. While such infor
mation is necessary to fonnulate elnergency response TJrograms, it is also absolutely necessary for industrial 
trade secret and process infonruttion to rellutin IJroprietary. The recent Dow Chemical case in Michigan is 
an example of intrusion upon process propriety which must be protected. Technological advances are made 
in the spirit of free enterprise and competition, and without such protection, the viability of future advances 
in American science and engineering become questionable. GPSC recommends that propriety processes be 
protected and that Materials Safety Data Sheets be used for informing the public of chemical hazards. 

H. Regulation of Chemicals 
GPSC recommends that only those chemicals or families of chemicals which are quantifiable analytic

ally and have been sCientifically proven to he hazardous, be addressed under the regulatory umbrella of fu
ture legislation. The criteria should be flexible and reviewable by a Peer Group, depending upon the devel
opment of new chemicals and/or new scientific evidence concerning the chemicals under review. This 
component is ohviously the crux of the matter, because at this point we move from concept to real numbers 
and questions concerning measurable detection limits of chemicals; scientifically defensible levels of risk of 
chemicals; and the engineering ability to control such emissions. Unless Congress is willing to address such 
issues, there will be no quantification of the risk. It is also equally important to not regulate to the analytical 
detection measurement per se, unless there is a scientific determination that such chemicals at these levels 
provide an inordinate amount of risk to the public health and the environment. 
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I. Peer Review System 

GPSC recommends that a scientific peer review system be established as an integral part of any legisla
tion which deals with scientific methodologies and risk assessment. This entity must be as independent as 
possible and certainly above reproach. It must have clear direction and possible extraordinary powers be
cause in a sense, it will be the key protector and decider of what levels of risk are acceptable and how much 
protection the American public and our environment will have. 

III. Summary 
The Government Programs Steering Committee of AIChE recognizes that the control of hazardous air 

pollutant emissions is necessary for the protection of the puhlic health and environment. Contained within this 
paper are recommendations for the major elements of any such proposed legislation. 

GPSC feels that inclusion of these major mmponents in any proposed air toxics legislation will provide pro
tection of the population at risk without unduly burdening our present industrial and regulatory systems. 

GPSC further believes that there are other questions and issues to he addressed in limllulating a technically 
based and economically reasonable air toxics legislative program. 

1. Is a multi tiered hazard classification of chemicals desirable or necessary a la the Food and Drug Administra
tion? 

2. What are acceptable risk levels vis-a-vis some measurable standard, i. e., mortality, incidence of cancer, 
crop reduction, termination of industries, etc.? 

3. Should motor vehicles be regulated? 
4. Should both new and old sources be regulated? 
5. How do we reach "mnsensus" on acceptable levels of risk and who casts the votes? 
6. Should we promulgate uniform standards or State/Regional standards or a com hi nation of hoth? 

These issues will he addressed in future GPSC commentaries. Select GPSC memhers are available fin· filrther 
discussion and or testimony. 

For additional infonnation contact: Dr. Martin Siegel, Staff Director-Go~emme,.t Relatio,..,. Americall [".,titllfe of Chemical Engi
neers, 1707 L Street, NW St. 333, Washington, DC 20036. Telephone: (2()2) 223-()6!;(). 

11 UI 
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The following three papers were originally scheduled to appear In our special "Heavy Metals Sepa
rations" issue published in May 1987 and edited by Robert W. Peters. The papers appear here be
cause of lack of space in the May 1987 issue. 

Membrane Utilization in Hazardous Metal 
Removal from Wastewater in the Electronic 

Industry 
S. Sternberg 

Memtek Corporation, Billerica, MA 

Membrane treatment of industrial wastewaters is limited to a 
few applications where the membrane properties and environmental 
resistance match the particuklr application. In most cases, however, 
the membrane in and by itself does not possess all the requirements 

for the application, such as chemical and physical resistance 
and inherent capability to remove all the waste components. 
The process described here overcomes these limitations by 

creating an inert membrane whose task is dewatering only, and 
relying on chemical and physical pretreatment to render the soluble 

waste constituents insoluble particles which are then 
removed by the membrane. 

INTRODUCTION 

A semipenneable memhrane is a thin , soft, pliahle sheet 
or layer through which certain species can pass while oth
ers cannot or their passage is retarded. This ahility to dis
tinguish hetween and separate species is the most useftll 
property of the membrane. The species may be distin
guished according to their thermodynamic characteristics 
(solub ility in the memhrane matriX), kinetic characteris
tics (DifftlSion in the membrane matrix ) their charge, or 
simply their physical size, as in (fluid) filtration . This 
discllssion will be limited to polymeric membranes, i.e. , 
the membrane matrix is made of a polymer or polymer 
blend or mixture. The membrane mayor may not be 
porous. 

It is obvious that the smaller the species to he rejected 
by the memhrane, the smaller the "pore size" or the pas
sageway through the membrane should be. When the 
species to be removed is a soluble ion , the passageway 
becomes a diffusion-permeation path ratber than a pore. 
As the size of the removed species increases, so can the 
size of the pores and actual flow through pores in the 
membrane hecome the main mode of transport. 

Permeability (or Solution-Diffus ion) transport is a rela
tively slow process. Transport occurs on a molecular 
scale, where molecule by molecule the permeating spe
cies moves across the membrane under a pressure and/or 
concentration gradient. This is usually the operating pro
cess when small molecules have to he separated: e.g. gas 
separation, Reverse Osmosis. This mechanism requires 
high pressures to alrect acceptahle fluxes lilT commercial 
applications. 

Ultrafi ltration ranks next with regards to size of species 
being removed. The membrane is still capable of 
removing soluble species such as proteins and other higb 
polymers, but is completely permeable to small ions. Op-
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erating pressures in Ultrafiltration Applications are usu
ally an order of magnitude lower than those in Reverse 
OsmosiS, with similar or slightly higher fluxes . 

Larger pore sizes are found in Microfiltration Mem
branes. Here no soluble species is removed, and the 
filtration is strictly physical exclusion by size. Particles 
larger than the membrane pore size will be retained or re
jected by the membrane. Obviously, any soluble species 
will pa~s freely . Applications pressures are very low and 
fluxes are orders of magnitude higher than those of Re
verse Osmosis or Ultrafiltration (See Table 1). 

The applications pressures and fluxes described above 
refer to the inherent capabilities (The " Inherent Capabil
ity" of a membrane is its flux when pure water with no re
jected species is passed through it) of the membranes 
themselves, without regards to the so called "Concentra
tion Polarization" or cake lormation. These phenomena 
always occur once a species is rejected by the membrane. 
As the non-rejected species or fluid is passing through the 

TARLE I. PHYSICAL PARAMETERS OF MEMBRANE PRODUCTS 

Advanced 
Reverse Ultra- Membrane 
Osmosis Filtration Filtration 

Pore size, 0.001 (WI > 0.1 
Microns 

Operating 2,8()()-> 7,(X)() 350-7(X) 280-350 
Pressure 

kPa (psi) 400-> I ,O(x) (50-l()() (40-50) 
Flux Rate 1743 50-130 340-680 
Imh (gfd)* (10-25) (30-75) (200400) 

f'mh ~ Um2
0f Mt'lIlhrallt'/I-lolH 

,l!:la = ,l{allffl \'1t'mhmnt!/Day 
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membrane, the rejected species accumulates at the mem
brane interface and forms a layer containing a high con
centration of this rejected species. In most applications it 
is the resistance to flow of this layer that is controlling the 
flux rate of the system, and not the membrane itself. It is 
not surprising therefore, that fluid flow management is so 
important in membrane applications, since reduction of 
the resistance of this layer results in higher fluxes thus 
higher efficiencies and lower costs. (see Figures 1 & 2) 

FLUX 

FLUX 

140 

TIME 
Figure 1. Flux decay with time. 

PURE 
WATER 

. 
______________ PROCESS 

WATER 

APPLIED PRESSURE 
Figure 2. Membrane flux vs. applied pressure. 
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BACKGROUND 

From the foregoing paragraphs it seems apparent that 
reverse osmosis alone is the mechanism to be used in 
most waste treatment applications, since small soluble 
molecules and ions are to be removed in most ofthese ap
plications. This would be true if all factors other than re
moval or rejection were to be neglected. However, factors 
which are ultimately economical must be considered, and 
these in most cases dictate the choice of the process. 

Current reverse osmosis membranes suffer from 
insufficient chemical resistance when applied to most 
waste treatment applications: pH environments and/or 
oxidizing agents destroy the rejection capabilities of 
these membranes, so that their utilization is limited to 
cases where the waste is well controlled relative to these 
factors, to stay within the boundaries tolerated by these 
membranes. The high pressure requirements, coupled 
with relatively low fluxes and recovery also make this ap
proach uneconomical in most cases. 

The ideal membrane should exhibit high fluxes at low 
pressure, high rejection of unwanted species, high recov
ery (i.e. ability to maintain high concentration of rejected 
species without deterioration of flux), and high resistance 
to chemical and biological attack. All these properties 
must be maintained for long periods of time to allow for 
uninterrupted process. 

A new innovative approach to utilization of membranes 
in waste treatment is presented in the following para
graphs. This approach involves the manipulation of the 
wastewater prior to introducing it to the membrane, mak
ing the waste stream compatible with the membrane of 
choice. The membrane of choice is a high flux asymmet
ric membrane which by itself will not reject any soluble 
species. The membrane is made of an inert polymer 
which can tolerate the entire pH range and any oxidizing 
environment. To facilitate appropriate fluid flow manage
ment, the membrane is cast on the inside of a one inch di
ameter porous support tube, to allow high velocity, tnrbu
lent flow along the membrane surface, thus minimizing 
concentration polarization and/or cake formation . 

Qualitative inspection of Figures 3 and 4 reveals that 
for economical high flux low pressure applications one 
must use relatively large pore size membranes . However, 
these memhranes are not expected to reject soluble spe
cies. In the present approach, instead of modifying the 
memhrane to remove the soluble species, the waste water 
is treated in such a way as to convert the soluble species 
to insoluble, relatively large partides which are removed 
by the membrane of choice. Thus instead of manipulating 
the membrane to fit the wastewater, the wastewater is 
treated to fit the membrane. 

"Pretreatment" indudes chemical andlor physical al
teration of the soluble species: e.g. pH adjustment, 
oxidation-reduction, adsorption-absorption schemes, etc. 
The common denominator to all pretreatment is the con
version of the soluble species to large, insoluble 
particles. Chemical pretreatment may be as simple as 
raising the pH of the metal hearing solution, to limn and 
precipitate metal hydroxide partides. Other insoluhle 
metal salts include sulfides [1,2], diethyldithiocarhamate 
(DTC) salts [3,4], and others more specific to the particu
lar metal. Also, reduction of the soluble metal ion to its 
metallic form will create filterable partides -- reducing 
agents such as sodium horohydride [.5], sodium hydro
sulfite, sodium meta bisulfite and others have been used. 
An interesting approach, first proposed hy Shorr [6] is 
coprecipitation of metal cations with excess ferrous hy
droxide. It seems that the precipitating ferrous hydroxide 
partides incorporate within their matrix other metal ions 
scavenged hom the solution. This approach allows re
moval of soluble metals to limits which are orders of mag-
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FLUX 

PORE SIZE 
OR REJECTED SPECIES SIZE 

Figure 3. Typical membrane Ilux vs. species size. 

nitude lower than their thermodynamic solubility limit . 
In )!;eneral it can be stated that coprecipitation of several 
metal ions usuallv results in lower residual soluble metal 
concentrations th·an those predicted from thcrmodynamic 
solubility parameters. 

APPLIED 
PRESSURE 

PORE SIZE 
OR REJECTED SPECIES SIZE 

Figure 4. Pressure required vs. rejected species size. 
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Particulate adsorbent such as carbon black, bentonite, 
diatomacious earth, glass beads and other activated or in
ert ones have been used successfully to remove soluble 
metal ions from solutions. Combination of adsorbents and 
chemical manipulation often results in synergism, pre
sumably due to easier access of the reacting species to the 
adsorbed one. 

The membrane of choice is an asymmetric membrane, 
where the pore opening on thc side exposed to the incom
ing treated wastewater is much smaller than the size of 
the rest of the pore. The model for such membrane is de
picted in Figure 5. In the current membrane the pore 
opening is on the order of 0.1 fJ.m, thus all particles larger 
than that will be rejected. Only occasionally can a particle 
this small be form ed, most particles created hy the 
pretreatment procedures are much lar)!;er, thus are re
jected. The asymmetry of the membrane is crudal to 
maintenance of high fluxes: examination of Figure 5 
shows that if an occasional particle of the same size as the 
pore opening or smaller is encountered, it will )!;o thnlll)!;h 
without hinderin)!; further How. Had the pore structure 
and size been even throu)!;hout its length, such particle 
would be likely to )!;et lodged against the walls along the 
pore and hlock it. Larger particles will he swept away 
alon)!; the membrane face hy the hi)!;h velodty How, and 
will not accumulate to f(JrIn a barrier to Howthrough. 

Fluid How mana)!;~ment is achieved hy high pumpin·g 
rates of the wastewater through the tuhular membranes. 
The fluid linear velocities are 12-15 Ft/Sec, resulting in 
Reynolds numhers in excess of 100,000. The boundary 
layer under these flow conditions is exceedingly thin , 
thus concentration polarization and cake !<mnation are 
minimized. 

The system is comprised of a pretreatment compart
ment including all the reaction tanks, sensors and me
tering pumps to jointly perl<mn the conversion of the sol
uhle species to insoluhle particles. The treated Huid is 
then pumped from this compartment to the membrane 
compartment where the insoluble pmticles are concentra
ted in the membrane drculation loop and the purified 
water permeating radially through the membrane and po
rous support tuhe is collected either !(lr disposal or reuse. 
Further thickening and dewatering of the sludge circu
lating in the memhrane loop is achieved by bleeding the 
sludge into a thickener and/or filter press. Figure 6 is a 
schematic presentation of the system, with an idealized 
mass balance assuming 0.01 % (IOO mg/I) inHuent concen
tration and zero concentration in the permeate; additive 
chemicals were neglected. 

Figure 5. Porticol rejection by asymmetric membrane. 
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100 GPM 
0.01~ CONTAMINANTS 

2~ 

900 GPM 

MEMBRANES 

________________ ~--::~99.B3 GPM 
O~ CONTAMINANTS 

1000 GPM 
PUMP 

WASTEWATER 
100 GPM 

CONCENTRATED SOLIDS 
0.167 GPM 

CLEAN WATER 
99.B33 GPM 

Figure 6. The Memtek System. 

APPLICATIONS 

The following are descriptions of and results from some 
operating plants utilizing the subject approach: 

Plant A 
A Plater of Electronic Camponents and Connectors 

Waste is from general metal finishing. Total flow is 56 
gpm. There is 3-10 gpm of cyanide which is segregated 
and processed through a two-stage cyanide destmct sys-

4 -

CONCENTRATES 

NaOH 

NaOCI 

PH-10.0 

tern provided by Memtek. All other metals are non
chelated. The wastes are combined in a single reaction 
tank and pH is adjusted with NaOH. Concentrates 
(including alkaline cleaners) are transferred to a concen
trate tank and metered into the feed water. 

The Waste Characteristics are as follows: 

Feed Filtrate Limits 

Cu 1.0 
Ni 31.6 
Pb 4.2 
CN- 5.0 
Zn 1.5 

2S0 4 

NaDel 

CONCENTRATION 
TANK 

0.03 3.5 
0.6 4.0 
.1 0.7 
.02 1.2 
.1 

Memtek Guarantee 

1.09 
1.26 
.23 
.28 

RETURN 

MEMBRANES 

EFFLUENT 

Figure 7. Plant A. 
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FEED WATER 

PH 

Plant B 

REDUCING 
AGENT 

CAUSTIC 

ACID 

PH 

CAUSTIC 
LIME 

CONCENTRATION 
TANK 

Figure 8. Plant B. 

DTC 
CAUSTIC 

CONCENTRATION 
TANK 

Figure 9. Plant C. 

INSOLUBILIZING 
AGENT 

PH 

PH 

CAUSTIC 

CONCENTRATION 
TANK 

Figure 10. Plant D. 

RETURN 

EFFLUENT 

RETURN 

MEMBRANES 

EFFLUENT 

RETURN 

EFFLUENT 

pH adjustment will not be efTedive. 

Wastewater from wave soldering operation <.:ontains 
relatively high <.:oncentrations of lead which must be re
moved. In this specific plant, the influent is 20 gpm of 
wastewater, at pH < 1.0, containing 25-50 mg/l of lead, to 
be reduced to less than 0.4 mgll in the elHuent. A portion 
of the soluble lead in the influent is chelated, thus simple 

The Memtek system operating successfully in this ap
plication is described in Figure 8. The reducing agent of 
choice here is ferrous sulfate which is converted to fer
rous and ferric hydroxide. As described before, the fer
rous ion here is used both as a reducing agent and a 
coprecipitant. Treatment cost including power, <.:hemi
eals and sludge handling is in the $2-3/1000 gallons 
range. 
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Plant C 

This is a typical Printed Circuit Board plant, the waste
water of which contains copper, nickel and lead at con
centrations of about 65, 10 and 5 mg/I, respectively. 

The wastewater treatment plant supplied by Memtek is 
described in Figure 9. This is a 35 gpm turnkey plant 
which includes a concentrate bleed system and a filter 
press dewatering system in additon to the main 
'wastewater treatment system. The plant has been in oper
ation for over two and half years now, producing consist
ently effluent containing 0.1 mg/I copper, 0.1 mg/I nickel 
and 0.3 mg/I lead. 

The treatment process utilizes diethyldithiocarbamate 
(DTC), which is useful in treating chelated species pres
ent in the wastewater. The addition of DTC is controlled 
by ORP to optimize reaction and minimize chemicals cost 
and production of sludge. The cost of this treatment is in 
the range of $4-5/1000 gallons, including power, chemi
cals and sludge handling. 

Plant D 

Gallium Arsenide chip manulilcturing produces 
wastewater containing Ga, As and F- which must be re
moved. Memtek has developed a process which removes 
arsenic to less than IOO ppb in the effluent. 

The system is designed to process both wastewater and 
concentrates from the operations. Treatment cost is in the 
range of $3-4/IOOO gallons, including power, chemicals 
and sludge handling. The three-step operation is de
scribed in Figure 10. 
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Removal of Heavy Metals in Wastewater in a 
Clay Soil Matrix Using Electro-Osmosis 

Chittaranjan Ray and R. H. Ramsey 
Department of Civil Engineering, Texas Tech University, Lubbock, TX 79409 

The feasibility of using electro-osmosis for removal of heavy metals (Cd, 
Cu, and Pb) contained in aqueous solutions was examined using soil cores 

formed from RandaU clay - a clay found in Playa lake basins in the High Plains 
of West Texas. InitiaUy, sorption tests were conducted with the clay 

dispersed in the metal solutions of interest to determine if adequate sorption 
would take place. The retention capacity of the clay for Cd was found to be 

0.0083 mglmg of soil. (105 kilograms of Cd could be removed in top one-meter depth 
of a hectare of RandaU clay with a bulk density of 1.4 glcm3

). 

Electro-osmosis was found to increase the permeability of the clay but was found to be 
both a slow rate system (up to 225 days to remove one pore volume of water through 

a m3 of soil) and energy intensive (1.44 X 105 kJ to 8.1 x lOS kJ per m3 

of drained water). Problems noted during the test that need solution 
before further experimentation with this procedure include selection of 

less corrodible materials for electrodes, prevention of electrolysis of water 
at potential gradients needed to move the waters being treated through the 

soil matrix, and control of ion gradients from the anode to the cathode 
reservoir to prevent backflow episodes from reversing flow from the 

cathode to the anode region. 

INTRODUCTION 

Electro-osmosis is a physico-chemical phenomenon 
which involves the application of a direct current (DC) 
potential across a fine porous capillary system containing 
colloidal particles (such as a clay soil matrix) to improve 
its permeability. Water movement in a capillary system 
through the influence of electro-osmosis has been demon
strated under both laboratory and field conditions. Under 
the application of electro-osmosis, water particles, in gen
eral, move from the anode side of a clay soil core to the 
cathode side. If a positive hydraulic gradient exists from 
the anode side of the imposed potential to the cathode 
side, electro-osmosis is nornlally observed to increase the 
soil solution flow. 

The theoretical basis of electro-osmosis is presented in 
standard soil physics texts and journals [1, 2, 3). A moist 
or saturated clay soil can be considered to be a colloidal 
system in which a solid phase, Le. clay particles, is dis
persed in a liquid medium, Le. soil water. The individual 
clay particle is surrounded by a thin layer of solution with 
electrical properties that differ from those of the bulk so
lution in the soil pores. This layer has a higher concentra
tion of ions (either positive or negative) than the bulk so
lution. Each colloidal particle is surrounded by its shell 
of hydration, called a "micelle", which is firmly attached 
to the particle. When a particle is induced to move under 

Chittaranjan Ra!l is presently with Geraghty and Miller, Inc., 
7 Atlalltic Street, Hackellsack, New Jersey 07601. 
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the application of an electric potential, the micellar fluid 
also moves thus causing a flow of liquid. In this process, 
the viscosity of the soil water resists the movement of the 
moisture film; thus, the mobile part of the film must over
come the shearing resistance of the liquid. 

The velocity of electro-osmotic fluid flow across a capil
lary system (or a clay soil matrix) is directly proportional 
to the applied voltage gradient and the specific surface 
area of the particles and is inversely proportional to the 
viscosity of the fluid . The electro-osmotic flow rate in a 
single capillary under a potential difference of E, as de
rived by Casagrande [4) from the improved Helmholtz 
equation of electric double layer, has the following form: 

Q = ~DEr 
• 4Z'I] 

(1) 

where Q. volume of liquid moved per unit time, 
mUmin 

, zeta potential, volts 
D dielectric constant of the fluid 
Z length of the capillary tube, cm 
'I] coefficient of viscosity of the fluid, 

mPa's 
E potential difference across length Z, 

volts, and 
r radius of the capillary tube, cm 

If one considers a cylindrical soil core of length Z and 
cross-sectional area A in contact with the electrodes, 
equation (1) may be rewritten as: 
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tDq E 
Q =--'-'A • 411 Z (2) 

where q is an empirical factor related to the porosity of 
the core and to the cross-sectional area of the pore space 
through which the fluid moves. Further, equation (2) may 
be written in the form of the Darcy equation: 

Q. = k. . i •. A (3) 

where k. = t~q is the electro-osmotic permeability and 

i. = ~ is the potential gradient. Although equation (3) 

describes the theoretical rate of fluid flow in a soil core 
under a given potential gradient, the principal uncer
tainty is associated with the value of q. Furthermore, this 
equation does not take into account the effect of interfer
ing factors such as the possible compression of the double 
layer because of high salinity, loss of electrical energy 
through the electrolysis of water, and the reactions of the 
electrode material with the chemicals in water. 

The concept of electro-osmosis was first applied to field 
situations involving the dewatering of excavations by 
Casagrande in the 1930's [5]. The technique was later ap
plied to electro-chemical hardening of clay to modify soil 
properties for pile driving operations [6]. 

More recently, this technique has been applied to solv
ing wastewater disposal problems on soils oflow permea
bility [7,8]. In this method, wastewater is applied in ad
sorption trenches installed between an anode system that 
is constructed using crystalline rocks and a cathode sys
tem conSisting of coke or graphite. This system is capahle 
of developing a potential of O. 7 to 1.3 volts with sufficient 
current for electro-osmosis. A test conducted in California 
[7] showed an improvement in permeability from 1.8 x 
10-4 to 3.25 X 10-3 cm/s. In another case, this system gave 
satisfactory results in disposing of septic tank effiuents on 
heavy clay soils in North Dakota and Minnesota [8]. Gen
erally, these soils, because of their low permeability, are 
not suitable for waste disposal through septic tanks and 
tile fields. It should he noted that the above system did 
not require external energy for operation. The authors 
designated this process as "sewage osmosis". 

Normally, the objective of land treatment of municipal 
wastewater is to accomplish the removal of organic pa
rameters from the waterwater. Advanced waste treatment 
techniques, other than land treatment, are required if dis
solved inorganic parameters including heavy metals must 
be removed. These processes are energy intensive and 
costly. One approach to removing heavy metals from 
wastewater is to use land application systems located on 
.soils with high sorption and cation exchange capacities. 
Soils with high clay content could serve this purpose. 
System design problems confronting engineers would 
then consist of locating large areas of naturally occurring 
clay soils needed for disposal of wastewater due to the 
low infiltration rates. To correct this situation, electro
osmosis obtained by imposing a direct current on a field 
installation of electrodes could be used. This process 
could increase hydraulic flow rates through the clay soils 
thus promoting higher rates of heavy metal removal while 
decreasing the land area required for wastewater treat
ment. 

Alternatively, a treahnent system could be constructed 
using a reactor filled with a clay. After saturating the clay, 
wastewaters containing the heavy metals could he ap
plied to the system and electro-osmosis could be used to 
cause the wastewaters to flow through the clay matrix. 
After satisfying the sorption capacity oftbe clay, the spent 
material could be placed in a protected landfill or sent to 
a recovery unit for reclaiming the heavy metals . 

To determine the applicahility of electro-osmosis for 
increasing the flow of pollutant-laden water through a soil 
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with a high cation exchange capacity, a series of tests 
using samples of Randall clay was planned. This clay is 
locally available in the Playa lake basins of West Texas. 

An electrolytic cell procedure of electro-osmosis, rather 
than the galvanic cell principle [7, 8] was considered for 
the tests. Smith [9] had suggested that the concept of 
"sewage osmosis" described by a licensee in the Mid
west lacks theoretical backing. For these reasons electro
osmosis created by the use of an electrolytic cell was em
ployed in this study. 

EXPERIMENTAL INVESTIGATION 

The experimental investigation was designed to accom
plish the following objectives: 

1. determination of the sorption capacity of Randall 
clay for heavy metals; 

2. determination of rates of soil solution flow under 
electro-osmosis; 

3. identification of feasible electrode configurations 
that can he used in a low technology field system 
based upon the results of the hench-scale study; 
and 

4. evaluation of the design and operation of full-scale 
systems based upon laboratory results. 

Adsorption Studi •• 

A series of batch-type adsorption isotherm tests was 
conducted using samples of Randall clay to detennine the 
sorption capacity for such heavy metals as Cd, Cu and Ph. 
Soils passed through a US No. 100 mesh screen sieve 
(0.147 mm) were used in this study. The solution was pre
pared with Cd, Cu and Ph in concentrations of20, 20 and 
50 mg/L respectively; the volume of solution prepared in 
each batch was limited to 40 mL. A neutral pH was main
tained in the solution after the addition of soil. The mas
ses of sorbents (soil) added to each solution were varied 
from 50 to 1000 mg. Periodically, the samples were me
chanically agitated for about 10 days. Freundlich-type ad
sorption isotherms were plotted to describe the sorption 
characteristics of these heavy metals. The adsorption iso
therm constants filT the three metals are summarized in 
Table 1. Similar slopes and intercepts were observed for 
Cd and Cu, whereas Pb had a higher intercept value but a 
gentler slope indicating low sorption capacity at higher 
equilihrium concentrations. 

Another series of adsorption tests was conducted filr Cd 
using soil samples collected from different locations 
within a Playa lake basin in Lubbock County, Texas . 
Based upon visual observation, these soils contained var
ying quantities of clay and organic matter. A 75-g mass of 
soil was stirred continuously in 750 mL of a known con
centration of Cd at constant temperature. Liquid samples 
were then withdrawn at 12, 24, 48, 72, and 120 hours and 
analyzed for Cd. A series of tests having been conducted 
at the beginning of the test runs to determine the opti
mum range of Cd concentrations and soil masses for this 
study, the test was conducted using high concentrations 
of Cd (1000 mg/L). From Figure 1, it was estimated that 
the maximum retention of Cd was 0.0083 mg/mg of soil. 
Theoretically, a similar soil with a bulk density of 1.4 
g/cm' would be able to retain over 1()5 kilograms of Cd per 

TABLE I. FREUNDLICH ADSORPTION ISOTHERM CONSTANTS FOR 

SELECTED HEAVY METALS FOR RANDALL CLAY 

Metal 

Cd 
Cli 
Pb 

k 

0.0013 
0.0010 
().!)()24 

n 

2.33 
2.51 
4.55 
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Figure 1. Sorption characteristics of Randall cloy for codium. 

hectare in the top one-meter depth. Thus, a total of 1000 
rna of wastewater containing 10 mg/L of Cd could be ap
plied per m' of soil before it would become saturated 
with Cd. Similarly, tests conducted on two other sepa
rately collected soil samples indicated that this maximum 
retention capacity would be of the order of 5 x 104 to 1.5 
x 10-' kilograms per hectare. The soil sample with lower 
retention capacity was observed to contain a greater pro
portion of sandy materials. 

It should be pointed out that the above calculated re
tention values are specific to a given disposed soil system 
and to a solution with specific ions. To determine the re
duction in sorption capacity from the competing action of 
other ions in a disposed soil solution, 1000 mg of Ca ions 
were introduced into the same solution containing 1000 
mg of Cd in 1000 mL of water. Figure 1 shows some re
duction in the amount of Cd removed. However, the re
duction caused by the addition of tbis competing species 
was only 10 percent; 90 percent of the Cd sorption was 
completed within a period of 12 bours . 

Tnt Apparatus 

Six How units were constructed using polyvinyl cblo
ride (PVC) pipes having a central cylinder 10 cm in 
length and 7.5 cm in internal diameter to hold the soil col
umns. The construction details of a typical How unit are 
presented in Figure 2. Tbe volumes of the anode and 
cathode reservoirs were approximately one liter each . 
Each reservoir was furnished with a drainage port and 

Figure 2. Schematic diagram of laboratory setup. 
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flexible tubing for the removal of excess liquid. The cop
per electrodes were made from 1.6 mm thick plates with a 
surface area of2.5 cm by 5.0 cm. An alternating current 
(AC)-to-DC converter was used as a power source. The 
saturated soil cores were subjected to a potential gradient 
through these copper electrodes. The increase or de
crease in water volume in each reservoir was measured 
by observing the drop in water level in the riser columns 
or the amount of water removed through the drainage 
ports. 

Hydraulic Conductivity Studin 

Soil cores were prepared using air-dried Randall clay 
passed through a US No. 10 mesh sieve (1.651 cm). The 
cores were assembled in the apparatus as shown in Fig
ure 2. The physical properties of these cores are pre
sented in Table 2. After the pore air was purged by a How 
of CO, over a period of24 hours, the cores were saturated 
with distilled water. After saturation, the pH of the water 
in the anode and cathode reservoirs ranged between 6.2 
and 6.75. The pH of tap water from the Lubbock Munici
pal System is typically above 8. The permeabilities of the 
original cores No.1 and 4, conducted under a hydraulic 
gradient of 0.45 cm/cm, were 5.1 x 10-7 cm/s and 7.3 x 
10-7 cm/s, respectively. Under unit hydraulic gradient, 
these values could be calculated to be 1.1 x 10-6 cm/s and 
1.6 x 10-6 cm/s, respectively. Later, it was learned that 
these cores were not fully saturated. Soil core No. 4a had 
a porosity of 0.5 and a permeability of 3.8 x 10-' cm/s un
der a hydraulic gradient of 2 cm/cm at the end of the test. 
As can be seen from Figure 3, the permeability of this 
core decreased with time in the 18-day test period. How
ever, the permeability under a hydraulic gradient of 0.45 
cm/cm remained essentially constant over the test period 
and averaged 1.3 x 10-5 cm/s. Thus, the hydraulic con
ductivity for this soil core under unit hydraulic gradient 
was estimated to range from 1.9 x 10-5 cm/s to 2.9 x 10-5 

cm/s. Soil core No. 5a also showed a similar drop in per
meability in a five-day test period. Under a hydraulic gra
dient of 0.45 cm/cm, the permeability remained constant 
with time; however, this core showed no improvement in 
permeability when subjected to a potential gradient of 
0.15 V/cm (Figure 4). The hydraulic conductivity of this 
soil core under unit hydraulic gradient was of the order of 
1.1 x 10- 6 cm/s to 1.8 x 10-6 cm/s. It should be pointed 

TABLE 2 . PHYSICAL PROPERTIES OF SOIL CORES USED 

IN THE ELECTRO-OSMOSIS STUDY 

Bulk 
Volume Density 

Core No. (mL) (glcm') Porosity* 

Original Packing 
1 475.8 1.51 0.42 
2 468.6 1.51 0.42 
3 482.9 1.48 0.43 
4 479.3 1.54 0.41 
5 472.2 1.53 0.41 
6 475.8 1.52 0.42 
New Packing 
4a 468.6 1.29 0.50 
5a 472.2 1.20 0.54 

la# 475.8 1.47 0.45 
3a 482.9 1.34 0.49 
6a 475.8 1.20 0.54 

Pore 
Volume 

(mL) 

199 
196 
208 
197 
194 
200 

234 
255 

214 
237 
257 

'Porosity = 1-(bulk density/particle density) 
.* Assumed particle density 

Particle 
Density" 

(glcm3) 

2.60 
2.60 
2.60 
2.60 
2.60 
2.60 

2.60 
2.60 

2.65 
2.60 
2.60 

#Contained equal mixtures of Ottawa sand and Randall clay and 
the particle density was assumed to be slightly higher than the 
rest. 
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Figure 3. Saturated hydroulic conductivity of core no. 40 versus time. 

out here that the test fluid for core No. 5a was tap water, 
whereas, distilled water was used for other cores. Be
cause of time and material constraints, further testing was 
not carried out. 

OPERATIONAL PROBLEMS 

A number of operational problems, e.g. backflow of 
water from the cathode reservoir to the anode reservoir, 
frequent replacement of electrodes due to corrosion, and 
excessive use of electricity as a result of electrolysis of 
water were encountered in this study. BefilTe presenting 
the final results, the following sections summarize the 
problems and the corrective measures taken. 
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Figure 4. Saturated hydraulic conductivity of core no. Sa versus time. 
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Salt Buildup and Backflow 

The packed soil cores were allowed to operate under 
an imposed potential gradient of 0.15 V/cm. The anode 
reservoir contained a synthetic solution of NaCl, CaSO. 
and CdCl. with a total dissolved solids (TDS) concentra
tion of 400 mglL. The Cd concentration was of the order 
of 10.0 mglL. The original core No.2 produced a signifi
cant backflow after one month of operation at this poten
tial gradient. It was discovered that the TDS of the water 
in the cathode reservoir was greater than 5000 mg/L. A 
buildup of salts in the cathode reservoir could reduce the 
thickness of the double layer and might eventually lead to 
a preponderance of the opposite charge [10]. This rever
sal of charge could produce a back flow thus reducing the 
effectiveness of the units. It was realized that a positive 
salt gradient should be maintained from the anode to the 
cathode side for electro-osmotic flow. 

Flow unit No.1 was tested with its original soil core 
without changing the ion concentration in the cathode 
reservoir to determine the ion gradient at which back flow 
could occur. At the beginning of the test, the TDS in the 
anode and cathode reservoirs were 700 mg/L and 100 
mglL, respectively. A backflow occurred after 11 days of 
operation at which time the TDS concentrations were 650 
mg/L and 900 mg/L respectively. 

It was speculated that ions were released from the soil 
core because ofleaching. Several elutriate tests were con
ducted with various ratios of soil and water masses but 
the release of ions from the soils through leaching was 
insignificant. It was there!ilre concluded that the ion 
movement was mostly from the soil core to the cathode 
reservoir because of the electrical environment. No com
plete chemical analysis was performed on the water sam
ples of the cathode reservoirs (after backflow production) 
to differentiate the species. 

Electrolysis of Water 

Electrolysis of water in the anode and cathode reser
voirs was a major problem even at low voltage gradients. 
Casagrande [4] reported the optimum potential gradient 
for electro-osmosis to be 0 .. 5 V/cm. During the course of 
this experiment, the potential gradient was maintained 
between 0.15 V/cm to OA5 V/cm except li)r one occasion 
in whicb the potential gradient was approximately 1.0 
V/cm. Electrolysis of water even at a potential !,rradient of 
0.15 V/cm was noticeable because of the quantities of 
trapped gases observed in the reservoirs. At highcr poten
tial gradients, considerable energy is used to decompose 
the water molecules rather than being utilized fill' electro
osmosis. Thus, the cost efiectiveness is low. 

Electrode Conditions 

The corrosion of anodes after a few months of operation 
of the flow units decreased the electro-osmotic flow . Se
vere pitting was observed on the removed electrodes. 
Similarly, thick crusts were fimned over the cathodes. 
These crusts were likely caused by the reaction of copper 
with the carbonates and bicarbonates contained in the 
water. These conditions had necessitated the frequent re
placement of electrodes. 

Sail Type and Bulk Density EHects on Flow 

The bulk densities of originally packed soils were ap
proximately 1.5 g/cm". As mentioned earlier, many cores 
were not saturated at their centers. Additional cores with 
bulk densities ranging from 1.2 to 1.35 g/cm" were pre
pared to simulate observed in-situ properties. Although 
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the saturation was increased, no improvements in flow 
were observed. Kezdi [11] has suggested that if the soil 
pores were larger, a galvanic process causing electrolysis 
would be prominent and the electric current passing 
through the soil could no longer he used for drainage by 
electro-osmosis. Soil cores prepared Irom a mixture ofOt
tawa sand and Randall clay (50% each and having a bulk 
density of the order of 1.4 glcm") produced less flow than 
similarly packed cores of Randall clay alone under similar 
potential gradients . 

CORRECTIVE MEASURES AND FINAL RESULTS 

To investigate the eflective positioning and orientation 
of electrodes, two additional pairs of electrodes were in
serted into soil cores No. la and 3a at distances of 2.5 cm 
from the edges. These electrodes were installe d verti
cally upside down. The flow units wcre operated by im
posing electric potentials through the four electrodes si
multaneously. However, no improvement in rate of flow 
was observed. 

The energy recluirement to drain one cubic meter of 
water for flow unit No.2 was estimated to be 7 .. 56 x 10" 
kJ. Considering the e He ct of hack flow, the overall energy 
requirement would be ahout l.OS x lOti kJ per m" of 
drained water. 

The flow unit that contained Core No. 5a was estimated 
to require 1.44 x 10' kJ to drain one cubic me te r of water 
in the first 15 days of operation neglecting the effect of 
back flow . The energy requirement would be about 2.45 
x 10' kJ if the hackflow effects were to he considered. 
The rate of energy consumption increased to S. I x 10" kJ 
per cuhic meter of drained water in the next 12 days of 
study. Based upon the results of this 27-day stndy, it was 
estimated that ahout 225 days would he required to re
move one pore volume of water hy means of electro-os
mosis. Under unit hydraulic gradien t, the permeability of 
this core would range from 1.4 x 10- '; cm/s to 2.1 x 10-" 
cm/s, thus indicating a 15 to 20 percent increase in aver
age flow. 

A reversal of polarity was ntilized on some flow units in 
an attempt to save the corroding anodes. Howe ver, the 
coated cathode which hecame the new anode was not el~ 
f"ective in producing an e lectro-osmotic flow in a flow unit 
operated at a potential gradient of 1.0 V/cm /{u· ahout 10 
days. The e nergy require ment in this test period was esti
mated to he 4.6S x 10" k.J per cu bic metcr of water 
drained. Only O.ll pore volumc of water passed through 
the soil t·ore during this lO-day test period. 

CONCLUSIONS AND SUGGESTIONS 

The results of this study indicated that Handall clay 
possesses a high sorption capacity li.r heavy metals like 
Cd, Cu and Ph. This soil can handle a high hydraulic 
loading of wastewater he/i.re it hecomes saturate d with 
heavv metals and other ions. 

Pr~liminary data indicated that clay permeahility could 
be improved by electro-osmosis. However, clectro-osmo
sis was energy intensive and the timc recluire d to pass 
one pore volume of water through these clay soils was 
high. The loss of e nergy through e lectrolysis of water 
could hecome a major expense if flow units were tn be op
erated under high potential gradient. 
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In addition, the corrosion of anodes and the coating of 
cathodes necessary for establishing the electrical envi
ronment could pose operational and maintenance prob
lems. The salinity of the external electrolyte (test fluid) 
may also affect flow . A positive salinity gradient should 
be maintained in the test fluid in the direction of fluid 
flow to avoid backflow eHects. 

Future research should be directed toward improving 
techniques that could reduce energy requirements in op
eration . An energy-efficient electrode system should be 
devised and configured on a hench-scale system. 
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Adsorption of aqueous arsenic on activated alumina was 
investigated. pH greatly affects the surface chemical 

interactions of all species of arsenic, inorganic or 
organic, with hydrous alumina. Arsenate adsorbs well at pHs less than 

the pHzpc of alumina, with maximum adsorption occurring at 
pH 5. Maximum adsorption of arsenite occurs at pH 8. The 

adsorption behavior of monomethyl arsonate (MMA) is similar to that 
of arsenate. Adsorption of arsenic is enhanced by the presence 
of cations. Experiments with fixed alumina beds with an empty 
bed contact time (EBCT) of only five minutes or less indicate 

that arsenic concentrations typical of North American waters can 
be removed effectively for long periods of time without regeneration. 

Spent alumina beds can be successfully regenerated 
using 0.5% NaOH followed by dilute acid rinse. 

INTRODUCTION 

Arsenic is a commonly occurring toxic element that is fed
erally controlled not to exceed 0.5 mgll in drinking water. 
The health effects of arsenic are fairly well documented 
11]. Arsenic naturally occurs in areas of high geothermal 
activity. However. smelting. petroleum-refining and her
bicide manufacturing may introduce significant quanti
ties of arsenic to the environment locally. Contamination 
of ground water by leachate from land disposal of arsen
ical wastes has also been reported [2]. In a study of 
subsurface migration of organic and inorganic arsenic in 
an abandoned herbicide manufacturing plant, a total arse
nic concentration of 900 mg/I was recorded at a depth of 
35 feet of sand underlain with a 50 foot clay layer [3]. The 
vertical mobility depends on speciation and the type of 
soil. Before they are metabolized hy soil bacteria, organo
arsenicals may form surface complexes with oxides on 
soil surfaces that are relatively more soluble than their in
organic counterparts. Microbial methylation of arsenic 
progresses sequentially to monomethyl arsonate (MAA), 
cacodylic acid (CA). and trim ethyl arsine oxide (TMAO). 
Eventually, however. all forms of organoarsenicals are 
believed to form arsenate in soil. possibly by demethyl
ation. Seemingly, biomagnification of arsenic along the 
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food chain does not occur [4] . The toxicity scale of arsenic 
is as follows [5]: 

arsine > arsenite> arsenate > alkyl arsenic 

Arsenic is stahle in four oxidation states (+ V, + III, 0, 
- III) under different redox conditions. In oxygenated 
waters. arsenate species (H,AsO. -. HAsO. -. and AsO.-) 
are stable. At Eh values characteristic of mildly reducing 
conditions, arsenite species (H"AsOa, H,AsOa - and 
HAsO/-) become stable [6]. The pK values for HaAsO. at 
25°C are 2.2, 6.98, and 11.55 and those for H"AsO, are 
9.22, 12.13, and 13.4. Hydroxides of iron, chromium and 
aluminum strongly adsorb or form insoluble precipitates 
with arsenites and arsenates. This may play an important 
role in controlling arsenic concentration in unpolluted 
waters. In the presence of sulfides. realgar (AsS) and mpi
ment (As,S,) may be present as stable solids at pH less 
than about 5.5 and Eh of about 0 volts. HAsS, and AsS.
are the predominant aqueous species. Under extremely 
reducing conditions, arsine may occur in traces being 
only slightly soluble (10-5

.3 M at P A'"a = 1 atrn). The most 
commonly used forms of methylated arsenic that are used 
in herbicides are CHaAsO(OH), (MAA) and (CH,,),ASO,H 
(CA). They are both highly soluble in water. MMA has pK 
values 4.19 and 8.77 at 25°C and the pK for CA is 6.27. 
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Many methods have been used to remove arsenic from 
aqueous solutions, both under laboratory and field condi
tions . Precipitation with lime and ferric salts followed by 
adsorption onto the resultant Hoc is most common [7-9]. 
Sulfide precipitation [10], adsorption on activated carbon 
[10, 11], and adsorption on activated alumina [12-14] 
have also been used for removing arsenic. Ion exchange 
has been used with some success [10, 15] . 

This paper deals with a study of the kinetics of arsenic 
removal by alumina qualitatively, establishes removal 
capacities of alumina, and explores the feasibility of re
generating spent alumina in an effort to evaluate process 
economics. 

SURFACE REACTIONS 

The surface hydroxo groups formed at the water
alumina interface behave amphoterically as shown: 

AIOH, + = AIOH + H+ 

AIOH = ALO- + W 

(1) 

(2) 

where AIOH,+, AIOH and AIO- are protonated, neutral 
and deprotonated surface hydroxo groups. The intrinsic 
surface acidity constants give free energy of the 
deprotonation process shown in Equations 3 and 4 
below: 

K Int _ 
al -

K Int_ a' -

{AlOH}{W} 
{AIOH,+} 

{AlO-}{W} 
{AlOH} 

(3) 

(4) 

The total number ofsurfilCe sites, a measure of the acidity 
capacity, can be calculated from the sum ofthe concentra
tions of surface hydroxo groups: 

N, = {AIOH,+} + {AIOH} + {AIO-} (5) 

Alkalimetric titration may be used to calculate the surfaee 
acidity (Equation 5) and surfaee acidity constants (Equa
tions 3 and 4) of hydrous oxides [16]. In Equation 5, at pH 
< pH,,,,,, N, is approximately equal to the sum of the first 
two terms, and pH > pH,pe, Nt is equal to the sum of the 
last two terms. The terms {AIOH, +} and {AIO-} are equal 
to [X+] and [X-], respectively, where X represents an esti
mate of charge density, positive or negative. Equations 3 
and 4 can be rearranged as follows: 

{~+} = ( Kall~[X+ ] ) - K~,lnt ; at pH < pH,p(' (6) 

+ _ NtKat,nt _ Inl . 
{H } -~ Ka, ,at pH > pH",. (7) 

The surface concentration of hydrogen ion, {H+}, can be 
calculated from pH of the bulk solution and surfaee po
tentia\, 1jI,,: 

{WI = [W] exp (- FIjI,/RT) (8) 

where F, R, and T are Faraday constant, gas constant, and 
absolute temperature, respectively. An indirect estimate 
of surface potential can be obtained from zeta potential, 
i.e ., from the zero point of eharge, pH"",: 

2.303RT 
1jI" = --F-- (pH - pH",.) (9) 

The surface potential can also be estimated from the 
theory of electrieal double layer (EDL). For a 1:1 electro
lyte at 25°C, the surface potential and eharge density are 
approximately related as shown in Equati(;n 10 for solu-
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TABLE 1. CHARACTERISTICS OF COMMERCIAL ACTIVATED ALUMINA 

Al,O, 92.2% 
N .. O 0.9% 
Fe,O, 0.08% 
Loss in ignition 6.5% 
BET surface area (28 x 48 mesh alumina) 218 m'/g 
Intrinsic acidity constants (I = 0.1 M; temperature = 20°C) 

K,,'nt = 6.44 
Ka,'n' = 9.4 
pH"", = 7.92 
N, = 4.6 X 10" sites/em' 

tions of low ionic strengths where the effects of Stern 
layer can be ignored: 

1/1. = 51.4 sinh-I {(l/11.7Io.5)(J'o} (10) 

where ljIo, I and (J'o are expressed in mY, M and .... C/cm', re
spectively [17] . The surface charge density, (J'n, can be 
calculated from the results of alkalimetric titration: 

(11) 

where (r H - r OH) is the adsorption density of the potential 
determining ion relative to adsorption at pH,pc' The in
trinsic acidity coefficients and capacity can be calculated 
from linear plots of Equations 6 and 7. 

MATERIALS AND METHODS 
Activated Alumina 

All adsorption experiments were conducted using a 
commercial grade activated alumina (-y-Al,03)' It con
tained 92 percent AI,O, and some minor impurities. The 
average BET surface area for 28 x 48 mesh as measured 
using Quntasorb surface area analyzer was 218 m'/g. The 
complete charaeteristics of the alumina used are given in 
Table 1. The intrinsie acidity constants, surface site con
centration, and zeta potential of the virgin alumina are 
also shown in this table. The test alumina for any adsorp
tion experiment was prepared by washing it with O.OIN 
NaOH solution and rinsing with deionized water (DI) till 
the pH and conductivity of the supernatant became con
stant. It was then dried overnight at 105°C before use. 

Alkalimetric Titration 

The test alumina suspensions were prepared by sus
pending prewashed alumina (2 gm/l), aged for two weeks 
in contact with DI water, in stock NaCI solution so that 
final ionic strength of 10-3 M was obtained. The titrants 
used were 0.1 M HCl of 0.1 M NaOH. Approximately ten 
different titrant volumes, each for acid and alkali, were 
used to obtain titration curves. Bottles containing 2 gil of 
alumina at an ionic strength of 10-3 M and preselected 
volumes of titrants were mixed for 24 hours in a rotary 
shaker and the final suspension pH measured. Additional 
concentrated NaCI was added to each bottle to raise ionic 
strength to 3 x 10-3 M and the entire titration process was 
repeated. Titrations were carried out at ionic strengths of 
10-3,3 x 10-3, 10-', and 10-1 M. Blank titrations of2 g/I 
alumina suspensions preaged for 24 hours at identical 
ionic strengths were carried out on filtered supernatants. 
The titrant volumes for blank titrations were subtracted 
from those for alumina suspensions to obtain net titration 
for the alumina surface. The surface charge, (J'u, was com
puted as follows : 

(12) 

where F = Faraday constant (coul/mole); M = concentra
tion of acid or base (molel\); v, = net amount of aeid or 
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base used (ml); V = volume of sample- (ml); C. = concen
tration of activated alumina (gil); S = specific surface area 
of alumina (m2/g). 

All adsorption isotherms were obtained using batch 
adsorption experiments. Predetermined amounts of 
washed alumina (I to 5 gil) were placed in 150 ml plastic 
bottles. The ionic strength in all bottles were maintained 
at 1 x 10-' M with NaCI and the final sample volume was 
adjusted to 125 ml. The concentration of sorbate was 
varied from 1 to 20 mM depending on the arsenic species 
being adsorbed. The pH was adjusted using strong acid 
(1 N HCI) or strong base (1 N NaOH). The bottles were 
continuously shaken for seven days at room temperature 
(22°C ± 1°C) for attainment of equilibrium. To determine 
kinetics of removal , samples were removed at specified 
time intervals , pH measured, filtered through 0.45 )Lm 
Millipore filter, and arsenic concentration in the filtrate 
determined using atomic absorption spectrophotometry 
following hydride reduction of arsenic. 

Column Studies 

The studies for fixed bed adsorption of arsenic on alu
mina were conducted by passing arsenic solution through 
0.9 cm diameter, 76 cm long glass minicolumns con
taining alumina supported by glass wool. Diffe rent 
amounts of alumina (1 to 5 g) were used to vary the empty 
bed contact time (EBCT) in different experiments. The 
columns were fed arsenic solution from a 20-1 Nalgene 
carboy, the How rate through the column being held con
stant by peristaltic pumps on the efHuent end. A blank 
column containing no alumina was also run to determine 
loss due to adsorption on column wall. Arsenic loading on 
alumina was calculated from the total weight of arsenic 
removed per unit weight of alumina used in the column. 
This was obtained from the difference in concentration 
between inHuent and the total efHuent volume collccted 
during a given experiment. Generally, an experimental 
run was terminated when the adsorption capacity of alu
mina was exhausted, that is, when efHuent concentration 
of arsenic equalled that in the inHuent. In certain cases, 
column runs were terminated if no arsenic breakthrough 
occurred for a prolong period (more than 30 days). 

Regeneration of spent alumina was performed by using 
NaOH solutions of varying strengths initially, 0.5%, 1% 
and 3%, to determine optimum regenerant concentration 
based on alumina loss and restored bed capacity. A con
centration of 0.5% was used for most nllls thereafter. Hy
draulic rates ranging from 68-79 m"/m' -d were used in au 
upHow mode to apply regenerant chemicals . Sixty to 
eighty hed volumes (BV) of caustic solution followed hy 
10-15 BV of 0.1 % HCI and 15-20 BV of DI wate r were 
used for regeneration. 

RESULTS AND DISCUSSION 

Surfoce Acidity of Alumino 

The surface charge density distribution as a function of 
pH, shown in Figure 1, was obtained using Equations 11 
and 12. The pH,..,.. of the commercial alumina was found 
to be 7.92. This value may vary depending on the origin, 
aging, doping by impurities, and the degree of hydration 
of alumina. Values in the range 7.4 to 8.6 for ",(-AI,O" have 
been reported. Although the alumina surface can be 
treated as a diprotic acid, the acidity of each surface group 
is affected by the neighboring group. The two intrinsic 
acidity constants for the test alumina were determined in 
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Figure 1. Surface charge distribution on alumino. 

accordance with Equations 6 and 7, as shown in Fil(ure 2. 
The constants were calculated to be 6.44 and 9.4 at an 
ionic strength of 1 x 10-' M. The total number of ex
changeable sites, N" was found to be 1.67 mmoles/I( or 4.6 
x lOu/cm' . This number is about six times hil(her than 
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Figure 3. Effect of pH on arsenate adsorption (temperature = 20"C). 

the one reported by Huang [18] but close to the value re
ported by Davis [19]. This method works well at high 
ionic strengths used in this study. A pH"I'" of7.92, which 
is the same obtained from Figure 1, was determined ana
lytically by taking the average of the two acidity con
stants. 

Removal Kinetics 

Typical kinetic data for the adsorption of arsenate on 
activated alumina are shown in Figure 3. The removal 
was rapid in the first 24 hours and then slowed considera
bly as the reaction approached equilibTium. At a pH of6 . .5 
or higher, 9.5 peTcent of the maximum removal was ob
tained in less than 24 hours. At a surface loading of 67 
ILmoletg, arsenate concentration decreased from .5 mgll to 
0.1 mgll in a few hours in the pH range of6 to 7. At a pH of 
9.5, arsenate concentration decreased to only 1.75 mgtl 
even after 6 days. At similar surface loadings on the same 
alumina, Rosenblum and Clifford [14] reported a de
CTease of arsenate from 5 mgll to 0.75 mgll in about 12 
hours and to 0.5 mg/I in 6 days, at a pH of8. The presence 
of much higher total dissolved solids (TDS = 1067 mgt!) 
in the latter case may account for the slight diflerence in 
results. The high degree of Temoval at low pH levels im
ply that the adsorption may he non-specific. Chemical ad
sorption is usually slower than coulombic or physical pro
cesses owing to the f'ICt that it may be site specific and 
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ligand orientation may be necessary. Although specific 
chemical adsorption cannot be ruled out altogether, ap
parently coulombic or physical processes playa signifi
cant role in arsenate adsorption at low pH levels . At pH < 
pH.pc , the alumina surface is positively charged and 
coulombic interaction with arsenate is feasible. At pH > 
pH. pc , the surface carTies a net negative charge. Adsorp
tion at these pHs must occur by specific adsorption in 
spite of any coulombic repulsion. 

The effects of temperature and ionic stTength on the ad
sorption of arsenate are shown in Figures 4 and 5, respec
tively. The results for Figure 4 were obtained at pH 8.6 
and an ionic strength of 1 x lO- 1 M, while the data for 
Figure 5 were ohtained at a temperature of200C. A pH of 
8.6 was selected to slow down the rate of adsorption dur
ing the first two days. In all experiments the concentra
tions of alumina and arsenate were held constant. At 20°C 
or higher, the rate of adsorption Temained essentially 
unchanged. Based on the results presented in Figures 3 
and 4, equilibrium adsorption was assumed to occur at 6 
days regardless of temperature and pH. Ionic strength 
had no effect on adsorption within the range of values 
studied. 

Arsenite exhibited a different adsorption behavior (Fig
ure 6). Maximum Temoval occurred at approximately pH 
8 regardless of the initial surface loading. However, the 
rate of approach to equilibrium was much slower than 
that for arsenate, although a two-step removal, similar to 
that for arsenate, was observed. Similar results fOT the ad
sorption of aTsenite on amorphous Fe(OH)a have been re
pOTted by PieTce and Moore [20]. 

Although a quantitative analysis of the kinetic data was 
not perfoTmed, the adsorption of the anions studied can 
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Figure 5. Effect of ionic strength on arsenate adsorption (alumina = 1 gil; 
As(Y) = 5 mgll; temperature = 20°C). 
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be treated as a diffusion-controlled reaction and therefore 
it is transport-limited. The reaction of anions that form 
surface complexes cannot be explained by simple ion ex
change on an equivalent basis as in the non-specific ex
change of NO. - or Cl-. In specific adsorption the surface 
coverage varies with ionic species, pH, and the presence 
of other specifically adsorbable ions. 

Equilibrium Adsorption 

In many instances, specific adsorption of anions can he 
described adequately by the well known Langmuir iso
therm focusing only on the surface reactions . Assuming 
that the surface charge on the adsorbent remains constant, 
an isotherm can be derived for ligand adsorption using 
the definition of surface complex formation coefficients: 

(13) 

K1SalS 

KI. = (OH)- (14) 

where K,' is the complexation constant for the adsorption 
of AZ', a,' is the fraction ofN, present as unprotonated sur
face oxide, SOH, and KI. is the adsorption equilibrium 
constant at constant pH. The applicability of this result in 
describing adsorption of a single ligand has been con
firmed by many researchers [21,22]. Considering adsorp
tion to be a coordinative reaction of 1:1 stoichiometry he
tween concentration of adsorption sites and that of the 
adsorbate, Equation 13 reduces to the well known form of 
the Langmuir equation: 

(15) 
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where r is adsorption density (mol!g or mg/g), C is the 
equilibrium concentration of solute in solution, and I'm is 
the maximum adsorption density for monolayer coverage. 
Typical data for the adsorption of arsenate are shown in 
Figure 7. The initial concentration of arsenic was varied 
from 0.013 to 0.7 mM in these experiments while the 
amount of adsorbate was held constant. At high alumina 
to arsenic ratios, the dependence of adsorption on pH is 
masked. In fact, at such high adsorbent concentrations, 
the pH effect becomes insignificant. Except at high con
centrations, adsorption appears to be independent of pH 
at pH < pHz,", and decreased with increasing pH. At in
creased initial surface loadings, the optimum pH of ad
sorption decreases due to a lowering of pH,,!> •. In the pH 
range of 3 to 6, H2AsO, - is the predominant species, and, 
apparently, the major species being adsorbed. In this pH 
range alumina surface acquires a net positive charge and 

TABLE 2. LANGMUIR CONSTANTS .'OR ADSORPTION OF ARSENIC 

(TEMPERATURE = 2()'C; I = 0,1 M) 

pH As(V) MMA DMAA 

r m (mmnl/g): 
5.0 0.32 0.2 0.04 
6.5 0.28 0.22 O.()(J3l 
7.5 0.15 0.14 O.()()27 

K..{l/mmnl): 
5.0 112 56 7 
6.5 96 20 21 
7.5 83 16 9 
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adsorption is facilitated by coulombic interactions. Hing
ston [23] suggested that the optimum pH for anion ad
sorption depends on the pK of the corresponding weak 
acid. However, for arsenate adsorption, optimum pH was 
almost 2 units lower than the pK. (6.98) of H3AsO •. The 
adsorption of arsenite increased to a maximum at pH 8 
and then decreased with increasing pH (Figure 6). Gupta 
and Chen [12] observed only slight variations in the ad
sorption of As(III) in the pH range of 4 to 9 with a sudden 
drop above pH 9. Frost et al. [24] observed an increase in 
As(III) adsorption on kaolin in the pH range of 3 to 9. The 
adsorption of arsenate as a function pH is shown in Fig
ure 7. The adsorption of arsenate, MMA and DMAA can 
be described by the Langmuir isotherm but the data for 
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arsenite adsorption do not fit Langmuir isotherm well. 
Table 2 gives the constants for Langmuir isotherm for the 
three adsorbates. 

Surface Complexation of Arsenate 

Specific adsorption at pHs higher than the pH.pc of the 
adsorbent is possible only if the undissociated acid gives 
a proton to the hydroxyl group on the surface to form H.O 
that can be readily displaced by the anion [24]. Adsorp
tion may also be achieved on charged surfaces by electro
static interactions where the EDL determines the extent 
of adsorption [25,26]. Considering the pK values of 
H3AsO., the predominant species in the pH range of 4 to 
9 are H.AsO. - and HAsO;-. Several surface complexes 
were considered for these two species. Values ofthe sur
face complexation constants were calculated from the sur
face loading and solution concentration of As(V), pH and 
adsorbent concentration. None of the complexation 
equilibria yielded a good fit of experimental data al
though the following models resulted in acceptable fit of 
experimental data: 

AlOH + H.AsO.- = AiH.AsO. + OH- (16) 

AlOH + HAsO. - = AiHAsO. - + OH- (17) 

The titration of alumina suspensions with or without 
the presence of arsenate and its conjugate acids are 
shown in Figure 8. The shift in the titration curves is 
caused by the release of' OH- groups from the surface and 
the protonation-deprotonation reactions of arsenate. The 
variation of surface charge as a result of adsorption is 
shown in Figure 9. Adsorption of arsenate caused a sig
nificant reduction in the surface charge of alumina. The 
IEP shifted from 7.6 to 3.0 at an initial As concentration of 
5 x 10-' M and an alumina concentration of 0.5 mg/1. 

Adsorption in Fixed Bed. of Alumino 

Fixed bed adsorbers were used to evaluate the effects 
of operational parameters, such as empty bed contact 
time (EBCT) and mass loading rate (MLR). The effect of 
MLR is shown in Figure 10 for an EBCT of 5 min and a 
pH of 6.5. As the effluent history profiles indicate, MLR is 
a significant factor in determining the life of an adsorption 
bed. At an initial concentration of 0.08 mgll 0.1 X 
10-3 mM), typical of many natural waters, 30,000 BV 
could be treated before arsenic breakthrough occurred. 
Columns were operated at EBCTs of 3, 5 and 8 minutes, 
all receiving an As(V) concentration of 5.3 x 10-3 mM at 
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Figure 10. Effect of mass loading rate on adsorption of orsenate in fixed 
alumina beds. 
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TABLE 3. ilEGENERATlON ~TUDIES 

InRuent conc. Total Acid Throughput Alumina 

during As adsorbed Regenerant Rinse As desorhed volume loss 

adsorption 
(%NaOH) (%HCl) (mg) (%) (1) (%) 

(mgtl (mg) 

As(V) 

10.0 148.25 3.0 1.0 148 100 5.95 5.6 

2nd cycle 141.50 
79 6.18 5.9 

10.0 143.72 3.0 113 

2nd cycle 96.80 
88 5.59 5.7 

2.0 126.50 3.0 0.1 III 

2.0 121.60 1.0 0.1 102 84 5.20 4.2 

2.0 100.20 0.5 0.1 99 99 4.78 3.4 

2nd cycle 100 0.5 0.1 96 96 4.93 3.4 

3rd cycle 98 
As(lII) 

5.0 54.56 0.5 30 55 6.71 3.8 
79 6.115 3.6 

0.4 11.24 3.0 1.0 9 

Rinse after regeneration consists of 10 to 15 BV of add followed by 15 to 20 BV of deionized water. HCj\eneration rates range from 68 to 

79 m/day. 

pH 6.5. All columns could be operated for 1500 hours or 
longer. An EBCT of 3 minutes or longer was needed for 
satisfactory removal. 

The economics of adsorption processes depend largely 
on the ability to rejuvenate spent beds. Reportedly, 
NaOH works well for desorbing arsenic from alumina 
[13]. Limited studies were made to determine the opti
mum concentration of NaOH which would produce good 
desorption without a large loss of alumina. As Tahle 3 in
dicates, spent alumina beds could he successfully regen
erated using dilute solutions of NaOH f()llowed hy rins
ing with dilute HCl and, finally, with deionized water. 
Excellent arsenic recovery could he accomplished using 
0.5 percent NaOH solution. A total of 50-50 BV of caustic 
solution followed by 10-15 BV of acid solution were 
needed to obtain nearly complete desorption of arsenate. 
The loss of alumina was ahout 3 percent per rcgeneration 
cycle. The loss in adsorption capacity was negligihle 
even after several regenerations (Figure 11). 
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Figure 11. Effect of multiple regenerations on capacity of alumino. 
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SUMMARY AND CONCLUSIONS 

Adsorption of arsenic on activated alumina is greatly at~ 
fected hy pH. High adsorption densities of arsenate and 
organoarsenicals can be obtained at pH pHz1,," Maximum 
adsorption of arsenate occnrs at pH 5 or less. The specific 
adsorption of arsenate, MAA and DMAA can he described 
well hy Langmuir isotherm. Although no satisi>tctory fit of 
arsenate adsorption data to surfitce complexation models 
examined could be obtained, it appears that, in the pH 
range of 4 to 8, H,AsO, - and HAsO,'- are the predomi
nant species being adsorhed. Both coulomhic and spe
cific chemical interactions seem to he involved in the ad
sorption of arsenate. Arsenitc adsorbs poorly on alumina. 
MAA and DMAA, two principal inh'redients of most her
bicides manulitctnred in the United States, are removed 
well by alumina. However, of these, MMA seems to be 
better adsorbed. 

Experiments with fixcd heds of alumina indicate that 
arsenic can be effectively removed for long periods of 
time at an EBCT of 3 minutes or longer and at relatively 
low MLHs, in the pH range of4 to 7. Hesults also indicate 
that removal is hest accomplished in the arsenatc 1()!'Ill. 
Therei()re, oxidation of arsenite to arsenate may be neces
sary. Successful regeneration of spent alumina beds to 
desorb arsenate is feasiblc with NaOH at concentrations 
as low as 0.5 percent; but a much stronger caustic solutiou 
(3%) is needed j()r arsenite desorption. No appreciable 
loss in adsorption capacity occnrs due to regeneration. 
The loss of alumina can be held at about 3 percent per 
regeneration. 
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Rapid Renovation of a Sludge Lagoon 

E. A. Dienemann, J. F. Magee II, D. S. Kosson and R. C. Ahlert 

Rutgers, The State University of New Jersey, Department of Chemical and Biochemical 
Engineering, P.O. Box 909, Piscataway, NJ 088:4 

The application of a soil-based microbial treatment process for 
renovation of natural leachate and forced extracts from an industrial 

sludge lagoon has been examined. Laboratory soil column experiments, 
with influent TOe concentrations up to 2270 mg/l, obtained reductions 

in dissolved organic carbon that ranged from 90% to 99%. 
Previous work indicates that these results can be 

extrapolated to field conditions. 

INTRODUCTION 

Recent revisions of the Resource Conservation and Re· 
covery Act (RCRA) have provided new incentives for the 
renovation of surface impoundments and landfills. This 
has stimulated interest in finding safe, economical treat· 
ment alternatives for disposal lagoons. On-site treatment 
technologies are particularly promising because they of
fer both economic and safety advantages by eliminating 
the need for major excavation and ofl~site transportation 
of hazardous wastes. 

For over ten years, the industrial sludges from a chemi
cal manufacturing firm were primarily disposed of in a 
single surface impoundment. The rate of deposition and 
the composition of the sludges being deposited varied, 
resulting in layering within the receiving lagoon. Two of 
the principal wastes of concern in the lagoon are primary 
and secondary (biological) sludges from diverse chemical 
manufacturing. At some time during the operation of the 
lagoon, large quantities of lime were applied to the sur
face in order to suppress odors. However, the extent of 
the lime application and, theref{)re, the quantity present 
in the sludges, is unknown. The sludges, which are solid, 
produce a leachate that afl"ects local groundwater. 

Renovation of the lagoon involves two interrelated 
problems. The first is the removal of organic and inor
ganic contaminants from the solid matrix in the lagoon, 
without major excavation. Tbe second is the treatment of 
removed contaminants in the resulting waste stream. Pre· 
Iiminary studies indicate that in-situ extraction of the 
sludges is possible (1). Furthennore, representative sam
ples of sludge that were extracted with dilute aqueous so
dium hydroxide, suggest that exhaustive leaching can 
take place. 

Two methods for the treatment of natural leachate and 
forced extracts were considered for implementation. The 
first method involved conventional aerobic.biodegrada
tion, employing acclimated cultures obtained from the 
secondary sludge ofa municipal sewage treatment facil
ity [2) . Reductions in dissolved total organic carbon 
(TOC) of up to 50% were possible using this system. 

The second method, which is the suhject of this paper, 
was a soil based microbial treatment system. In this pro-
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cess a mixed microbial population is developed in the 
soil structure; the leachate or extract to be treated is ap
plied to the soil surface so that it will percolate through 
the soil column. During this process aerobic degradation 
occurs near the surface, where oxygen is availahle from 
atmospheric diffUSion, and is followed by anaerohic deg
radation, which dominates at greater depths. Process con
trol is maintained through management of influent load
ing rates and concentrations. This paper will examine the 
development and application of this process to a sludge 
lagoon case study; f()r additional background on the de
velopment of the process, see Kosson and Ahlert [3). 

MATERIALS AND METHODS 

Samples of natural leachate (Table 1) were ohtained 
from the lagoon at the study site. Samples of both primary 
and secondary sludges were excavated from the lagoon 
(Table 2). 

The extract for use in the experiments was ohtained by 
agitating the appropriate quantity of sludge, in contact 
with O.OO5N aqueous sodium hydroxide (pH 11.5), for 48 
hours. Two liters of extractant per kilogram of sludge 
were used. After the resulting mixture was allowed to set
tle, the decanted supernatant was centrifuged and recar
bonated with pure CO. until a pH of 7.0 was obtained. 
The recarbonated liquid was filtered to remove any floc . 
The extracts from the primary and secondary sludges 
were mixed in proportions similar to those found in the 
actual sludge disposal lagoon. The characteristics of the 
resulting extract are presented in Table 3. 

The laboratory soil column experiments were designed 
to investigate the ability of mixed microbial populations 
in a soil structure to biodegrade the natural leachate and 
forced extracts. Previous experiments have shown that 
data obtained from laboratory scale investigations are 
readily extrapolated to field situations [3,4). Hydraulic 
conductivity (permeability), hydraulic loading, organic 
loading, buffering and pH, and soil adsorption, which are 
all important, interrelated variables, were taken into con
sideration during the study. In order to obtain as much 
data as possible from a limited number of columns, frac-
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TABLE 1. LEACHATE CHARACTERISTICS 

pH 
TOC(mg/l) 
NH.(mgN/I) 
TKN(mgN/I) 
NO,- (mg/I) 
Total P (mgil) 
CI-(mg/I) 
Residue (l03'C, 24 hr)(mgil) 
TDS(mg/1) 

Metallic Species (mg/I) 
Ag 
AI 
B 
Ba 
Ca 
Cr 
Cu 
Fe 
Mg 
Mn 
Na 
Ni 
Pb 
Si 
Sn 
Ti 
Zn 

6.5-7.7 
170-5000 

11-620 
25-820 
<0.01 

< 1.5 
< 20 

2750-4280 
2610-4080 

.11 - .011 
l.l - .11 
.011- .0011 
.11 - .Oll 

11.0 -110.0 
.011- .0011 
.11 .011 

11.0 l.l 
11.0 11.0 
11.0 1.1 

110.0 11.0 
.11 .011 
.11 .011 

11.0 l.l 
.011- .0011 
.11 .011 

l.l - .11 

tiona I factorial designs were employed. The following 
three parameters were the primary factors considered : 
column packing, organic loading, and inhihition of micro
bial activity. 

The first parameter, column packing, was consid~red 
because of its influence, via adsorption, on solute reten
tion, reduction and removal; packing also controls hy
draulic conductivity and porosity. To examine these ef
fects two column packings were chosen . The first column 
packing was a sandy loam, which was selected based on 
previous experience with a similar soil and because of its 
availability on site. The characteristics of the sandy loam 
used are presented in Table 4. The second column pack
ing was comprised of the same sandy loam with activated 

TABLE 2. PRIMARY ANI> SECONI>ARY SI.UI>(;E CIlAIIACTERISTICS 

Primary Secondary 
Characteristic Sludge Sludge 

Apparent Density 1.16 1.12 
(g/cm') 

%Solids (103'C, 24 hr) 2l!.O 23.0 
%Solids (550°C, 12 hr) 22.4 15.6 
Total C (% un a dry 7.2 16.3 

wt hasis) 
Inorganic Species (% on 

a dry wt basis) 
AI 10-100 1-10 
B .(XJl-.O I 
Ba .1-1. .001-.01 
Ca 10-100 10-100 
Cr .I-I .0 1-.1 
Cu .(1l-.1 .(ll-.I 
Fe 1-10 1-10 
Mg .I-I .1-1 
Mn .01-.1 .01-.1 
Na .1-1 .1-1 
Ni .()(ll-.Ol .()()}-.Ol 
P .1-1 .1-1 
Ph ,()}-.1 .(ll-.l 
Si 1O-J()() 1-10 
Sn .001-.01 
Ti .1-1 .01-.1 
V .001-.01 .001-.01 
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TABLE 3. EXTRACT CHARACTERISTICS 

Primary SeL'Ondary Combined 
Extract Extract Extract 

pH 7.0 7.0 7.0 
TOC (mg/I) 400 2500 2080 
NH. (mg/I) 91 400 338.2 
TKN (mgil) 235 640 559 
TDS (g/I) 1.3 6.8 5.7 
VF A as TOC (mg/I) 

Acetic <25 772 617.6 
Propionic <25 283 226.4 
Isobutyric <25 158 126.4 
Butyric <25 267 213.6 

Total <25 1480 1184 
Na+ (mg/I) 241 261 257 
CaH (mg/I) 89 906 742.6 

carbon (Calgon PCB 30 x 140) added. The particle size 
distribution of this activated carbon is in the sand range, 
and results in increased packing permeability and ad
sorptive capacity. 

The second parameter that was varied was organic car
bon loading, which is influential in the rate of bios lime 
growth. It has been shown that the rate of bioslime 
growth may be directly or inversely proportional to in
fluent TOC, depending on the composition of the influent 
[5]. Therefore, two influent concentrations, nominally 
full-strength or half-strength leachate or extract, were 
considered in each experiment. 

The third parameter examined was the effect of high 
concentrations of chloride ion andlor sodium azide on the 
inhibition of microbial activity. This aspect was carried 
out to determine if representative "sterile" control col
umns could be maintained. Results were anticipated to 
yield information on retardation of hi os lime development 
and to verify sorptive contrihutions to process ope ration. 

Each laboratory column (LC) consisted of7.6 cm diam
eter glass process pipe, with an ell'ective packing depth of 
46 cm. The foundation of the packing consisted 01'2.5 cm 
of sand, a thin (0.3 cm) layer of glass wool and 5 cm of 
glass beads. The columns were operated with 100 mm Hg 
of vacuum applied continuously at the base, through the 
collection flasks. The vacuum balanced the capillary 
forces acting in the soil structure, in an elfort to replicate 
field conditions. This apparatus configuration was suita
ble because of the absence of volatile organic species in 
the aqueous stream to be treated. The outside of each col
umn was covered to prevent photosyntheSis. 

Each LC received 30 ml inoculum ofa mixed microbial 
population acclimated fi-om the secondary sludge ora mu
nicipal sewage treatment plant. Acclimation procedures 
are described by Boyer, et al. [2]. 

TREATMENT OF NATURAL LEACHATE 

Sixteen laboratory soil columns were operated to exam
ine treatment of naturally occurring leachate. Full
strength and half-strength leachate was employed as 

TABLE 4. SOli. PROPERTIES 

Mg P K Ca 
pH (mg/kg) (mglkg) (mg/kg) (mglkg) 

5.2 92 228 56 581 

Cation Exchange Capacity: .5.6H MEQ/}()Og 
Mechanical Analysis 

Sand: 68% 
Silt: 20% 
Clay: 12% 

Texture: Sandy Loam 

Organic Carl)on 
% 

O.H4 
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influent for both packing types. Packings containing 
sandy loam mixed with activated carbon contained 10 wt 
% activated carbon. In addition, full-strength leachate 
was supplemented with either chloride or sodium azide 
and chloride to study inhibition of microbial growth. Two 
replications were performed for each trial case. LCs 
receiving influent without inhibitors were operated con
tinuously for 100 days. LCs receiving influent containing 
inhibitors were operated continuously fin SO days. 

Operating Summary and Visual Observations 

Effluent appearance was an important indicator of con' 
ditions in a column. Effluent appearance varied widely 
throughout the experiment, and was a strong function of 
column packing and inHuent salt composition. Columns 
packed with the soil-GAC mixture (LCs 1,2,3,4, SA and 
12A) produced a brown, turbid effluent. This was a direct 
result of fine silt and clay particles "washing out" of these 
columns. This phenomenon was not afl'ected by suhse
quent establishment of microbial colonies or addition of 
leachate. Wash-out did seem to he aggravated, however, 
by addition of the sodium chloride inhibitor to LCs SA 
and 12A. This day particle wash-out was not ohserved filr 
any of the columns packed with sandy loam, only (Les 6, 
7, 8, 9, lOA and llA). EfHuent from these columns was 
generally free of turbidity for the duration of the cxperi
ment. However, all of these columns exhibited suhstan
tially lower hydraulic Huxes compared to columns packed 
with the soil-carbon mixture. 

These contrasting observations were thought to be thc 
result of disaggregation of the soil's clay !i'action in re
sponse to a eationic imbalance in the feed solutions. Thc 
resulting dispersed day particles either, i) passed 
through the larger interparticle pores present in cohnnns 
packed with the soil-carbon mixture, washing-out with 
the effluent, or ii) became trapped in the smallcr inter
particle pores present in columns packed with soil only, 
contributing to columu plugging. 

It has been shown that the state of aggregation of the 
day fraction in a soil is greatly affected by the ahsolute 
amount and relative ratio of llIonovalent and divalent 
cationic species [6, 7,8]. Ifthc inHuent sodiulll adsorp
tion ratio (SAR), i.e., 

SAR = (Na+)112/[(Ca++) 

+ (Mg++)l'12, where ( ) = millimoles/I 

is too high or the level of divalent cations is too low, cle
vated levels of monovalent cations, relative to divalent 
cations, will exist in the soil water and be adsorbed re
versibly at the soil surface. Monovalent cations, cspe
cially Na+, are loosely held compared to divalent cations 
like Ca++, and Mg++, and do not cflectively reduce the 
natural electronegativity of clay micellcs. This leads to 
electrostatic repulsion betwcen individnal mieelles, re
sulting in dispersion of the onee-Iargc aggregatc of day 
micelles. Reintroduction of appropriate levels of divalent 
cations can reverse this condition, allowing the dispersed 
micelles to reaggregate. The literature [6, 7] advises that 
the influent SAR should he less than 12 to avoid disaggn,
gation in a sandy loam. In addition, a minillllllll divalent 
cation level of O.01M has been suggested to avoid disag
gregation [6, 7]. 

Anderson, et al. reported that once disaggregation oe
curs, migration of the dispersed clay particles through a 
soil matrix with relatively large interparticle porcs can oc
cur [9] . Other researchers have reportcd disaggregation 
followed by clogging of the interparticle pores, restriding 
flow [6, 7] . The size of interparticle pores determines 
which phenomenon is observed. 

To test this clay disaggregation/migration-rclativc-to
pore-size hypothesis, the influent SAH and divalent cat-
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ion level was controlled independently. It was not de
sired to test the effects of influent salt composition on the 
microbially active, uninhibited columns; unwanted in
hibitory effects may have resulted. Leachate was the prin
cipal source of cations in the influents to the uninhibited 
columns, with Na, Ca and Mg, each at less than O.OOSM. 
This information supported the hypothesis that inHuent 
salt composition caused disaggregation (low divalent cat
ion level). 

Influent salt composition was varied for the inhibited 
columns; additional inhibition due to this was not unde
sired. On Day 23 calcium chloride was substituted for so
dimn chloride, such that influent SAR was less than 12 
and the divalent cation concentration (Ca++) was greater 
than O.OOSM. LC I2A exhihited a dramatic reversal of 
clay particle wash-out; by Day 43, column effluent was 
colorless and free of turbidity. This occurred after approx
imately I.S mean residence times. LC SA showed no sign 
of reversal through the end of operation (Day 49). This 
was prohably due to severe channeling through the col
umn packing, which did not allow suflicient contact be
tween the cationically balanced influent and the soil ma
trix. No cessation of clay particle wash-out was observed 
!il!' similarly packed, uninhibited columns with 
unadjusted influent salt composition. 

As the experiment progressed, development of micro
bial colonies throughout the column packing became ap
parent. Distinct regions in the columns became dark-grey 
to black in color, especially near the surl'lce. Further evi
dcncc of microbial growth was the appearance of tiny 
holes at the packing snrf'lce. These holes were probably 
the result of escaping gases produced hy microbial respi
ration and fenncntation. These phenomena were ob
served in all of thc columns, including those that were 
being examined filr microbial inhibition. In !'lct, through 
the first 49 days of the experiment, effluent TOC concen
trations from the inhibited columns in Part A were not 
significantly higher than those from the uninhibited 
counterparts. This was true filr each packing type. It was 

TABLE 5. I.AHoIlAT(Hty S(HI. <:OI.UMN Ih:sUI:rs
I.EA(:IIATE INFI.Ul-:NT 

(;oiunm 

Packing Tyl'lO 
Leachate F('t,d 
InHllelltTOC 

(mwl) 
Average Hy

dralllic Flnx 
( IIm'/day) 

6,H 

Soil 
10'1111 
750 

:l.H.7.H 

7. !J 

Soil 
lIalf 
375 

7.7,12 

1.3 2,4 

Soil+GAC Soil+GAC 
FilII lIalf 
750 375 

2H,2H 28,30 

A wrage TOC 
Hc,·dlldiOlI 
(g/m'/day) 

Owrall TOC 

:1.4,6.7 :3.4. (j.0 21,22 11,13 

Hemov('(I(%, 
mass hasis) 

Colullln 

!)7, !J7 !)H, !J:3 

10, II 

!)2, !J4 !)4. !)4 

5.12 lOa.lla ,5a.12a 
------ ------ ------ ------

L('aehate Ft·,·d 

InHII"ntTOC 
(lllglI) 

Average J-Iydrmlli<: 
Flllx (l/m'/dav) 

A vt'rag(' TOC Redllc
tion (WIII'/dav) 

OVl'rall TOC lic
llIovt'd (%, llIass ha
sis) 

Soil 

10'1111+ 
(;1 

750 

20, 1:3 

IH,12 

HH, !)7 

Soil+ 
(:AC 
FilII + 

CI 

7!'iO 

2H.2!) 

2:3,26 

!)6. !)5 

Soil Soil+ 
CAC 

FilII + FilII + 
CI + CI+ 
NaN" NaN" 
750 750 

23,25 25,27 

11,14 l7.W 

64, 74 !JI, !J3 
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concluded that addition of chloride ion at lOOO mgJI had a 
limited, if any, inhibitory effect on mierobial activity. It 
was decided to discard the column packings, repack the 
columns as before, and investigate the possibility of 
maintaining a totally sterile laboratory column. This be
came Part B of the microbial inhibition study. 

After repacking, four eolumns were operated fiJI' sev
eral days with a distilled watcr inAue nt to estimate eol
umn permeability. Belilre addition of leaehate to thesc 
eolumns commenced (Oay 1), they were "dosed" for 
three days with a cationically balanccd (SAR less than 12) 
0.05 wt% sodium azide solutio!) to inhibit tIlt' indigcnous 
mieroAora. These eolumns were not inoculated with an 
active microbial population. Subsequent leachatc
containing fecd solutious containcd at leas t 0.05 wt% so
dium azide inhibitor by wcight, and were cat ionica lly 
balanced hy addition of caleium salts. By Oay to (approxi
mately 1.5 mcan re sideuce times), efHucnt Ii'OIn LCs ,'5 H 
and 12H heeame transparent and colorless a))(1 remaincd 
that way until the e nd of thc cxpcrinlt'ut (Day 51 ). 

These filllr colulllns also exhihited visihle signs of hio
logical growth, including thc establishllwnt of dark
colored regions , and the presence of tiuy holes at thc col
umn's suri>we. This oct'uITl,d despi te the presence of a 
severe inhihitor, and despite the ahsem:e of a microhial 
inoculum or supple me ntal nutrie nts , such as potassium 
and phosphorus. 

Volumetric Flux Responses 

Avcrage hydraulic Hu x data f(n' e ach column are pre
sented in Tahle ,5. For the uninhihited columns. the volu
metric Au x through tIll' columu s packed with the soil
carbon mixture was ge ne rally thrce to fom times that of 

the columns packed with soil only. Within packing types, 
hydraulic responses were independent of organic (TOC) 
loading rates. Typical hydraulic Aux rates were 28 11m2! 
day filr the mixed soil-carbon packing, and 8 IIm2!day for 
the soil only packing. 

For the columns in Part A of the microbial inhibition 
study, the volumetric flux through the columns packed 
with the soi l-carbon mixture was generally twice that of 
the columns packed with soil only. Once again, typical 
hydraulie flu x rates were 28 IIm2!day for the mixed soil
carbon packing. However, hydraulic Aux rates were be
tween 14 and 19 l!m2!day for columns packed with soil 
only, roughly a two-fold increase over the similarly 
packed, uninhibited columns. 

For the columns in Part B of the microbial inhibition 
study, the rc was only a small difference in hydraulic Aux 
rates between the two col umn packings . As before, hy
draulic Aux rates were near 28I1m'!day for the mixed soil
carbon packing. However. hydraulic Aux rates increased 
to ncar 25 IIm2/day filr the columns packed with soil only, 
most like ly the result of increased microbial inhibition 
and balanced cationie species. 

Total Organic Carbon Responses and Reductions 

Initiall y, filr each column, elIIuent TOC concentrations 
remained close to efHue nt TOC concentrations obtained 
from a distilled wate r feed. Subseque ntly, for the unin
hihited columns, and filr the inhihited columns from Part 
A, thcre was a noticeable increase in efIluent TOC, fol
lowed hy establishment of a relative ly steady state e f
Anent TOe concentration (Figure 1). For the columns in 
Part B of the microhial inhibition study, the increase in 

EFFLUENT TOC, LC 2 
(L.achat. Influ.nt) 

500,----------------------------------------------------, 

0400 -

~ • 300 -= 
" 01 
E ...., 
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effluent TOC was more pronounced and was followed by 
a decrease before a relatively steady-state effluent TOC 
concentration was established. Similar effluent TOC con
centration responses had been observed in previous ex
periments with other leachates [3, 4, 51. 

Effluent TOC concentration responses are indicative of 
the physical, chemical and biological status of a column. 
These responses are the result of three major competing 
processes : convective plug flow with dispersion, adsorp
tion and biodegradation. A numerical model incorporat
ing these processes has been developed to simulate ex
perimental responses of active microbial reactor columns 
[10]. During operation, one or more of these processes 
may control, during different time intervals. In general, 
column responses can be separated into three regimes. 

The first regime, during which efIluent TOC concentra
tions remain near zero is a characteristic response delay. 
Microbial populations are small and adsorption and dis
persion are the primary TOC reduction processes. The 
duration of this response delay is dependent on TOC 
loading, hydraulic flux and the adsorptive capacity of the 
column packing. Within each packing type, the response 
delay was approximately half as long for columns fed full
strength leachate as compared to columns fed half~ 
strength leachate, with similar hydraulic fluxes . 

During the second regime effluent TOC concentrations 
either rise to a relatively steady-state level or rise to a 
peak and decline to a steady-state level. This regime is 
observed after the adsorptive capacity of the column 
packing has been exhausted. The rise in effluent TOC 
concentration is characteristically accompanied by a rise 
in effluent pH. The absence or presence of the peak de
pends on the ability of tbe microbial community to adapt 

to the increase in available organic carbon. A peak was 
only observed for the columns in Part B of the microbial 
inhibition study. This probably resulted from sodium 
azide inhibition and the absence of an initial microbial in
oculum. The third regime is demonstrated by attainment 
of a relatively constant effluent TOC com:entration level. 
This response results from the microbial community be
coming fully developed and adapted to the increase in 
available organic carbon; a pseudo-steady-state is 
reached. Sufficient microflora are present to degrade 
most, if not all, available substrate. Columns fed full
strength leachate generally established steady-state 
effluent TOC concentrations twice that of columns fed 
half-strength leachate. No clear relationship between 
effluent TOC concentration and packing type was ob
served. On an integrated mass basis, LCs fed full-strength 
leachate removed approximately twice as much TOC as 
those fed half-strength leachate, with the same packing. 
In additi<in, uninhibited LCs packed with soil supple
mented with activated carbon removed approximately 
three times as much TOC as those packed with soil, only. 
This effect was primarily a reflection of differences in hy
draulic flux. Typical values for TOC reductions are pre
sented in Table 5. 

For the columns from Part B, the added effect of micro
bial inhibition on mass of organic carbon removed was 
evident, especially for the columns packed with soil only. 
Even though the soil-only packed columns from Part B 
had significantly higher fluxes than counterparts from 
Part A, a lower average mass of TOC was removed per 
day. This relationship was observed, but was much less 
pronounced, for columns packed with the soil-carbon 
mixture. 

EFFLUENT pH, LCs 2 & 7 
(Leachate Influent) 

10~---------------------------------------------------, 

4~---,----~---,----~---,----~---,----~---,----~--~ 

o 20 40 60 80 100 

Time (day.) 
D LC 2 + LC 7 

Figure 2 
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TABLE 6. LABORATORY SOIL COLUMN RESULTS-
EXTRAcrINFLUENT 

Column 1,2 3,4 5,6 7,8 
--- --- ---- ----

Packing Type Soil + Soil + Soil+ Soil+ 
GAC GAC GAC GAC 

Leachate Feed Half Full Full+ CI-
NaN, only 

+Ca 
InHuentTOC 1135 2270 2270 

(mg/l) 
Average Hydraulic 33,36 34,40 50,49 50,50 

Flux (l/m'/day) 
Average TOC Reduc- 37,40 76,89 81,81 

tion (g/m'/day) 
Overall TOC Re- 99,99 99, 99 71, 72 

moved (%, mass ba-
sis) 

EHluent pH 

Columns that experienced decreasing hydraulic flux 
exhibited an acidic effluent pH throughout operation, 
while columns which maintained a relatively constant hy
draulic flux exhibited effluent pH responses correspond
ing to the effluent TOC response regimes (Figure 2). For 
the latter case, the initial neutral effluent corresponds to 
the Iirst effluent TOC regime, which is a reflection of' 
packed bed mean residence time. During this period, the 
effluent pH is indicative of the natural soil-water pH. The 
rise in effluent pH occurs soon after the second effluent 
TOC regime, in which effluent TOC concentrations rise. 

EFFLUENT 

Finally, effluent TOC concentration and effluent pH 
reach relatively constant levels. These results are a func
tion of the status of microbial community and the influent 
composition. Effluent pH responses reflect creation and 
destruction of volatile fatty acids (VFAs). High influent 
VF A concentrations in conjunction with acetogenesis re
sults in decreased effluent pH, while methanogenesis 
accompanied with complete destruction ofVFAs results 
in elevated effluent pH. Similar effluent pH relationships 
have been observed in previous experiments (5). 

TREATMENT OF SLUDGE EXTRACT 

To examine the treatment of sludge extract, f(llIr trial 
cases, each of which was replicated, were investigated. 
All of the LCs were packed with sandy loam mixed with 
5% activated carbon, by weight. Full-strength and half
strength extract and full-strength extract augmented with 
sodium azide were employed as influent. Calcium nitrate 
was added, as needed, to all influents to maintain the in
fluent SAR at less than 1.4. In addition, two LCs were op
erated with an influent containing chloride and no ex
tract, to estimate the hydraulic characteristics of the 
packing. Effluent chloride concentration was monitored 
to develop a residence time distribution. Estimates of the 
packed bed porosity and dispersion coefficient were 0.30 
and 6.0 cmz/day, respectively. 

Column responses were generally similar to those ob
served with columns operated with natural leachate. The 
LCs receiving full-strength and half-strength extract as 
influent experienced plugging at regular intervals 
throughout the experiment, although this was easily 
remedied by regularly repacking the top 1 in. of the col-
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umn. Hydraulic flux was augmented further by main
taining the influent SAR at less than 1.4 (Table 6). No tur
biditv was observed in the effluent. 

Th'e columns that were fed full-strength extract demon
strated Toe reductions in excess of 97%, while the col
umns fed half~strength extract demonstrated Toe reduc
tions in excess of 99%, throughout the duration of the 
experiment (Table 6, Figure 3). On a mass basis, the col
umns fed full-strength extract removed approximately 
twice as much Toe as columns led half~strength extract. 

The effluent pH, for Les that were led half-strength ex
tract, decreased rapidly from an initial neutral level to an 
acidic pH of approximately 4. The pH levels, which sub
sequently fluctuated between 4 and 5, paralleled the vari
ation in the hydraulic Hux. Les fed It. II-strength extract 
li)lIowed the pattern fi)r properly ftmctioning columns. 

In an attempt to decrease microbial activity in a trial 
case where no inoculum was used, increased amounts of 
sodiulll azide were added to the h.lI-strength extract. The 
concentration of sodium azide in the influent, li)r the inhi
bition trial case, was 1.0%, hy weight. The inhibitory el~ 
fects ohserved in this situation were greater than those 
observed during the experiments with leachate. A typical 
effluent TOe response is presented in Figure 4. 

CONCLUSIONS 

Soil-based microhial treatment is a viable process fill' 
renovation of natural leachate and fi)rced cxtracts fimn an 
industrial sludge lagoon. The reductions obtained in dis
solved organic carbon ranged between 90% and 99%, de
pending on the packing type, the additives in the 
leachate feed, and the rate of influent feed. Previous work 
indicates that these results can be extrapolated to field 
conditions. 

164 August, 1987 

Hydraulic flux seems to be the limiting factor 
determining treatment capacity, Le., the rate and total 
mass of organic carbon that can be mineralized. As hy
draulic flux increased, the mass of organic carbon re
moved increased, at each inHuent TOe level. Hydraulic 
Hux is strongly influenced by column packing, inHuent 
salt composition and microbial growth rate. An imbalance 
in inHuent salt composition leads to disaggregation of 
clay structure. This was followed by clay particle wash
out in the columns packed with a soil-carbon mixture, 
due to the larger interparticle pores present. For the col
umns packed with soil-only this led to plugging of the 
smaller interparticle pores, and resulted in decreased hy
draulic flux. Plugging can be aggravated by rapid micro
bial growth. These eflects (wash-out and plugging) can be 
reversed or prevented, to some extent by balancing in
Huent cationic species. Microbial inhibition can mitigate 
column plugging, also. However, the percentage of or
ganic carbon removed may be diminished. These eflects 
were much more pronounced fi)r sodium azide inhibition 
than fill' chloride inhibition. 

Effluent TOe concentration responses are indicative of 
column status. Every column exhibited an initial re
sponse delay, during which adsorption was the primary 
TOe removal process. This was followed by a rise in 
effluent TOe concentration after the adsorptive capacity 
of the column packing was exhausted. Subsequently, a 
relatively steady-state emuent TOe concentration was 
established, corresponding to microbial adaptation to the 
leachate. A peak was observed befill'e this steady-state 
was established, for the columns to which sodium azide 
was added. This is indicative ofa significant degree of mi
crobial inhibition due to the sodium azide. However, it is 
important to note that without inoculation, and under se-
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vere inhibitory conditions, the indigenous microflora still 
developed sufficiently to degrade most of the organic car
bon in the leachate or extract. 

LITERATURE CITED 

1. Kosson, D. S., R. C. Ahlert, J. D. Boyer, E. A. Dienemann, 
and J. F . Magee II , " Development and Application of On
site Technologies for Sludge Filled Lagoons," Proceedings: 
Intertlatiouai Conference on New Froutiers for Hazardous 
Waste Maflllgement, EPAl600/9-851025, 118-127 (1985). 

2. Boyer, J. D., M. B. King, D. S. Kosson, and R. C. Ahlert, 
"Aerobic Biodegradation of Leachate and Forced Extracts 
from a Sludge Disposal Lagoon," Toxic lind Hazllrdous 
Wllstes, Technomic Puhlishing Co., Lancaster, PA, 497-508 
(1985). 

3. Kosson, D. S. and R. C. Ahlert, "In-situ and On-site Biodeg
radation of Industrial Landfill Leachate," Envinl1lmental 
Progress, 3, 176-Hl3 (Angust 1984). 

4. Kosson, D. S., E. A. Dienemann, and R. C. Ahlert, "Chamc
terization and Treatability Studies on Industrial Landfill 
Leachate (Kin-Bue I)," Proc. 39th Annual Purdue Industrial 
Waste Conference, w. Lafayette, IN (May 1984). 

5. Kosson, D. S., E. A. Dienemann, and R. C. Ahlert, "Treat
ment of Hazardous Landfill Leachates Utilizing In-situ Mi
crohial Degradation, Part II ," Proc. Hazardous Wa stes and 
Environmental Emergencies, HMCIU, Houston, TX, 
289-292 (March 1984). 

6. Overcash, M. R. and D. Pal, Design of Land Tnwtment Sys
tems for Industrial Wastes-Theory and Pmctice, Ann Arhor 
Science Publishers Inc., Ann Arbor, MI (J 979). 

7. Hillel, D., Introduction to Soil Phy.\·ics, Academic Press, 
New York (1982). 

8. Brady, N. C., The Nature (/lid Properties of Soils, 8th Ed. , 
Macmillan Puhlishing Co., Inc., New York (1974). 

9. Anderson , D. C. and S. C. Jones, "Clay Barrier - Leachate 
Interaction," Proc. Management of Uncontrolled HaUlrdous 
Waste Sites, HMCRI, Washington, D.C., pp. 154-160 (l9H3). 

10. Kosson, D. S., C. C. Agnihotri, and K. C. Ahlert, "Modeling 
and Simulation of a Soil-Based Microhial Treatment Pro
cess,"]. of lIaUlrdolts Materials, In Press. 

Environmental Progress (Vol. 6, No.3) 

Erik A. Dienemann is an interdisciplinary doc
toral student in the fields of chemical engineering 
and environmental policy at Rutgers University. 
His current focus is technical and regulatory eon
siderations for the application of in-situ and on
site treatment technology at Superfund sites. 

John F. Magee II is a doctoral student in chemical 
engineering at Rutgers University. His principal 
resean.'h interests are the application of separa
tion processes to environmental problems. 

David S. Kosson is Assistant Professor in the De
partment of Chemical and Biochemi<:al Engineer
ing at Rutgers University . He earned the Ph.D. in 
Chemical and Biochemical Engineering from 
Rutgers University. His primary field of research 
is the development and application of in-situ and 
Oil-site twatment processes f()f hazardous wastes 
and iitroundwater contamination. 

Robert C. Ahlect is Distinguished Profes!;or of 
Chcmical and Biochemical Engineering at 
Rutgers Univcrsity. He earned the Ph.D. in 
Chemi<.:al Engineering from Lehigh University . 
He spent ten years in industry working in the 
Hclds of comhustioll, applied thermouynamics 
Ilnd c"talysis. At the Univer.;:ity. his tea<:hing and 
research interests include hazardous waste man
agement and resource recovery. 

August, 1987 165 



Feasibility of Intermittent Biological 
Treatment for Hazardous Wastes 

A. Scott Weber and Mark R. Matsumoto 

Department of Civil Engineering, State University of New York at Buffalo 

During an investigation and evaluation of a former hazardous 
waste facility, groundwater underlying the site was found to be 

highly contaminated by a variety of hazardous organic substances. 
An intermittently operated biological treatment process coupled with 

activated carbon adsorption was identified as a promising on-site 
alternative. Because the operating constraints and degree of treatment achieved 

by biological processes subjected to very infrequent operation were 
unknown, a pilot study was initiated to assess the technical feasibility of 

the proposed process. Based on the findings of the experimental 
study, intermittent biological treatment can achieve significant removal of 

waste pollutants. The rate of COD removal was found to be adversely affected 
by decreases in operation frequency and decreased operating 

temperatures. However, all biodegradable COD was removed within a react period 
of 24 hrs., despite lag periods as long as three weeks between 

operation. Addition of powdered activated carbon was tested under one 
operating scenario and is hypothesized to be advantageous in reducing aeration 

times for conditions of low temperature and extended lag periods. 

INTRODUCTION 

During a site investigation and evaluation of a fonner haz
ardous waste facility in New York, groundwater underly
ing the site and leachate from the site were found to be 
highly contaminated by a wide variety of hazardous or
ganic substances. Characteristics ofthe combined ground
water/leachate are presented in Table 1. The recom
mended remedial plan f(Jr site cleanup includes the 
construction of a leachate system, installation of a ground
water recovery system, and the construction of an on-site 
treatment facility [l]. 

Due to the projected low groundwater pumping rates 
and leachate collection volumes expected during remedi
ation, it is expected that on-site treatment would be most 
cost effective if carried out on an intermittent basis (i.e. 
once per week or longer). To determine the treatability of 
the contaminated groundwater and leachate collected 
from the site, a preliminary study was conducted by the 
Department of Civil Engineering at the State University of 
New York at Buffalo. Based on the findings of the prelimi
nary analyses, a coupled biotreatment/activated carbon 
system was identified as the most promising on-site treat
ment alternative [2]. 

As originally planned, the proposed onsite system was 
to consist of a batch biological reactor f(Jllowed by granu
lar activated carbon columns for removal of non-biode
gradable organics. The potential of using batch biological 
treatment processes, commonly referred to as sequencing 

Correspondence should be addressed to A. Scott Weber 
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batch reactors (SBR), for waste treatment has been demon
strated previously by Irvine and coworkers [3-5]. How
ever, in the studies conducted by Irvine, the time between 
operation cycles, or the idle time, was relatively short; typ
ically less than one day. Because the operating constraints 
and degree of treatment achieved by biological processes 
subjected to very infrequent operation are unknown, a pi
lot study was initiated to assess the technical feasibility of 
the proposed process. 

DESCRIPTION OF THE SBR SYSTEM 

The sequencing batch reactor (SBR), a type of periodic 
process, is a fill and draw activated sludge system. The op
eration cycle of a typical SBR is divided into five discrete 
periods: fill, react, settle, draw, and idle. A brief descrip
tion of the SBR cycle is presented below. Complete details 
of SBR operation, and performance may be f(JUnd in refer
ences [3,4,5]. 

During the fill period, wastewater is added to the bio
mass remaining in the tank from the previous cycle. The 
fill period ends either when the tank is full or when a max
imum time for the fill period is reached. The fill period 
may be conducted with or without aeration. 

Following the fill period, the react period is initiated. 
Reactor contents are mixed and aerated. The total time 
needed during the react period to achieve optimum or
ganic removal will vary depending on the waste character
istics and the rate of biological degradation. 

During settling, solids and liquid are separated. The 
time for settling should be long enough to ensure that the 
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TABLE 1. POLLUTANTS IDENTIFIED FROM GC/MS SCAN AND CHEM

ICAL ANALYSES OF GROUNDWATER/LEACHATE 

Pollutant identified 
above detectable limit 

Positively Identified 

Methylene chloride 
Acetone 
trans-l,2-dichloroethane 
2-Butanone 
Benzene 
4-Methyl-2-Pentanone 
Toluene 
Total Xylenes 
Phenol 
Aniline 
2-Methylphenol 
4-Methylphenol 
2,4-Dimethylphenol 

Iron 
Nickel 

eOD,mglL 
TOe, mglL 
BOD" mglL 

Tentatively Identified 

Ethyl benzene 
Oxirane,2,3-Diethyl 
2-Pentanol,4-Methyl 
Benzene, Methyl 
Formamide,N-N-Dimethyl 
Butanoic acid 
Ethanol,l-Methyoxy-,Acetate 
Benzene, ethyl
Benzene,I,4-Dimethyl
Pentanoic acid 
Butanoic acid, 2-Ethyl-
2-Pyrrolidinone,I-Methyl 
Benzenamine,N,N-Dimethyl 
Hexanoic acid,2-Ethyl 
Phenol,2,3-Dimethyl 
Benzene acetic acid 
Benzoic acid,3-Methyl-

Concentration, 
ugiL 

11,000 
42,000 

3,500 
14,000 

1,500 
12,000 
4,300 
1,600 
5,700 
5,600 
2,300 

15,000 
3,400 

96,000 
2,600 

1,950 
1,020 
1,090 

620 
28,000 

6,400 
8,500 
5,400 

14,000 
2,900 

940 
2,400 
6,300 
2,300 
7,900 
4,700 
4,200 

20,000 
1,700 
5,200 

sludge blanket remains below the withdrawal mechanism 
during the draw period, but minimized to prevent rising 
sludge caused by gas formation during anoxic conditions. 

During the draw period, the treated wastewater is re
moved by decanting. Following this, the system may be 
placed in an idle period until the next fill period begins. 
Sludge may be withdrawn during the idle period. 

EXPERIMENTAL APPROACH 

As previously noted, treatment operations at the fom1er 
hazardous waste site are likely to he required only on an 
intermittent hasis because of expected low site ground
water and leachate collection rates. Periods between oper
ation may be greater than one week. The effects of peri
odic operation on hiological treatment process 
performance are unknown. To detem1ine the effects of the 
extended idle periods on organic carbon removal rates 
and treatment efficiency, experimental ,tudies were con
ducted. The bioreactof!; used in these experiments were 
operated on the following schedules: 1) one reaction cycle 
per week, Of an idle period of six days; 2) one reaction cy
cle per two weeks, or an idle period of 13 day" and 3) one 
reaction cycle per three weeks, or an idle period of 20 
days. 

The site is located in upstate New York, and as such, 
onsite treatment facilities may be required to operate un
der cooler temperatures. To investigate the elTects of tem
perature on intermittent biological treatment operations, 
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study bioreactors were operated under temperatures of S, 
IS, and 25°C, using a once per week operating protocol. 

As noted in the results section, significant degradation 
of performance was observed when the bioreactors were 
operated under extended idle or cold temperatures. To de
crease operation time and improve overall performance 
under these conditions, the addition of powdered acti
vated carbon (PAC) to the bioreactors was evaluated. 
Three PAC dosages were studied, 1000, 2000, and 5000 
mg/L, based on the influent feed volume. The highest con
centration was chosen to achieve a treatment level compa
rable to that obtainable by a combination ofbiotreatment 
followed by a granular activated carbon column. 

The glass reactors used in the study had an operating 
volume of 1 liter and were operated in a batch mode with 
a SO percent fill volume, in which 500 mL of waste were 
fed to each reactor during an operating cycle. All of the re
actors were seeded with activated sludge ohtained from 
the Town of Amherst, New York POTW at an initial 
MLVSS concentration of 2000 mg per liter of total reactor 
volume. Based on an influent COD concentration of 2000 
mg/L and a SO percent feed volume, the F/M ratio was O.S. 

The operating protocol for the bioreactors was as fol
lows: 1) waste fed to the reactors, 2) aeration started, 3) 
mixed liquor samples taken for total and volatile sus
pended solids determinations (MLSS and MLVSS) in the 
bioreactor, 4) bioreactors aerated for 23 hours, S) 
bioreactors settled for 1 hour, 6) supernatant samples 
drawn for SS and chemical oxygen demand (COD) deter
minations, 7) supernatant decanted to the original idle re
actor volume of SOO mL, 8) reactor left idle (without aera" 
tion) for six, 13, or 20 days as needed. 

ANALYTICAL TESTS 

Analytical measurements made during this study in
clude five-day biochemical oxygen demand (BOD.), chem
ical oxygen demand (COD), total organic carbon (TOe), to
tal suspended solids (SS), volatile suspended solids (VSS), 
and turbidity. Tests were conducted according to proce
dures outlined in Standard Methods [6]. Unless noted oth
erwise, all COD determinations were performed on sam
ples that had been filtered through a glass fiber filter paper 
with an average pore size of 1.2 micron. 

RESULTS AND DISCUSSION 

The results of experimental studies to assess the fea
sibility of using intermittent bioreactors for the treatment 
of contaminated groundwater and leachate are presented 
in this section. 

EHect of Ext_dec! Idle Time Betw_ BioreoctOl' 0per0t10il 

Because treatment operations at the proposed on-site fa
cility would be expected to be intennittent, bioreactor 
efficiency when operated with extended idle times was 
evaluated. The idle time is the period between times of 
bioreactor operation. Three conditions were studied in 
the extended idle study: one react cycle per week, one re
act cycle per two weeks, and one react cycle per three 
weeks. Five hioreactors were used for the study: one for 
the six day idle condition while duplicate reactors were 
run for the 13 and 20 day idle conditions. Duplicate 
bioreactors were used for the 13 and 20 day idle condi
tions to evaluate reproducibility of the data obtained from 
the study bioreactors. 

Presented in Figure 1 are the COD values obtained at 
the end of the react cycle as a function of time. Conclu
sions drawn from inspection of the data presented in Fig
ure 1 are: 1) there appears to be only minor differences in 
COD removal efliciencies obtained after 23 hours of aera
tion wben extended idle times are imposed on reactor op-
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Figure 1. Effluent COD cogeneratians as a function of idle period duration 
and length of operation. 

eration, 2) there is excellent reproducibility between the 
duplicate bioreactors used for the 13 and 20 day idle con
ditions and 3) the six day idle bioreactor consistently 
achieved the lowest effluent COD values after the first 
week of operation. 

To determine if extended idle periods affect the time re
quired to achieve a desired percent COD removal, COD 
removal as a function of react time was measured fi)r each 
idle condition. As shown in Figure 2, the imposition of ex
tended idle periods significantly impacted the rate of 
COD removal. Although not measured during the study, 
the probable cause for the degradation in reactor perf 01111-

ance, is a reduction in the viable biomass present in the 
extended idle bioreactors The major importance of the in
formation presented in Figure 2 is the implication that, as 
the idle period is extended in the intermittent biological 
treatment process, the aeration time required to rcmove 
biodegradable COD will also increase. 

To determine whether COD removal was a result of as
similation and subsequent oxidation, or uptake and stor
age, oxygen uptake rates were measured for the 
bioreactors operating during the extended idle study and 
compared to the COD removal trends presented in Figure 
2. As presented in Table 2, the oxygen uptake rate is 
greatest in the initial phases of the react cycle and drops 
off rapidly during the aeration period lor the bioreactor 
operating with a six day idle period. This rapid drop is 
common for batch operated processes and lilllows the 
trend in COD removal for that reactor. As the length of the 
idle period is increased, the rate of 0, uptake during the 
initial phase of the react cycle decreases. This decrease in 
initial 0, uptake is indicative of a loss of acclimation 
which was verified by the slower rates of COD removal in 
the 13 and 20 day idle reactors. For the 20 day idle period 
reactor the rate of 0, uptake is essentially constant liJl" the 
one and six hour readings because of the slow rate of COD 
removal observed in that bioreactor. 
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Figure 2. COD removal as a fundion of the time and idle period duration. 
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TABLE 2. OXYGEN UPTAKE RATES (MG/O,/G MLVSS-HR.) 

AS A FUNCTION OF REAGr CYCLE TIME FOR 

EXTENDED LAG STUDY BIOREACTORS 

Time Length of lag between bioreactor operation 
in 

react cycle 

1 bour 
6 hours 

23 bours 

6 days 

185 
14 
7.6 

13 days 

62 
12 
5.8 

20 days 

36 
34 
4.4 

Oxygen uptake data can also be used to gage oxygen 
supply equipment needs. If the aeration equipment is 
sized to meet the initial demand, some ability to reduce 
the supply later in the cycle may be desirable from the 
standpoint of energy savings. If the oxygen supply equip
ment is sized based on a lower rate than needed initally, 
then longer aeration times may be required to remove 
biodegradable COD. 

EHects of Temperature on Biareactor Performance 

A study of temperature effects on the perfimnance of the 
intermittent bioreactor werc performed to evaluate the 
impact of climatic differences expected at the superfund 
site. For this purpose, bioreactors were operated at 5, 
15, and 25°C, to determine the effect of temperaturc on 
overall effiuent quality and COD removal rates. Five 
bioreactors were utilized for the temperature effects 
study. One bioreactor was operated at 25°C (room temper
ature), while duplicates were operated at the five and 15'C 
conditions. The temperature eflects study was run filr six 
consecutive weeks. 

Influent and effluent COD values filr each weekly react 
cycle are presented in Figure 3 as a function ofbioreaetor 
temperaturc. Observations that can be made from the data 
presented in Figure 3 are: 1) during the initial phase of the 
study effinent COD values were fiHmd to increase as the 
bioreactor temperature decreased; 2) as the study contin
ued the eHluent COD in all hioreactors improved; 3) per
formance of the two 5'C bioreactors improved at a faster 
rate than the 15 and 25°C bioreadors; 4) as the study con
tinued, eHluent COD in the 15°C hioreactor approached 
the same level of peri()rmance achieved in the 25°C 
bioreactor; and 5) there was excellent reproducibility be
tween the duplicate reactors. 

To determine the rate of COD removal , samples from 
each reactor were taken filr COD analysis throughout the 
react cycle of the sixth operating week. As shown in Fig
ure 4, the rate of removal was similar in the 15 and 2.'5°C 
reactors while a somewhat slower rate was observed in 
the 5°C reactor. 
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Figure 3. Effluent COD concentrolions as a function of reactor operating 
temperature and length of operation. 
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temperature. 

To further gage effluent quality, effluent suspended sol
ids were monitored as patt of the temperature study. Aver
age suspended solids for the hioreactor hased on eight oh
servations were measured to be 262, 99, and 112 mg/L ft)r 
the five, 15, and 25°C systems, respectively. 

Based on the data collected as part of the temperature 
study the following conclusions can be made: 1) COD re
moval is affected by cooler temperatures; 2) the exact tem
perature that retards the removal or COD is unknown but 
lies somewhere between 5 and 15°C; 3) the biomass does 
acclimate to cooler temperatures as evidenced by the 
data in Fi!(ure 3; 4) the rate of acclimation is insutTicient to 
negate longer aeration period requirements ft)r cool 
weatber operation; and 5) significant deterioration in 
effluent suspended solids quality occurs as bioreactor 
temperature is decreased. 

EHects of Powdered Activoted Corbon (PAC) 
Addition to the Bioreocton 

Because of the long aeration times required to remove 
biodegradable COD under conditions of extended idle 
periods and reduced temperatures, further experimental 
studies were conducted to determine what rate advan
tages might be realized by supplementing the bioreactors 
with powdered activated carbon. In addition, depending 
on dosages used, elimination of the planned subsequent 
activated carbon columns might be made possible with 
the use of powdered activated carbon. 

To detennine the effect of PAC dosage on filterable 
COD removal, three concentrations were studied and 
compared to a control reactor operating without PAC addi
tion. The bioreactors were operated with 50 percent feed 
volumes, with one react cycle per week. The PAC dosages 
studied were 1O00, 2000, and 5000 mg/L, based on the 
influent feed volume. The PAC was added simultaneously 
with the influent waste. The PAC study was conducted 
over seven weeks during which time there was no wasting 
of solids other than those lost in the e ffluent. 

Weekly effluent COD values from the PAC study are 
presented in Figure 5. Observations drawn from inspec
tion of Figure 5 include: \) enhanced removal of CO\) was 
ohserved with the addition of PAC; 2) a higher COD re
moval percentage was observed with increasing PAC dos
ages; 3) COD removal increased with study duration until 
an approximate equilibrium had been reached; 4) equilib
rium COD values of approximately 170, 130, a1l(1 90 mg/L 
COD were achieved with PAC dosages of WOO, 2000, and 
5000 mg/L, respectively. Equilibrium COD values plotted 
as a fimction of PAC dosage are presented in Figure 6. 

Presented in Fi!(ure 7 are the data collected during the 
PAC study delhteating the eflect of PAC addition on the 
rate of COD removal. Removal ofCOJ) is quite rapid with 
baseline levels occurring in the first two to three hours of 
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the react cycle for the 5000 mg/L dosage. The time to 
reach the COD base line increases with decreasing PAC 
dosage. Based on these results, it is hypothesized that the 
addition of PAC may significantly reduce the react time re
quirements for COD removal when the hioreactors are 
operating under periods of extended idle or extreme cold. 
This hypothesis is based on the assumption that a signifi
cant portion of initial COD removal observed in the PAC 
reactors is brought about by adsorption of organics rather 
than by bacterial degradation. Mechanistically, both ad
sorption and bacterial degradation are occurring simulta
neously. 

To test the above hypothesis, oxygen uptake rates were 
measured in a control reactor with no PAC addition, and 
the PAC reactors, at different times throughout the react 
cycle. If carbon adsorption is the major mechanism of 
COD removal in the initial phases of the react cycle, the 
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observed oxygen uptake rates should decrease as the PAC 
dosage is increased. In addition, 0, uptake rates in the 
PAC reactors should be higher than endogenous rates after 
baseline COD values in the bioreactor are approached as 
adsorbed organics on the carbon continue to be biode
graded. Eventually, after the inlluent substrate is biode
graded, all bioreactors should approach the same endoge
nous 0, uptake rate. 

The depletion of oxygen, measured as mg O,/L-min for 
the PAC study bioreactors is presented as a function of 
time in Table 3. The reading at one hour was selected to 
record 0, uptake during periods of rapid uptake, a mea
surement at six hours was selected to determine 0, uptake 
rates in a time period when COD had reached baseline 
levels in the PAC reactors, but not in the control and to 
compare midcycle 0, uptake rate with endogenous rates, 
and the last measurement was taken to establish endoge
nous 0, uptake rates. 

As hypothesized, the initial oxygen uptake rates for the 
PAC study reactors were found to be inversely propor
tional to the carbon dosage. This phenomenon occurs as a 
result of a greater fraction of the substrate partitioning on 
the carbon at the higher PAC dosages, reducing the 
amount of available substrate for bacterial degradation in 
the bulk lIuid. At six hours, O2 uptake rates for both the 
control and PAC bioreactors are nearly identical and are 
higher than the endogenous rate measured at 23 hours. 
Based on these results, one may postulate that the rate of 
bacterial degradation is similar in the control and PAC re
actors even though the COD removal rates are different. 
This assumption seems reasonable since it is unlikely that 
the addition of PAC enhances the biodegradation capacity 
of the biomass. 

The significance of these results from the point of sys
tem design is twofold: 1) because enhanced COD removal 
rates are likely due to adsorption of organics on the acti
vated carbon, addition of PAC to bioreactors operating un
der conditions of extended lag and low temperature 
should improve treatment performance, and 2) because in
creased removal rates result from adsorption, a period 
continued aeration of the settled PAC bioreactor after de
canting would be desirable to bioregenerate the carbon 
for the next react cycle. 

Oxygen uptake rates for each PAC dosage at 23 hours 
were identical. Assuming that all biodegradable organics 
had been removed, it is probable that the hiomass levels 
in the bioreactors were nearly identical. Ideally, oxygen 
uptake rates, should be normalized to account for the 
amount of biomass present in the reactor. Unfortunately, 
measurement of bacterial solid levels, recorded as 
MLVSS, is difficult in the PAC reactors because of the in
terference of adsorbed organics which are volatilized dur
ing the MLVSS procedure. 

To further e~luate the effects of PAC addition, solids 
levels were monitored in the effluent from the PAC reac
tors. The average effluent suspended solids measured 
were 82, 69, 65, and 57 mg/L for 0, 1000, 2000, and 5000 
mg/L PAC dosages. Qualitatively the effluent from the 
PAC reactors was clear, void of color, and had low turbid
ity. The measured values for turbidity were 12, 3, 3, and 
1.5 NTUs for 0, 1000, 2000, 5000 mg/L PAC dosages. 

TABLE 3. OXYGEN UPTAKE HATES (MG/O,/L-MIN. ) AS A FUNCTION OF 

REACT CYCLE TIME FOR PAC STUDY BIOREACTORS 

Time 
in 

react cycle 

1 hour 
6 hours 
23 hours 

o 
ILl 
0.48 
0.15 
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PAC Dosage, mglL 

1000 2000 

7.8 
0.51 
0.15 

3.9 
(l.43 
0.15 

5000 

2.1l 
(l.40 
0.15 

TABLE 4. CoMPARISON OF EFFLUENT QUALITY IN TERMS OF COD, 

TOC, AND BOD, 

Concentration, mglL 

Bioreactor sample coDa 

PAS waste influent 2704" 
2865d 

1980" 
1889d 

Bioreactor effiuent 
- I React cycle per week 355 

395 
412 
392 

- I React cycle per 2 weeks 385 
- I React cycle per 3 weeks 375 
-1000 mglL PAC, 197 

I React cycle per week 173 
151 

- 2000 mglL PAC, 141 
I React cycle per week llO 

125 

- 5000 mglL PAC, 79 
I React cycle per week 90 

91 
• Samples filtered with Whatnum Cfo'/C fihN. 
b Non-filtered samples. 
~ Pretrel:lted influent s;lmple. 
d Non-pretreated influent sample. 

Comparison of EHI_t Quolity Measures 

TOC' BOD," 

944" 
1011ld 

1052d 

1130" 

140 
21.9 
20.7 
12.0 

128 17 
128 
57.5 3.5 

< 1.0 
5.4 

37.4 3.4 
2.3 
3.5 

1.7 
24.1 1.5 

Chemical oxygen demand (COD) was used as the pri
mary measure of process performance and effluent quality. 
To determine the quality of the intennittent bioreactor el~ 
fluent with other indicators of organic carbon, total or
ganic carbon (TOC) and five day biochemical oxygen de
mand (BOD.) were also measured. 

Presented in Tahle 4 is a summary of COD, TOC, and 
BOD. values lor selected samples. It appears hom the data 
presented in Table 3 that a bioreactor effluent of less than 
30 mg/L BOD. can be achieved regardless of reactor proto
col. Bioreactors with PAC addition produce the highest 
quality effluent in terms of BOD" with values typically less 
than 5 mg/L in the eflluent. It is hypothesized that the ma
jority of BOD. measured in the bioreactor effluents is 
brought about by respiring bacteria present in the 
bioreactor supernatant. 

Comparison of COD and TOC values lilr influent and 
bioreactor effluent with no PAC addition produce COOl 
TOC ratios which range from approximately 2.5 to 3.0. 
This range is normal for domestic wastewater. Values for 
CODrroC increase with the PAC reactors. To determine if 
CODITOC ratios change tbroughout the react cycle for 
non-PAC bioreactors, C/C, values for COD and TOC were 
plotted as a function of time in the react cycle. As shown 
in Figure 8, the C/G" ratios are nearly identicalli>r COD 

o 
u ..... 
u 

1.0 

0.2 

oCOD -roc 

-~~---+-----.------~Q 
o 50 100 150 200 250 300 350 400 450 500 

Time ofter startup, minutes 
Figure 8. Comparison of COD and TOC removal as a function of time. 
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and TOC during the cycle. Therefore, it would appear that 
for the influent and bioreactors witbout carbon addition a 
nearly constant ratio exists for COD and TOC. Chemical 
oxygen demand is recommended as the process evalua
tion parameter for two reasons: 1) values for BOD. are not 
indicative of the true organic content; and 2) analyses for 
TOC require skilled personnel and expensive analytical 
equipment. 

SUMMARY 

An experimental study was conducted to assess the tech
nical feasibility of biological processes treating hazardous 
waste when extended periods of inoperation are imposed 
on operation protocol. The impetus for this study was to 
develop a process that could provide cost effective treat
ment of leachate and contaminated groundwater from a 
former hazardous waste handling facility in Upstate New 
York. Waste collection rates at the site are expected to be 
low and as such, intermittent process operation will be de
sirable or necessary. 

Based on the reported findings of the experimental 
study, intermittent biological treatment can achieve 
significant removal of waste pollutants. In this study the 
rate of COD removal was adversely affected by decreases 
in operation frequency and decreased operating tempera
tures . However, if reaction periods are extended, all bio
degradable COD removal can be removed in bioreactors 
using long lag periods. Addition of powdered activated 
carbon was tested under one operating scenario and hy
pothesized to be advantageous in reducing aeration times 
for conditions of low temperture and extended lag 
periods. 

While the feasibility of internlittent biological treatment 
was studied using a groundwater contaminated with haz
ardous waste substances, other potential applications ex
ist. They include: 1) leachate treatment of municipal and 
hazardous waste landfills, industrial waste flows released 
on an intermittent basis, and other waste sites requiring 
remediation. It is hoped that the results presented in this 
paper, will alert others to the potential that biological sys
tems may offer even when operating under conditions that 
are less than ideal. 
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This paper reports results from an EPAfunded study designed to 
investigate the effect of catalytic incinerator design and operation on 

the destruction of specific volatile organic compounds (VOC), both singly and 
in mixtures. A range of operating and design parameters were tested with 

a wick variety of compounds and compound mixtures. Results from the 
study showed that key variables affecting destruction included operating 

conditions (temperature, space velocity, catalyst geometry and 
catalyst volume), VOC composition and VOC concentration. Significant differences 

in destruction efficiency were found for some compounds when tested 
alone compared to when tested in mixtures. 

INTRODUCTION 

EPA's Air and Energy Engineering Research Lalxlratory 
conducts and sponsors research on technology to reduce 
or eliminate emissions of volatile organic compounds 
(VOC's) from industrial/commercial sources. Recently, a 
study on the use of catalytic oxidation to destroy VOC's 
(including potentially toxic air pollutants) was completed 
by Radian Corporation under an EPA contract. The study 
was designed to investigate the effect of catalytic inciner
ator design and operation on the destruction of specific 
VOC's , both singly and in mixtures. A range of operating 
and design parameters were tested on a wide variety of 
compounds and compound mixtures. This paper presents 
the results of this research efIort. 

BACKGROUND 

Catalytic incinerators are used by a variety of industrial 
sources to reduce VOC emissions. Several catalyst formu
lations are sold for VOC control, although precious metal 
catalysts (e.g., platinum or palladium) predominate. 
Fixed bed systems with various geometries are available, 
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as are fluidized bed units. 
A recent EPA study summarizes the application of cata

lytic incineration in the US [1]. While it has been esti
mated that over 500 catalytic units are operating in the 
US, the study identified only 149 specific facilities which 
employed catalytic systems for VOC control. These sys
tems were distributed across the f(lllowing industrial 
categories: 

Solvent/Coating Application and Drying - 60% 
Organic Chemical Production - 15% 
Miscellaneous Processes - 25% 

Field data were collected at eight incinerators in the 
Solvent/Coating industrial category. These data indicated 
that the design efficiency for VOC combustion was 
achieved at five of the installations. Two of the incinera
tors had deactivated catalysts and achieved p<Xlr destruc
tion. The remaining unit also showed low efficiency, hut 
the space velocity was excessive. 

EPA has also conducted tests of a pilot scale catalytic 
incinerator on the emissions from a flexographic printing 
press and a full scale unit on a f(lrmaldehyde plant [2]. 
The pilot scale tests were conducted over a range of'tem-
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peratures .and sl?ace velocities. The results, shown in Fig
ures 1 and 2, indicate that total VOC destruction 
efficiency exceeded 9S% over the range of test condi
tions . The results also show that the destruction 
efficiency of specific compounds (e.g., propyl acetate and 
heptane) varied considerably from the total destruction 
under some conditions. Eight tests were conducted on 
the formaldehyde plant over a lO-month period. All the 
tests showed VOC destruction of 98% or higher. 

PURPOSE OF THE STUDY 

An evaluation of the literature on catalytic incineration 
[l] and the EPA testing previously conducted (see above) 
provides substantial information on the performance of 
catalytic systems. This information covers a multitude of 
catalyst materials and geometry, operating conditions, 
and VOC compounds and concentrations. Unf()rtunately, 
the information is insufficient to allow one to predict 
confidently the performance of a given catalytic incinera
tor applied to a specific VOC mixture. Only via ad hoc 
laboratory or pilot tests can such data be ohtained. 

The purpose of the study reported herein [3] was to 
conduct a comprehensive evaluation of catalytic incinera
tion ofVOC's to determine the effect of operating param
eters (i.e, temperature and space velocity) and VOC waste 
stream characteristics (i.e., concentration, compound 
type, and mixture composition) on the destruction of 
specific organic compounds. The study was designed to 
identify the effects, not to determine their cause. It was 
hoped that the results of the study would assist in fo
cusing future research on the most critical questions. 
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--<io- . 

Propanol 
'-0--

Propyl acetate 
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Heptane 
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Figure I . Destruction eHiciency for flexagraphic printing emissans ys. 
temperature (space yelocity = 50,OOO/hr). 
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Figure 2. Destruction efficiency for fle.agraphic printing emissions ys. 
space yelacity (temperature = 230 deg. C). 
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EXPERIMIHT AL DESIGN 
Test System and Methods 

The test system consisted of a skid-mounted catalytic 
incineration unit and a solvent vapor generation system. 
The skid-mounted unit, which was leased froin 
Englehard Industries, was equipped with a blower, 
preheater, mass flowmeter, catalytic reactor, and temper
ature controls. A schematic diagram of the catalytic incin
eration unit is shown in Figure 3. Gases from the solvent 
generation system were metered into the unit at f10wrates 
ranging from 3.4 to 17 m3/hr. Prior to entering the catalyst 
bed, the gases were heated to the desired temperature 
with a controlled electric preheater. The electric 
preheater consisted of a pipe or tube wrapped with an 
electrical resistance heater element .. Test compounds 
were oxidized on the catalyst bed, and the exhaust was 
vented. Heat loss from the catalyst bed was minimized by 
a second electric heater controlling the temperature of 
the catalyst shell. 

Catalyst beds tested consisted of ceramic honeycombs 
coated with precious metal (platinUm/palladium) catalyst. 
The beds were cylindrical in shape with a 3.8 cm diame
ter and either a IS or 30 cm length. Space velocities 
tested with the catalysts ranged from IS,ooO to 80,000 
hr- I , and catalyst inlet temperatures tested ranged from 
260° to 42SoC. 

Spiked air streams for testing were generated by 
evaporating liquid organic compounds into a clean air 
stream at a controlled rate. Gas samples were withdrawn 
from the incinerator at three locations: the inlet of the in
cinerator, the outlet of the electric preheater, and the out
let of the catalyst bed. Concentrations ofVOC's present in 
these samples were determined by two independent 
methods. Individual compound concentrations were de
tennined by gas chromatography and flame ionization de
tection (GC/FID, EPA Method 18). Calibration gas mix
tures for the GC/FID analysis were prepared dynamically 
using the same system used in preparing the spiked air 
streams . Total non-methane hydrocarbon (NMHC) con
centrations were also determined by flame ionization de
tection (modified EPA Method 2SA). Total NMHC con
centrations were quantified against propan~ standards. 

Ex ..... imental Design 

Achieving the objective of this study required the se
lection of a wide range of incinerator operating condi
tions. Major operating parameters that were varied during 
the testing included catalyst inlet temperature, com
pound concentration, space velocity, compound type, cat
alyst geometry, and catalyst volume. Much of the testing 
was conducted to characterize compound destruction 
across the beater and catalyst bed as a "system." How
ever, heater and catalyst destruction efficiencies were 
also measured separately under a large number of condi
tions. Test parameters and the range of conditions tested 
are shown in Table 1. 

--=---
n·T ......... -....
nc~T.....-~ .............. "- ......... 

Figure 3. Catalytic incineration unit schematic. 
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TABLE 1. TEST PARAMETERS AND CONDITONS FOR VOC/HAP 
COMPOUNDS 

Test Parameter 

VOC/HAP Mixture 

Total Mixture Inlet 
Concentration (ppmC)b 

Space Velocity (hr- I )' 

Catalyst Inlet Temperature 
(OC) 

Catalyst GeometryNolume 
(em')" 

Conditions or Values Tested 

S multicomponent mixtures 
and 16 single components· 

10,000 
6,000 
1,200 

260 
280 
305 
315 
345 

15,000 
20,000 
30,000 
33,000 
50,000 
SO,OOO 

360 
370 
400 
425 

Geometry AlI70 
Geometry Al340 
Geometry BI170 

-Components in the tested mixtures are shown in Table 2. 
"This is the l'OD(..'entration at the inlet of the elet.1rk preht'ater in parts per million as 

carhon. 
rSased on total catalyst volume and gas UUWl'Ittt' at standnrd conditions (20°C and I 

atm), 
dThe larger (.'atalyst volume was at'hieved by doubling the length of tht' l'atalyst 

while maintaining the same cross-sediollal area. 

A total of eight multicomponent mixtures with between 
two and seven compounds each were tested. In addition, 
16 of the compounds were tested singly. Compounds in 
each of the mixtures are shown in Table 2. Mixtures I, lA, 
IB, and lC were used to investigate the effect of 
combining several compound classes. Mixture 2 repre
sents a typical industrial solvent emission. Mixtures 3, 4, 
5 and 6 combined several compounds from one or two 
classes and Mixtures 7 and 8 were selected to represent 
hazardous air pollutant (HAP) emissions. 

RESULTS 

Results from the study provide data showing the effect 
of incinerator operating conditions and VOC waste gas 
characteristics on compound specific and overall mixture 
destruction efficiency. These data are summarized in this 
section. 

Operating Conditions 

As expected, compound specific and overall mixture 
destruction efficiencies were found to be strongly 
influenced by catalyst inlet temperature and space veloc
ity. Figures 4 and 5 illustrate the effect of these two pa
rameters on the destruction efficiency of selected mix
tures. The data in Figures 4 and 5 show that the 
destruction efficiency of some mixtures are more strongly 
influenced by inlet temperature and/or space velocity 
than others. 

For the particular catalytic unit tested under this study, 
compound destruction in the gas preheater often contrib
uted significantly to the overall "system" (i.e., catalyst 
plus preheater) destruction efficiency. Relative contribu
tions of preheater and catalyst destruction efficiencies for 
Mixture 1 are shown in Figure 6. The degree to which 
heater destruction efficiencies observed during this study 
may represent heater or burner zone destruction 
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TABLE 2. COMPONENTS IN MULTICOMPONENT VOCIHAP MIXTURES 

Mixture I-Control Mixture 

iso-Propanol 
Methyl ethyl ketone 
Ethyl acetate 
Benzene 
n-Hexane 

Mixture lA-Hexane 
Substitution 

iso-Propanol 
Methyl ethyl ketone 
Ethyl acetate 
Benzene 
Cyclohexane 

Mixture IB-Hexane 
Substitution 

iso-Propanol 
Methyl ethyl ketone 
Ethyl acetate 
Benzene 
iso-Octane 

Mixture IC-Hexane 
Substitution 

iso-Propanol 
Methyl ethyl ketone 
Ethyl acetate 
Benzene 
n-Octane 

Mixture 2-Industrial Mixture 

Methyl ethyl ketone 
Toluene 

Mixture 3-Alcohols/Acetates 

Methanol 
Ethanol 
iso-Propanol 
n-Butanol 
Ethyl acetate 
n-Propyl acetate 
iso-Butyl acetate 

Mixture 4-Ketones/ 
Miscellaneous Oxygenated 
Compounds 

Acetone 
Methyl ethyl ketone 
Methyl isobutyl ketone 
Cyclohexane 
Ethyl Cellosolve 
Dioxane 

Mixture 5-Aldehydes 

Propionaldehyde 
iso-Butyl aldehyde 
iso-Valeraldehyde 
n-Butyl aldehyde 
n-Valeraldehyde 

Mixture 6-Alkanes/Aromatics 

n-Hexane 
n-Octane 
n-Decane 
Benzene 
Toluene 
Ill-Xylene 
iso-Propyl benzene 

Mixture 7-Non-Chlorinated 
HAP's 

m-Cresol 
Acrylonitrile 

Mixture II-Chlorinated HAP's 

Methylene chloride 
Carbon tetrachloride 
Ethylene dichloride 
Trichloroethylene 
Tetrachloroethylene 
l,l-Dichloroethane 
1,1,2-Trichloroethane 

efficiencies on full-scale catalytic incinerators is not 
known. Most full-scale incinerators requiring waste gas 
preheat employ natural gas pre heaters instead of electri
cal resistance heaters. Compound destruction in these 
natural gas preheaters may vary considerably depending 
on the preheater design. 

100 
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Figure 4. Effect of temperature on destruction efficiency (space velocity 
= 50,OOO/hr). 
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Figure 5. Effect of space velocity on destruction efficiency (temperature 
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Figure 6. Relative contribution of heater and catalyst to system destruc
tion efficiency (mixture no. 1; space velocity = 50,OOO/hr). 
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Figure 10. Destruction efficiency for ethyl ocetate vs. temperature (space 
velocity = SO,OOO/hr). 
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Figure 11. Destruction efficiency for benzene vs. temperature (space ve
locity = SO,OOO/hr). 

Other test results relating to incinerator operating con
ditions showed the importance of catalyst geometry and 
catalyst volume. For one test series, catalyst surface area 
was increased by reducing the honeycomb cell size and 
in another test series, the catalyst volume was increased 
by doubling the catalyst length. Both the increased sur
face area and the increased volume resulted in improved 
destruction efficiency, with the greatest improvement 
occurring at low temperatures and high space velocities. 

VOC Composition/Concentration 

The effect of VOC concentration was evaluated by 
testing Mixture 1 and the single compounds in Mixture 1 
at total concentrations of 1,200 and 6,000 ppmv. The re
sults indicated that bigher concentrations did result in 
slightly higher compound destruction efliciencies. This 
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effect was more evident at low temperatures (305°C) than 
at higher temperatures (400°C). 

The effect of compound class was determined by 
comparing the destruction efficiencies of various com
pounds and compound classes at given combinations of 
temperature, space velocity, and VOC concentration. 
This comparison provided the following ranking of com
pound classes: 

Compound Class 

Alcohols 
Cellosolves/dioxane 
Aldehydes 
Aromatics 
Ketones 
Acetates 
Alkanes 
Chlorinated hydrocarbons 

Relative Destructibility 

High 

Low 

All of the compound classes, except chlorinated hydrocar
bons, were able to be destroyed with 98-99% efficiency at 
sufficiently low space velocities/high temperature. A de
struction efficiency of 97% was achieved for acrylonitrile. 

. and cresol (Mixture 7). It should be noted that the ranking 
provided above is generally applicable to classes of com
pounds; specific compounds within each class may ex
hibit different relative destructibilities when compared to 
other compounds within the same or different classes. 

The destruction efficiency for the chlorinated hydrocar
bons was quite low. In addition, tests conducted alter the 
chlorinated hydrocarbon "burns" showed that the cata
lyst had been partially deactivated. 

The effect of compound mixtures is bes~ illustrated by 
comparmg the destruction efficiencies of specific com
pounds when tested alone vs. their destruction when 
tested in mixtures. If the "mixture effect" were negligi
ble, these efficiencies would be similar. Figure 7 shows 
the results of tests conducted on single compounds at 
1200 ppmv. Note that significant differences exist be
tween the individual destruction efficiencies. Figure 8 
shows the results of testing these same compounds (ex
cept iso-octane) in a mixture at 1200 ppmv. As in the 
single compound tests (Figure 7), there are obvious dif~ 
ferences between the destruction efficiencies for the incli
vidual compounds. It is noted, however, that the com
pound destruction for some of the compounds is <Juite 
different when Figures 7 (single compounds) and 8 (mix
ture) are compared. For example, hexane achieved 
greater than 90% destruction at 305°C when incinerated 
alone (Figure 7), but was less than 75% destroyed at the 
same temperature when comb us ted in a mixture (Figure 
8). This effect is further illustrated in Figure 9, which 
clearly shows that hexane is more effectively destroyed 
when incinerated by itself. Figure 9 also shows that the 
type of mixture has an effect; note that the efficiency re
duction is much less for Mixture 6 (alkanes and aromatics) 
than for Mixture 1 (five compound classes). The "mixture 
effect" is not consistent between compounds. Figure 10 
shows that the destruction of ethyl acetate was greater 
when burned in a mixture than by itself. Finally, some 
compounds showed no effect; benzene, for example, 
showed no differences in destruction efficiencies due to 
mixture (see Figure 11). 
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CONCLUSIONS 

The following conclusions are based on the results dis
cussed above. While some may be applicable to catalytic 
incineration ofVOC's in general, they are presented here 
as applying only to the test catalyst and ranges of condi
tions tested: 

(1) VOC compound destruction efficiency increases 
with increasing temperature and decreasing space 
velocity. 

(2) VOC compound destruction efficiency increases 
with increasing concentration. 

(3) The destructibility of VOC's varies according to 
compound class. 

(4) Individual VOC's have different destruction effi
ciencies (at a given concentration, temperature, and space 
velocity). 

(5) Different destruction efficiencies may be obtained 
for a specific VOC incinerated in a mixture vs. when 
burned alone. 
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Operating and Testing a Combined 502 and 
NOx Removal Facility 

Norman W. Frank, Gary A. Miller, and David A. Reed 

Ebara International Corp., Hempfield Industrial Park, Greensburg, PA 15601 

Test results and operational procedures of a 32,000 Nmlhr combined S02 
and NOx removal facility utilizing electron beam technology and dry 

ammonia injection are discussed in detail, showing how the facility can 
be operated to give maximum removal efficiencies and optimum utility 
requirements. To date, the overall plant design efficiencies of90% S02 
and NOx removal efficiency have been achieved. A brief history of the 

development of the process along with a description of the plant is 
presented. Performance of the plant is compared to previous similar 

pilot plants operated in Japan and the influences of process parameters 
on the plant operation and removal efficiencies are discussed. Use of an 

alternative reagent and its effect on removal efficiencies and plant 
operation is presented followed by results of analysis of the fertilizer 

by-product yielded by the process. 

INTRODUCTION 

It has been recognized by the coal consuming community 
that federal emission limits fill' stationary sources have 
become progressive ly more stringent over the years and a 
continuation of this trend can be expected filT the future. 
Since most present-day S02 and particulate control sys
tems have evolved in response to a particular environ
mental regulation mandating control of one particular 
pollutant, these same systems tend to lose flexibility and 
become less economical to operate as old regulations are 
tightened or as new regulations are promulgated. For ex
ample, regulations mandating additional decreases in 
SO, content in flue gases for exis ting plants would be 
satisfied by either additional control equipment or re
duced boiler outputs at the expense of increased capital 
costs or reduced capacity. In the event that passage of 
regulations controlling nitrogen oxides (NOx ) e missions 
becomes a reality, most single species desulfurization 
systems cannot remove NOx without expensive add-on 
processes. This type of approach often results in increas
ing mechanical and operational complexity of the control 
system, multiple waste and/or product streams, decreased 
availability and crowded siting in areas of the plant where 
space is already at a premium. 

This report was prepared hu Eharlllnterliati01wl Corporatic)1l 
(ElC) ill cooperatioll with alld ·\·lw'l>ored byllldiall{l Power IIlI(i 

Light COlllpallY (lPALCO) II lid the U.S . Dqlllrtmellt of Ellerg!l 
(DOE). Neither ElC, lPALCO lIor DOE lIorallYl'ersollllctill!( Oil 

behalf of them: (1) makes lI1lU warrant!! or rC1Jreseutatiou , ex
press or imlJiied, with rC!1'pect to the use oj lilly iliJormation , lip· 
paratus, method or process disc/osee! ill this rellOrt or that suclt 
use may not infringe Ofl privately owned rif.!,hts; or (2) assum e.\· 
allY iia/,ilities with respect to the use of, or for dClIIllIges re
sultiJlf.!,/rotn the use of lIny information , llpparatus, m ethod or 
process disc/osed ill this report. 

Environmental Progress (Vol. 6, No. 3) 

An alternative to these exi sting control systems is the 
Ehara Electron Beam Flue Gas Treatment Proeess 
(E-Beam FGT). Utilizing a method of simultaneous de
sulfurization and denitrification of combustion Hue gases, 
this proeess promises to gain swift acceptance by both 
utility and industrial coal consumers and enable further 
growth in the use of both medium and high sulfur coals. 
Among the E-Beam FGT's t1l1 ique features are induded: 

• Simultaneous removal of SO, and NO, at high re
moval efficiencies 

• A dry process which involves no slurry recyd ing, 
no sludge disposal and no gas re-heat 

• Excellent turndown and load-filII owing capabilities 
with a minimum of process control 

• Simple operation yet flexibl e enough to treat a wide 
range of inlet S02 and NO x concentrations at high 
elliciencies without eostly modifieations 

• Lack of by-product process ing enahles scrubber 
siting in areas of restri cted space 

• Pollutants are eonverted into a single eas ily hand
led product stream 

• Conversion of S02 and NO, into a salable nitrogen 
fertili zer 

In 1983, Ebara International Corporation, under a cost
sharing agreement with the U.S. Department of Ener!,'Y, 
embarked upon a program to build a demonstration plant 
fill' this process in the United States. Also participating in 
the program are the Indiana Energy Development Board, 
Indiana Electric Association-Member Companies, Amax 
Coal Company and C. F. Industries. The primary purpose 
of the program is to demonstrate the feasibility of the 
Ebara E-Beam FGT process to remove simultaneously 
00% of the SO, and NOx in medium and high sulfur coal
fired boiler flue gases while operating the Process Dem
onstration Unit (PDU) over an extended period. Current 
testing, aimed at optimizing S02 and NOx simultaneous 
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removal efficiencies, will be followed by by-product opti
mization runs and duration/availability testing. 

The purpose of this report is to serve as a follow-up to 
the paper given at the 1985 AIChE Spring National Meet
ing and to present the results of some of the removal effi
ciency optimization runs conducted to date. Comparisons 
of the POU operation will he made with previous pilot 
plants operated in Japan. The effects of process parame
ters and Hue gas composition on individual and simulta
neous SO. and NO. removal efficiencies will be exam
ined as well as their impact on utilization of the process 
for commercial plants. 

BRIEF DEVELOPMENT HISTORY 

Ebara began the development of this process in Japan 
in the early 1970's. Two pilot plants, one treating 1,000 
Nm"lbr of oil-fired boiler Hue gases and the other treating 
10,000 Nm"lbr of iron-ore sintering machine Hue gases, 
have been successfully operated in Japan. The first pilot 
plant was constructed at Fujisawa, Japan and was suc
cessfully operated from 1974-77. Heavy oil combustion 
gas containing 230 ppm SO. and 240 ppm NO. was con
tinuously treated yielding over 80% removal of NO. and 
almost 90% removal of 502 at electron beam dosages of 
2.5-3.5 Mrad. Particles produced during the process oper
ation were collected by an electrostatic precipitator, ana
lyzed and found to contain both sulfiu and nitrogen. The 
plant was operated both with and without ammonia injec
tion with highest removal efficiencies being recorded 
with ammonia addition. 

Based on the favorable experimental and operational 
experience on the Fujisawa plant, a second pilot plant 
was constructed at the Nippon Steel Corporation Works at 
Wakamatsu, Japan. This facility successfully treated 
10,000 Nm"lbr of iron-ore sintering exhaust gases from 
1977 thru 1978. removing more than 90% of the 502 and 
50% NOx at a 1.0 Mrad dose and a 0.8 ammonia stoichiom
etry. Whfln the dosage was increased to 1.5 Mrads, the 
502 and NOx removal efficiencies were maintained at lev
els of 95% and 65% respectively although NOx removal 
efficiencies of90% were subsequently recorded at ammo
nia stoichiometries of 1.0 and reaction temperatures of 
77°C. Upon x-ray diffraction analysis, the by-product was 
shown to be composed of ammonium nitrate and ammo
nium nitrate-sulfide mixed crystal. 

BRIEF PDU PLANT DESCRIPTION 

The site plan for the POU is shown in Figure 1. A side
stream of Hue gas from the coal-fired boiler is extracted, 
analyzed for 502 and NOx content and fan drafted to the 
inlet of the spray cooler. As the gas passes through the 
cooler, atomized water is sprayed into the gases to reduce 
its temperature to optimum levels in preparation for irra
diation. Specially designed controls enable cooling of the 
gases down to within 16°C of the water dew point without 
wet bottom operation of the cooler. An upstream ammo
nia injection port is located in the flue gas ductwork just 
prior to the entry of the cooled flue gas into the process 
building. 

In addition to the process vessel, the process building 
also houses all the electron beam equipment. A cutaway 
of the building is shown in Figure 2. The electron beam 
system used in the POU consists of two 80 kW units oper
ating at 800 kV. Each unit has a dedicated power supply 
consisting of an insulating core transformer and OC auxil
iary equipment taking conventional 460 volt, three phase 
power as service power. Each power supply is cahle con
nected to its electron accelerator/scanner package. This 
package is mounted integrally on a rolling cart and track 
system which includes a concrete "plug" door as part of 
the protection against generated secondary x-rays. This 
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arrangement was adopted to allow maximum serviceabil
ity of the E-beam while retaining the overall smallest pro
cess vessel/E-beam package for an aboveground plant 
concept. The two guns are horizontally opposed and ver
tically offset to provide maximum Hue gas energy absorp
tion. This absorbed energy is expressed in terms of Mega
rads (Mrads) of equivalent energy equaling approxi-
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Figure 1. PDU site plan. 

Figure 2. Process building cutaway. 
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Figure 3. SO, removal efficiencies. 
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Figure 4. i'IO, removal efficiencies. 

mately 10 Jig ot flue gas per Mrad. Since this absorbed 
energy is the beam delivered energy minus its transmit· 
tance and scattering losses, for constant accelerating volt
ages and flue gas How rates the dose rate is always propor
tional to the total beam current. An Ebara des igned 
secondary window foil system separates the primary 
window foil in the scanner from contact with ahrasives 
and corrosives in the flue gas. The secondary window foil 
also allows the exchanging of a failed secondary window 
foil by remote control with a minimum of ofT-line time. 

After the inlet ductwork enters the process \milding 
vault area, the Hue gas Rows into the process vessel inlet. 
As a final preparation before entering the irradiation 
zone, the flue gas mixture is further humidified by the 
Pre-Reaction Gas Cooling System which again uses atom
ized water droplets to control the gas temperature rise as
sociated with the exposure to the electron heam as well. 
Once in the irradiation zone, the humidified gas mixture 
is subjected to an intense field of energized electrons 
which collide with the flue gas molecules resulting in 
molecular ionization. These ions interact with the flue gas 
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Figure 5. SO, removal efficiency vs. gas SO, content. 
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Figure 6. NO, removal efficiency vs. gas SO, content. 

constituents resulting in the creation of free atoms and 
radical species such as 0+ and OH. These are capable of 
rapid reaction with the SO" NOx and water in the flue gas 
to yield ultimately a fine mist of sulfuric and nitric acids 
in the process vessel which, in turn, is neutralized when 
mixed with the injected ammonia vapor. As the mixture 
exits the process vessel, it passes the secondary down
stream ammonia injection port and enters the retention 
chamber. At this point, the ammonium nitrate and ammo
nium nitrate-sulfate particles have already started to 
form. 

Passing througb the retention chamber, the ammonium 
nitrate and ammonium nitrate-sulfate crystals in the 
treated flue gas are allowed to agglomerate to the appro
priate size required for efficient removal by the bag
house. In the baghouse, this by-product is separated from 
the flue gas with the now clean flue gases reinjected back 
to the boiler stack through the induced draft fan. The col
lected by-product powder is pneumatically transported 
from the baghouse hoppers through insulated lines for 
storage in a heated silo for removal ofT-site. 
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RESULTS 
PDU PIont R .. ulh with NH. 01 Reagent 

Operation and testing of the PDU has demonstrated 
that the operability and performance of the process to be 
comparable to the previous pilot plants at Fujisawa and 
Wakamatsu. Figures 3 and 4 show a comparison of SO, 
and NO. removal efficiencies for these two plants and the 
PDU under similar operating conditions. As expected, 
both SO, and NO. removal efficiencies showed a strong 
dependence on beam dose rate. For SO, removal, the 
PDU outperformed the Fujisawa plant performance at 
dose rates over 1.5 Mrads. Performance against the Waka
matsu plant was not as high as expected, however, SO, re
movals did approach the Wakamatsu data as the dosage 
was increased towards 3 Mrads. This, in all likelihood, 
was caused by the operation of the PDU with medium 
sulfur flue gas (SO, content equal to lOOO ppm) while the 
Wakamatsu plant operated on lower sulfur flue gas (SO, 
content equal to 300 ppm). In addition, differences in 
process equipment, in part due to efforts to increase the 
NO. removal efficiencies in the PDU, could also have 
been a contributing factor and will be the topic of further 
testing later in the program. Comparisons of the NO. re
moval efficiencies indicate superior removal performance 
by the PDU over both the Fujisawa and the Wakamatsu 
plants by substantial margins. Overall, the project goal of 
simultaneous removal efficiencies in excess of 90% for 
SO, and NO. has been accomplished with the PDU. 

Figures 5 and 6 show the results of testing the PDU on 
different coal sulfur compositions at constant ammonia 
stoichiometries. As can be seen, both SO, and NO. re
moval efficiencies show strong dependencies on the flue 
gas sul/ilr content. SO, removal efficiencies at any partic
ular dose tended to decrease nonlinearly with increasing 
sulfur content. However, increased flue gas sulfur content 
boosted NO. removal efficiencies dramatically showing 
again a nonlinear effect throughout the entire range of 
tested dosages. These results generally support findings 
from the Wakamatsu pilot plant tests in which SO, re
moval rates generally increase with flue gas ahsorbed 
dosages while NO. removals tended to increase with in
creasing flue gas sulfur content. Since increases in SO, 
content in the flue gases yield increases in the quantities 
of sulfuric acid droplets for a given dose, oxidation and re
duction of NO. is enhanced through the following reac
tions: 
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Figure 9. Effect of NH, injection location. 

NO + 0+ --+ NO, 

2NO, + H,S04 ..... NOHSO. + HNO" 

In addition to increased production of secondary nitric 
acids, increased sulfuric acid concentrations should also 
tend to enhance the formation of the mixed crystal due to 
higher rates of absorption of the nitric acid droplets into 
the sulfuric droplets . Testing is continuing on enhance
ment of the crystal formation and with higher sulfur coals 
to support further these findings. Preliminary data show
ing removal efficiencies from higher sulfur equivalent 
coal runs are indicated on the graphs for 2200 ppm SO, 
content flue gas. 

INFLUENCE OF PROCESS PARAMETERS 

As part of scheduled testing, the influence of many pro
cess parameters on the operation and per/()rmance of the 
process has been evaluated . Among these are included 
the process temperature at the exit of the process vessel 
(reaction temperature) and the role of ammonia injection 
in maximizing removal efficiencies. Figures 7 and 8 sum
marize some of the results of these tests. Figure 7 shows 
the effects of reaction temperature on SO, and NO. re
moval efficiencies at constant ammonia stoichiometry and 
dose. The SO, removal efficiency rises rapidly as the reac
tion temperature decreases while the NOx removal effi
ciency shows only a small increase. This indicates that 
process temperature can he used effectively to increase 
SO, removal efficiency with minimal impact on the NO. 
removal rate. A second parameter which may he used to 
increase SO, removal efficiency is the ammonia injection 
rate or stoichiometry. Figure 8 shows the dIect on both 
SO, and NO. removal efficiencies with varying ammonia 
reagent flow rates expressed as a function of the ideal 
chemical stoichiometry or stoichiometric ratio of ammo
nia to flue gas quantity, SOa content, inlet SO, and NO. 
concentrations. Results are shown for high sulfur equiva
lent flue gas and illustrate again that for a given dose, the 
addition of small amounts of ammonia enhances SO, re
moval efficiency with SO, removal being proportional to 
the amount of ammonia injected. NOx removal effi
ciencies show very little dependence on the rate of am
monia addition instead showing again, fill· a given SO, 
concentration, the characteristic single dependence on 
beam dose rate alone. 

Environmental Progress (Vol. 6, No.3) 



Ion 

SO,-2 
NH.+ 
NO,-

TABLE 1. REPRESENTATIVE BY-PRODUCT 

ANALYSIS-AMMONIA REAGENT 

Wt%* 

64.0 
21.9 

2.9 

'of soluable product 

Mol % 

34.6 
63.0 

2.4 

The testing conducted at the Wakamatsu pilot plant in
cluded evaluation of the most beneficial location fc)r am
monia injection to maximize removal efliciency. Injection 
ports were provided both immediately upstream of the 
process vessel enabling lIue gas irradiation in the absence 
of or in the presence of ammonia. As such, similar testing 
was conducted at the POU, the results of whicb are pre
sented in Figure 9. As can be seen, higher S02 and NOx 
removal efliciencies were recorded for all dose rates with 
upstream ammonia injection which is in basic agreement 
with the Wakamatsu results. 

RESULTS OF BY-PRODUCT ANALYSIS 

As a part of the test program, numerous samples of the 
generated by-product have been taken for chemical and 
ion analysis. A representative analysis of these samples is 
presented in Table 1. Referring to the mol ratio of 
NH.tSO., roughly a 2:1 ratio was consistently recorded 
implying the presence of ammonium sulfate. Subsequent 
x-ray diffraction and chemic~J analysis confirmed the 
main constituent to be ammonium sulfate with small 
amounts of ammonium nitrate. 

The small amount of ammoniulll nitrate consistently 
found in the by-product samples was surprising and as 
such will be one of the focuses of the by-product optimi
zation testing previously mentioned. 

PDU PLANT RESULTS WITH NaOH AS REAGENT 

As part of the continuing effort Ebara is directing to
ward making the E-Beam FGT more lIexible and cost ef-
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Figure 10. Low concentration NaOH/water solution. 
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fective, testing, has been conducted with alternative rea
gents in lieu of the anhydrous ammonia used in both 
Fujisawa and Wakamatsu pilot plants. One of these rea
gents recently tested was a solution of water and sodium 
hydroxide (NaOH). Referring to Figure 1, the hydrated 
NaOH was injected into the spray cooler in place of the 
cooling water thus enabling the tower to act as a spray 
dryer. Since both the spray nozzle and liquid delivery 
systems and controls were not optimized for this service, 
SO, removals attributable to the dryer were low, measur
ing approximately 30%. As Figure 10 indicates, however, 
increasing beam dosage yielded almost linearly increas
ing SO, removal efficiencies. NOx removal efficiency in
creased also as dose increased, though at lower absolute 
values. Overall, at an injection rate of 15 kglhr of NaOH, 
over 70% of the SO, and 40% of the NOx was removed 
from the /lue gases. At higher reagent feed rates SO, re
moval efficiencies were boosted yielding in excess of 
90% removal at a 3.2 Mrad dose rate as shown in Figure 
11. It should be noted that unlike the ammonia based 
E-Beam FGT process, removal efliciencies with the so
dium hydroxide based process did not appear to be sensi
tive to reaction temperature through process vessel outlet 
temperature ranging from 68 to 107°C. 

CONCLUSION 

The POU has been successfully operated yielding re
sults for the most part comparable to or exceeding those 
of the two previous pilot plants. Among the most notable 
of these results are: 
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• Simultaneous SO, and NOx removals in excess of 
90% 

• S02 removal shown to be dependent on dose and 
ammonia quantity while NOx removal shown to be 
a function of dose alone. Both S02 and NOx were 
shown to respond in inverse proportion to reaction 
temperature with SO, removals having the most 
pronounced eflect. 

• Suc.cessful application to low, medium and high 
sulfur coal lIue gases with high SO, and NOx re-
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Figure 11. High concentration NaOH/water solution. 
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moval efficiencies-adjustment of either ammonia 
injection flow or beam dose can be used to favor the 
removal of either pollutant or to maximize simulta
neous removals. 

Additional testing will determine optimum modes for 
by-product generation, operahility and general plant 
availability information. 

The Ebara E-Beam FGT process offers considerable 
promise for simple removal of SO, and NOx at high effi
ciencies. Presently, while government regulations are fo
cused primarily on SO, control, the advantages that the 
process enjoys of combined SO" NOx and fine particulate 
control over other systems will become more and mort 
appealing as increasingly stringent government controls 
are imposed. 
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H2S/S02 Removal in the Modified-Claus 
Reaction Over Packed Alumina Beds 

C.-L. (Joe) Chou 

Aluminum Company of America, Alcoa Laboratories, Alcoa Center, PA 15069 
The removal of H2S and S02 by the modified-Claus reaction was studied in a computer

controlled packed bed system over activated alumina catalyst. The reactor system consisted 
of two 6.35 X 60.96 cm reactors in parallel and was designed to aUow for the axial 

temperature monitoring and side stream sampling. The H2S/S02 conversion efficiencies 
were evaluated against gas-hourly space velocity (GHSV) rangingfrom 100 to 12,000 l/hr at 
the three typical Claus converter conditions for three sizes of Alcoa S-l00 Claus catalyst. 
The conditions for defining the kinetic and thermodynamic regimes of the modified-Claus 
reaction were reported. The thermodynamic regime was checked and confirmed by the 

equilibrium predictions of a computer program utilizing the principle of minimization of 
Gibbs free energy. The possible rate-controUing mechanism in the kinetic regime and the 

effects of water vapor on the reaction were discussed. 

INTRODUCTION 

The Claus process is an efficient way of removing hydro
gen sulfide from acid gas streams and it has been widely 
practiced in industries such as natural gas processing, oil 
refining, synfuel processing, and metal smelting. The 
original Claus process involves the partial oxidation of 
H,S in a single step over a catalyst at 200-3500C. Because 
of the strongly exothermic heat of reaction involved, the 
original process is limited to very low space velocities of 
the H,S-containing streams. 

The modified Claus process, in use f()r almost a half 
century, significantly increases the gas processing capac
ity by dividing the Claus process into two steps. The first 
step is the complete oxidation of one-third of the H,S to 
SO, in a li'ee-flame reaction furnace according to the f()I
lowing reaction : 

H,S + -%- 0, = H,O + SO,: 

-IlHA25°C) = 518.5 kj/kmole H,S (1) 

The remaining two-thirds H2S is then allowed to react 
with SO, in a 2 to 1 stoichiometric ratio over a catalyst, 
producing elemental sulftlr: 

H2S + + SO, = ;x Sr + H20 

- IlHA25°C, X = 1) = 73.26 kJlkmole H,S (2) 

The reaction is commonly carried out in two or three cata
lytic converters in series at temperahtres between UlOOC 

C.-L. (joe)C/wli is presellt/!lwit/. IMC IIIC., 1331 SOllth First St., 
Terre Hllllte, IN 47ROR. 
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and 380°C. Usually, a total 01'94% to 98% of sulfur can be 
recovered, depending upon the H,S concentration of the 
acid gas. The unconverted suII'm gases are either passed 
through a tail gas clean-up unit for further reduction of 
sulfur species or incinerated bel()re being discharged to 
the atmosphere. 

Increasingly strict pollution control regulations require 
maximum sulfur recove ry from the Claus unit in order to 
minimize sulfur containing emllent. Increasing the sulfur 
conversion efficiency of the Claus unit should signifi
cantly reduce the burden and, therefore, the cost of oper
ating the tail-gas IInit, if it is needed. Among the many 
t'lCtors that could affect the conversion efficiency of the 
Claus process, catalyst activity plays a major role. 

Many materials reportedly catalyze the modified-Claus 
reaction. Those which have been lab-tested include 
activated alumina, activated bauxite, zeolite, cobalt
molybdate on alumina, activated carbon, iron oxide, zinc 
oxide and metal sulfides [1,2,3,4). Due to its high con
version efficiency, better mechanical properties and most 
important, long life and low cost, activated alumina is the 
one most widely Ilsed in industry. Parallel to the H.S/SO. 
reaction in converters, activated and promoted aluminas 
were also reported to convelt COS and CS. efficiently [5, 
6,7). 

Although the activity of activated alumina f()r the 
H2S/SO, reaction has heen reported previously [3,4 ,8), 
most of the work was conducted in small reactors con
taining only a few grams of ground catalyst. Such data are 
generally good for intrinsic kinetic studies, hut do not 
represent realistic conversion peri(lfIuance of the cata
lysts, which should include the efiects of physical trans
port processes. This paper reports the peric)rmance of 
Alcoa commercial activated alumina catalysts for the 
modified-Claus reaction (Eq. 2) in packed heds which 
were operated at conditions simulating plant converters. 
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Figure 1. Schematic diagram of Alcoa Packed-Bed Claus Reactor System. 

The tests were also extended to extremely high space ve
locity in order to detelmine the limit of reaction equilib
rium so that the kinetic and thermodynamic regimes of 
the catalysts could be defined. 

EXPERIMENTAL 

The Claus system used in this study is a computerized 
reactor system with two packed beds and is expandable to 
operate linn beds simultaneously. As shown in Figure 1, 
it mainly consists of a gas feeding unit, a reactor unit, a 
scrubber unit and a data acquisition/control unit. 

The desired How rates are measured belilre mixing the 
gases in a surge tank. The mixed gases are split equally 
into two streams. The gases pass through Sylvania gas 
heaters and are heated to the desired temperature be/ilre 
entering the top of the reactor. The reactor is a 2.5 x 24 
inch (6.35 x 60.96 cm) SS-316 tube, packed with a cata
lyst 16 inches (40.64 cm) in depth. Each reactor is 
equipped with 7 thermocouple wells which are located at 
the inlet and 1,2,4,8,16, and 24 inches of the bed height. 
GC sampling ports are located at the inlet and 4, 8, and 16 
inches of the bed height. Each reactor is heated by two, 
separately controlled, heating tapes. 

The size of reactors was chosen based on the filllowing 
general criteria. First, the reactor has to be long enough 
so that the inHuence of axial dispersion on steady-state 
conversion can be neglected. It has been shown that in 
steady-state isothermal operation at Re > 20, the axial dis-. 
persion eflects can be neglected so long as the length 01 
the reactor is greater than 50 particle diameters [9]. In the 
case of nonisothemllll operation, the len!,rth/particle diam
eter ratio has to increase by three fold in order to account 
for the three-fold decrease in axial thermal Peclet num
ber. Secondly, the diameter of the reactor has to be at 
least 10 times the particle diameter so that the inHuence 

TABLE 1. TYPICAL PHYSICAL AND CHEMICAL PROPEIITIES OF 3/16" 
(4.8 MM) S-100 CALUS CATALYST 

Surface area 
Total pore volume 
Alumina XRD phase 
Crush strength 
Abrasion loss 
Loose hulk density 

AI,O, 
SiO, 
Fe,O, 
Na,O 
LOI (250'-l20()'C) 
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340m'/g 
0.55 cm"/g 
Amorphous, chi, and gamma 
55 lhs (25 kg) 
O.l wt% 
45 Ibs/fi" (0.72 glcm") 
wl% 
95.1 
0.02 
(J.02 
0.30 
4.5 

of radial dispersion and the wall can be minimized. This 
is based on the fact that radial Peclet number is about 5 to 
6 times greater than that of axial dispersion, which means 
radfal profiles are less easily damped by dispersion than 
the axial profiles. As a result, the ratio for the reactor di
ameter is 5 to 6 times smaller than that for the reactor 
length. The catalysts used in this study, which are 
1I4-inch (6.4-mm) or less in diameter, were well within 
the sphere size range for which the reactor was designed. 

After passing through the bed, the reactant gases en
tered a heated sulfur trap where elemental sulfur, one of 
the products, was condensed. The gases were then 
passed through a scrubber unit before being vented to the 
atmosphere. The scrubber unit consists of a venturi for 
the initial removal of the sulfur gases and a packed col
umn for the complete removal of subsequently escaped 
sulfur gases. The absorption agent, 30% ammonia in 
water, was circulated between a drum and the scrubber 
column. 

The Claus system is controlled by a HP 3490A data 
acquisition/control unit through a HP 9826 computer 
with a screen display and a printer. The data acquisition 
unit records thermocouple temperature and gaseous How 
rate rddings every two minutes. The gases were manu
ally sampled though the four GC ports. An HP 5830A gas 
chromatograph with thermal conductivity sensor and 
Supelco's Super Q column was employed for determining 
conversion efliciency. The column, a lI8-inch (0.31B-cm) 
00, 6-foot (183-cm) stainless steel tube with 80/100 mesh 
packing, was operated at 140°C and was found to give sat
isfactory performance after purging with air at 100°C for 
30 minutes. 

For the runs involving water vapor in the inlet gas 
stream, nitrogen was passed through a water vaporizer to 
pick up moisture. The amount of water vapor delivered to 
the reactor was controlled by the temperature of water in 
the vaporizer and the How rate of nitrogen that passed 
through it. It has been liHlnd that saturation of water 
vapor in the nitrogen stream was easily achieved. The re
actions with 1% H,S, 0.5% SO, and water vapor of 10, 20, 
and 30% at and below 220'C were investigated. Since it 
has been reported that the presence of water vapor in 
sampling bottles may change equilibrium concentrations 
of sulfur species, the gas samples were passed through a 
phosphorus pentoxide (P,O.) hed to remove the water 
vapor before being analyzed by GC. Agreed with what 
has been reported, the p,O. bed did not seem to adsorb 
any of the sulfur species. 

Physical and chemical properties of Alcoa 3/16-inch 
S-I00 activated alumina are shown in Table I [10]. A typi
cal pore size distribution of S-1OO is shown in Fig. 2. 

Be/ilre being loaded into the bed, the catalysts were 
preconditioned in a furnace lilr 16 hours at 350°C in order 
to stabilize the change of surface area which would other
wise occur in the reaction. The surface area was reduced 
approximately 5-10% after preconditioning. The bed wa!i 
then pretreated with SO, gas at 300°C for 3 hours in order 
to reduce the transient period of the subsequent Clau& re
action (SO, adsorption is a slower step). At the 'end of 
each run, the bed was purged with N, gas at 3OO'C lor 1 
hour to remove any sulfur that might have condensed in 
the pores of catalysts. 

Since the catalysts were not expected to deactivate in a 
short time, the same catalysts were used repeatedly until 
the bed was changed out for a new experiment. For the 
bed of 1I4-inch S·loo, the top and bottom samples were 
analyzed lill' sur/ace area, pore size distribution and sulfur 
content. It should be noted that the catalysts were pre
conditioned and remained in the reactors lilr about one 
month at temperatures between 2()()OC to 35()OC. During 
the one-month period, the catalysts were exposed to sul
fur gases of varying concentrations for a total of about 100 
hours. 
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Figure 2. Pore volume distribution of 5-100 Claus catalyst. 

Nitrogen adsorption analysis on the top and bottom 
samples showed that surf'lce area of the used samples 
changed very little, as compared with that of precondi
tioned samples. Pore size distributions of the used sam
ples were seen identical to that of the preconditioned 
samples. This indicated that pore structure of the Claus 
catalysts was not altered as a result of one-month experi
ment under temperatures. Chemical analysis of the sulfur 
content in the used catalysts showed that no "fi'ee" sulfilr 
was found and the level of sulfated sulfur was less than 
one weight percent. Viewing that very little changes in 
physical and chemical properties of the Claus catalysts, 
along with the fact that it takes a few years to observe the 
deactivation of catalysts in industrial practice, the loss of 
catalyst activity should not be a concern in this study. 

The experimental conditions used to this study to silnu
late Claus plant conditions were: 

First Converter: 320°C, 7.5% H,S/3.75% SO,; 

Second Converter: 275°C, 2.0% H,S/l.O% SO,; and 

Third Converter: 220°C, l.()% H,S/O.5% SO,. 

A range of gas-hourly space velocity (GHSV) fi'mn 100 to 
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Figure 3. Effeds of GHSV on the H,S/SO, conversion efficiency for three 
sizes of S·loo catalyst. First converter: 320°C, 7.5% H,S/3.75% SO,. 
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Figure 4. Effeds of GHSV on the H,SlSO, conversion efficiency for three 
sizes of 5·100 catalyst. 5econd converter: 275°C, 2.0% H,S/1.0% SO,. 

12,000 hr- ' was studied to examine the effects of space 
velocity on conversion efficiency, using Alcoa's three djf~ 
ferent sizes of S-lOO catalyst. A few runs involving water 
vapor were extended to below sulfur dew point to exam
ine the effects of water vapor on the low-temperature 
Claus reaction. 

The axial temperature profile of the bed, as measured 
by the six thermocouples located at the center of the reac
tors , can be adjusted by three temperature controllers; 
i.e., inlet gas heater, and the top and hottom reactor heat
ers. It is difficult to maintain isothermal conditions for 
packed beds of the sizes used in this study, especially un
der first converter conditions. The objective of the tem
perature control is to achieve an isothermal profile in the 
axial direction of the bed. If that is not possihle, then the 
profile should resemble that of a plant, an operation 
where the bed temperatures are adjusted to rise gradually 
and level off at some bed height dose to the entrance. Ex
periments showed that except for the entrance, the axial 
temperature variation of the first converter reaction was 
within ±5°C. Where the reaction is less vigorous , as in 
the third converter, a temperature profile with ± 1°C vari
ation was achieved. The temperatures at bed heights of4, 
8, and 16 inches where the gases were sampled are all 
very dose to the desired temperatures. 
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Figure 5. Effects of GHSV on the H,S/SO, conversion efficiency for three 
sizes of 5·100 catalyst. Third converter: 220°C, 1.0% H,S/0.5% SO,. 
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RESULTS AND DISCUSSION 
EHect of GHSV one! Size of Cotolyst 

Results on the conversion efficiency as a function of 
gas-hourly space velocity (GHSV) are shown in Figures 3 
to 5 for the three converter conditions. Three sizes of 
Alcoa S-I00-1I4 inch (6.4 mm), 3/16 inch (4.8 mm), liB 
inch (3.2 mm}-are compared. GHSV was defined as the 
number of empty bed volume that reactant gases trav
ersed per hour and was based on the standard tempera
ture and pressure. It should be noted that the data for the 
114-inch S-100 catalyst in Figure 3 are the results of three 
experiments at overall GHSV of 100, 1000, and 3000 hr-' . 
Side-stream sampling generated additional data points at 
two and four times the overall GHSVs. For example, the 
conversion of the gas sampled at an 8-inch bed height was 
treated as that at 2000 GHSV when the experiment was 
run at 1000 overall GHSV (based on 16-inch bed height). 

Conversion efficiency was defined as the fraction of to
tal inlet concentration of H2S and S02 which was decom
posed to e lemental sulfur. The theoretical conversion 
efficiency, shown by dashed lines, was calculated by an 
equilibrium program, SOLGASMIX, available at Alcoa 
Laboratories that uses the principle of minimization of 
Gibbs free energy. The program can handle five elemen
tal sulfur species in the gas phase: i.e., S" S" S., S, and SM' 
It also allows for the removal of liquid sulfur at tempera
tures below the sulfur dewpoint. The computer predic
tions, slightly lower than those experimentally majored, 
are based on one atmosphere pressure. The program pre
dicts equilibrium conversion efficiencies of89.5%, 92.0% 
and 95.8% for the first, second, and third converter condi
tions shown above. 

Figure 3 clearly shows that for GHSV up to 3000 hr- ' 
there is no significant difference in conversion efficiency 
for the three sizes ofS-IOO catalyst under first converte r 
conditions . Each reaches the theoretical conversion 
"efficiencies. It should be noted that no data were taken 
for 118 and 3/16-inch S-I00 at GHSV lower than 1000, be
cause thermodynamic conversions were expected. As 
GHSV is increased beyond 3000 hr-' , conversion ef~ 
ficiencies for 1I4-inch S-lOO declined, while those for 
lI8-inch and 1I16-inch S-100 remain at the theoretically 
predicted levels. At 12,000 GHSV, absolute conversion 
efficiency for 1I4-inch S-100 is about 72%. 

As already known, the equilibrium conversion is not af~ 
fected by the physical properties of the catalysts. How
ever, in the kinetic regime of the Claus reaction, the con
version could be aflected by the size and pore structure of 
the catalysts. In that regime, as one might expect, de
creasing catalyst size increases conversion efficiency. 
There seems to have been a great increase in the conver
sion efficiency between the 114- and 3/16-inch catalysts. 
As catalyst size further decreases to 118 inch, conversion 
efficiencies are only slightly increased since the mea
sured conversions are approaching the theoretical 
conversion. 

Similar results were obtained filr second and third con
verter conditions, as shown in Figures 4 and 5. For GHSV 
of approximately 2000 and below, measured conversion 
efficiencies remain at the level predicted by thermody
namics. Beyond that, 1I4-inch S-100 shows much faster 
decrease in conversion efficiency than the other two 
sizes. However, the difference in absolute conversions 
efficiencies between the second and the third converter is 
much less than that between the first and the second con
verter. The absolute conversion efficiency of 1I4-inch 
S-I00 at 12,000 GHSV is about the same, 61%, filr the sec
ond and the third converter, compared to 72% for the first 
converter. 

If the same data are plotted in terms of absolute conver
sion eiliciency versus reaction temperahlTe using GHSV 
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Figure 6. Effects of temperature on the H2S/SO, conversion efficiency at 
various GHSV, for 1/4" S-l00 Claus catalyst. 

zot 
>-----------~---------.:o 

GHSV.llhr 
01000 
o 2000 
'" 3000 
•• 000 
• 6000 
o 12000 

- - Equilibrium 
Conversion 

50L-__ L-__ L-__ ~ __ ~ __ ~ __ -L __ -L __ ~ 

200 220 240 280 280 300 320 340 380 
Tamperalure, ' C 

Figure 7. Effects of temperature on the H2S/SO, conversion efficiency at 
various GHSVs for 3/16" S-l00 Claus catalyst. 

c: 
0 

~ .. 
~ 
c: 
0 
U 
ON 
III 
0 
£ 
1ft 

100 J........ 
ii. 

90 

'" 
80 GHSV.l/h, 

o 1000 
o 2000 

70 
'" 3000 
• 4000 
0 6000 

80 0 12000 
- - equilibrium 

Conversion 
50L---~--~--~ __ -L __ -L __ -L __ -L __ ~ 

200 220 240 2110 280 300 320 340 3110 
T_perature, 'C 

Figure 8. Effects of temperature on the H2S/SO, conversion efficiency at 
various GHSVs for 1/8" S-l00 Claus catalyst. 

as a parameter, the eUect of temperature becomes more 
obvious. Shown in Figures 6, 7, and 8 are such plots filr 
three sizes of S-100. As seen in Figure 6, increasing the 
GHSV will reduce the conversion efficiency of the 
1I4-inch S-lOO catalyst. The eHect is more prominent at 
lower temperatures since the rate process, either reaction 
rate or difltlsion rate, is slower at lower temperatures. At 
low GHSVs, the conversion efliciencies are seen to he de
creasing with increaSing reaction temperatme, as pre
dicted by thermodynamics. This indicates that the reac
tion at low GHSVs is thermodynamically limited. On the 
other hand, at high GHSVs the conversion increases with 
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increasing temperature. This clearly indicates that the re
action is limited by kinetics. The switch from thermody
namic limitation to kinetic limitation occurs at about 2000 
to 3000 GHSV. Although the switch occurs at lower 

. GHSVs for the reaction at lower temperatures, the tem
perature effects are not very significant. 

The performance of3/16-inch S-l00, as shown in Fig
ure 7, is different from that of 1I4-inch S-l00. Except for 
12,000 GHSV, the data points are all close to the theoreti
cal line, which means that for 3/16-inch S-l00 the kinetic 
limitation of the Claus reaction is not shown until the 
GHSV reaches as high as 12,000. For the liB-inch S-100 
in Figure 8, one can see that almost all the data points fall 
into the neighborhood of the theoretical conversions. It 
clearly indicates the performance advantage for the 
smaller size Claus catalysts. 

The rate of a heterogeneous catalytic reaction is deter
mined by a combination of serial and parallel rate steps. 
The rate steps are mainly composed of bulk diffusion, 
pore diffusion and intrinsic kinetics . It has been found in 
this study that changing gas flow rate, keeping GHSV 
constant, has little effect on the conversion efficiency. 
Thus, the factor of bulk diffusion may be eliminated. Also 
it is well known that the Claus reaction is a fairly fast re
action and the conversion efficiency measured under 
high GHSVs improved only slightly at increased temper
ature, as opposed to the strong temperature dependency 
of intrinsic kinetics. Therefore, it is likely that the overall 
rate is controlled by pore diffusion in a larger sphere for 
catalytic reactions under extremely high space velocity. 
This has been confirmed by our experimental results on 
the size effect. If intrinsic kinetics were the controlling 
step, no size effect should be observed for the reaction at 
the same temperature and space velocity. 

The rate of pore diffusion can be affected by pore struc
ture and catalyst size. Pore structure may be character
ized by the void fraction and tortuosity factor, both of 
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Figure 9. Kinetic and thermodynamic regimes of the H,5/S0, reaction for 
1/4" and 3/16" 5-100 Claus catalyst. 
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which influence the effective diffusivity. The catalyst 
size, on the other hand, affects the eflectiveness factor, a 
rating factor for the diffusion eflect ranging from 0 to 1, 
through a Thiele modulus . Increasing catalyst size will 
increase the Thiele modulus which, in turn, decreases 
the eflectiveness factor . As a result, conversion efficiency 
of larger catalysts is not expected to be as high as that of 
smaller catalysts at extremely high space velocities where 
pore diffusion is a rate-limiting step. However, at low 
space velocities or high temperahlres, the pore diffusion 
limitation becomes inconsequential because of thermo
dynamic equilibrium. In such a case, effectiveness factor 
becomes 1, and no size effect on conversion efficiency 
should be ohserved. 

Based on the data presented above, the thermodynamic 
and kinetic regimes of the Claus reaction in packed beds 
can be defined. The GHSV-temperature space can he di
vided hy a zone of transition into two regimes. The Claus 
reaction which is run at conditions above the transition 
zone is limited by kinetics. On the other hand, if the con
ditions are located below the transition , it certainly will 
be limited by thermodynamics. As temperature increases, 
the transition zone moves to higher GHSVs since the rate 
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is also increased. However, the change is not extremely 
sensitive to temperature changes under the conditions 
studied. The width of the transition band increases 
sligbtly as temperature increases. This indicates that the 
change in reaction regimes becomes less sensitive to 
space velocity as temperature increases. Shown in Figure 
9 is such a plot for 114- and 3/16-inch S-l00. As one might 
expect, the transition zone for 3/16-inch catalyst is well 
above that of 1I4-inch catalyst. Therefore, the smaller tbe 
pellet sizes, the higher the transition zone in the GHSV
temperature chart. The zone for 1I8-inch S-100 would be 
expected to be only sightly higher than that for 3/16-incb 
S-l00. 

Effect of Water Vapor 

The presence of water vapor in the acid gas has been 
known to cause the decline of sulfur conversion effi
ciency [11]. As one of the reaction products, the presence 
of a large amount of water vapor inevitably shifts equilib
rium to the reactant side of the equation. The water effect 
is believed to be more significant at the third converter 
reaction where the H2S concentration is lower. Figure 10 
shows the effects of various amounts of water vapor on 
theoretical conversion efficiencies as predicted by the 
SOLGASMIX program. It shows that theoretical conver
sion efficiencies are significantly reduced by including 
10% water vapor in the inlet gas stream. Further in
creasing w.ater content to 20% and 30% continues to 
lower the eHiciencies, but at a decreasing significance. 
Also, the water vapor greatly changes the tempera
ture dependence of the equilibrium conversion. For ex
ample, the conversion efficiency lilr the reaction with 1% 
H2S/O.S% S02 drops about 20% when the temperature in
creases fi'om lS0°C to 3S0°C. But with an additional 20% 
water vapor involved, the equilibrium conversion loses as 
much as 9S% for the same range of temperature increase. 

The predicted efficiencies were found to be consistent 
with that measured. Although it was not attempted to ver
ify the entire curves, the data obtained under certain con
ditions, as shown by symbols in Figure 10, do agree well 
with the predictions. The data at 130°C and lS00C were 
run under sub-dew point conditions and were collected 
belene any significant amount of elemental snifilr was de
posited on the catalyst. 

Not only the presence of water vapor in thc acid gas un
liworably shifts the equilibrium of the modified-Claus re
action, but it has also been reported to slow down the rate 
of approaching that equilibrium [12]. The retarding eUect 
may he caused by the competitive adsorption of water 
vapor and sulfur species lilT active sites on the slll'bce. 
Figure 11 shows conversion efficiency as a function of 
temperature filr reaction with 1% H2S/O.S% SO,l20% H20 
and space velocities at 1000, 2000, and 4000 lIhr. For 
1000 GHSV, the.reaction did not seem to be retarded by 
the presence of water vapor and the theoretical effi
ciencies were acbieved. Increasing GHSV to 4000 lIhr 
reduced the conversion quite significantly, indicating the 
slower kinetics. However, the slower kinetics may also be 
the result of the lower temperature. According to a rate 
equation proposed by Dalla Lana et al. [12]., the pres
ence of 20% water vapor will reduce the rate of H2S/S02 

r.eaction by about 40%. However, decreasing temperature 
from 220°C to 130'C will reduce the rate of reaction by as 
much as five times. There/ilre, though the slower kinctics 
caused by the presencc of water vapor is real, its eUed is 
secondary as compared with the effect of temperature . 
This statement is particularly true when the reaction tem
perature is so high that the intrinsic kinetics is no longer a 
controlling mechanism. 

Based on the above justification, the definition of reac
tion regimes for the H2S/S02 reaction with water vapor 
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should not be significantly different from those defined in 
Figure 9, the one without water vapor. When the reaction 
temperature is lowered to below sulfur dew point, the 
corresponding GHSV that defines the transition zone 
should also be dropped to a much lower level. 

CONCLUSIONS 

This study shows that Alcoa S-100 catalyst is capable of 
con-:erting H2S/SO, to the level predicted hy thermody
namICS under the three converter conditions and GHSV 
up to 2000. The measured data agree with the thermody
namic equilibrium conversion predicted by Alcoa's 
SOLGASMIX computer program, which gives total sulfur 
conversions of 89.S, 92.01 and 9S.8% under first, second, 
and third converter conditions, respectively. Since most 
Claus plants are operated at GHSV less than 1000 h..-' 
catalyst activity of S-l00 is well above tbat required for ~ 
successful operation of Claus reactors. 

As GHSV increases to 3000 and above, D4-in~h S-'100 
catalyst performance gradually runs into the kinetic re
gime and the conversion efficiency declines. However, 
3/16- and lI8-inch S-100 catalysts are able to maintain 
their equilibrium conversions up to 6,000 GHSV for all 
t~ree c~ll1verter conditions. The fact that smaller catalysts 
YIeld hIgher conversion efficiencies, along with other rea
sons, leads to the conclusion that pore diffusion is the 
rate-controlling step in the kinetic regime. The improve
ment in performance is much more significant for 
3/16-inch over 114-inch than for lI8-inch over 3/16-incb. 

Although it is unlikely for the Claus plant to operate at 
high GHSVs reported in this study, the conversion data at 
high GHSVs could be implicitly related to the conversion 
of aged catalysts at normal GHSVs. It is because fewer ac
tive sites available lor reaction in aged catalysts is analo
gous to running the reactor with fresh catalysts at a higher 
GHSV. In addition to the loss of active sites, aging ofcatu. 
lysts might be associated with the collapse and plugging 
of the pores in catalysts. And this could lead to increased 
pore diffusion resistance. Therefi)re, smaller catalysts 
should provide longer service life. Since the pressure 
drop of a packed column increases with decreasing pellet 
size, the 3/16-inch S-100 catalyst should represent a bet
ter choice for industrial applications, where maximum ac
tivity is required. For reaction witb pressure drop limita
tions, 1I4-inch S-100 is recommended. 
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Controlling Acid Deposition by Seasonal 
Gas Substitution in Coal- and Oil-Fired 

Power Plants 

Gary Galeucia, Dan Golomb, and James A. Fay 

Massachusetts Institute of Technology, Cambridge, MA 02139 

Based on evidence that the rate of wet sulfate deposition in eastern 
North America is higher in the summer half of the year than in the 
winter half, seasonal control of emissions is proposed as a means of 
minimizing acid deposition control costs. This paper evaluates the 
proposal that natural gas be substituted for coal and oil in electric 

power plants during April through September. A model is presented that 
simulates the substitution of natural gas for coal and oil in power plants 
in the eastern 31 state region, so as to minimize total costs with respect 

to deposition reductions at an Adirondack receptor. The results of 
the model show: 1) the increased effectiveness of seasonal versus 

year-round controls; 2) changes in fuel consumption levels as a result 
of substitution; and 3) the costs of achieving various levels of 

deposition reduction at an Adirondack receptor. The costs of seasonal 
gas substitution are compared to cost estimates for other proposed 
control methods. The conclusion is that seasonal gas substitution 

is cost-competitive with other control methods, at least in 
some plants and states. 

Reeently, several proposals have heen advanced that 
move away from hroad-based reduction of acid rain pre
cursor emissions toward more efficient policies that rec
ognize the spatial relatiollship between emission sources 
and the areas sensitive to the acid deposition caused by 
these emissions [1-4). This paper proposes that acid rain 
policy should step beyond the spatial relationship toward 
a recognition of the temporal relatiollship hetween emis
sions and depositions; namely, that there are significant 
seasonal variations in deposition rates despite a relatively 
constant rate of emissions. Just as it is more efficient to ex
ert greater control of emissions hom sources that are rela
tively close to sensitive areas, it is also more efficient to 
impose greater control of emissions at times when the 
deposition rates are highest. 

Recent work in atmospheric modeling has shown that 
differences in seasonal rates of sulfitte depos ition create 
the opportunity It)r seasonal control of Slllfin emissions as 
a more efficient means of reducing annual amounts of sul
late deposition [4) . By electing to reduce SO, emissions 
in the summer half of the year, there would result a larger 
reduction of annual deposition per ton of SO, removed 
than if the same quantity were removed year-round. It 
may prove to he less expensive to reduce deposition hy 
controlling emissions in the summer half of the year, 
rather than year-round. 
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To evaluate this new strategy, seasonal suhstitution of 
natural gas Itn coal and oil in electric utility boilers dur
ing April through Septemher is investigated. A model is 
presented that simulates the suhstitution of natural gas lor 
coal and oil so as to minimize the cost of achieving vari
ous deposition reductions . The model is statie in that it 
simulates reductions f()r a single year: 1983. It uSeS the 
actual priee and eonsumption of coal, oil, and gas I<H' that 
year. The model is eoneerned with emissions of sulfur di
oxide (SO,) li'om eleetrie utilities in the 31 eastern states 
and the District of Columbia (D.C.) as well as the re
sulting wet deposition of sulfitte (SO.) at a single reeeptor 
in the Adirondack Mountains of New York. The results of 
the model exercise show: 1) the inereased elfectiveness 
of seasonal versus annual sulfur emission reductions, and 
2) the eost of seasonal gas suhstitution. The eost, in te rms 
of emission and deposition reductions achieved, is com
pared to cost estimates It)r other proposed control meth
ods and strategies. An example is given lill" calculating the 
cost of deposition reduction lin a source oriented strategy, 
to which the cost of a receptor oriented strategy by sea
sonal gas substitution can he fairly compared. The eon
c1usion of the eost comparison is that seasonal gas substi
tution is eost competitive with the year-round eontrol 
strategies, at least f(Jr some plants in some states. 

The model does not consider in depth two important 
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factors: 1) the availability of gas supply, and 2) the capital 
cost for seasonal gas substitution. These factors are dis
cussed briefly, with the conclusions that there may be re
strictive limits to gas supply and deliverability, and that 
capital costs for seasonal gas substitution are probably 
very low relative to control methods such as flue gas de
sulfurization. 

SEASONAL VARIATION IN DEPOSITION RATES 

Analysis of several years of precipitation chemistry data 
has established that wet sulfate deposition rates in the 
northeastern U.S. and southeastern Canada are higher in 
the summer months (April-September) than in the winter 
months (Octoher-Month) [4-5). Figure 1 shows the sea
sonal patterns of sulfate deposition over three years at 
felUr receptors. Seasonal diHerem:es in sulhtte deposition 
are evident. 

The exact causes of the diflerem:es in seasonal deposi
tion patterns are not well understood; they are prohahly 
linked to the faster conversion rate in summer of the 
presursor SO, emissions to the deposited SO. (sulfate) 
and to the seasonal storm tracks . Raynor ancl Hayes (6) 
ohserved that sulfate (ancl hydrogen) ion concentrations 
are highest in precipitation associated with cold fronts 
and squall lines, which occur Illost frequently in the sum
mer months. The quantity of sulfitte being deposited in a 
storm is a function of the prcvious trajectory of the 
polluted warm, moist air mass and the amount of precipi
tation in the storm. In winter, more of the unoxidized SO, 
is hlown onshore and hence does not fitll on the land as 
acid wet sulfitte. 

Although the chain of processes from emission of pol
lutants to eventual deposition of acid and acid-producing 
substances is complex and not fully understood, all evi
dence points to a linear re lationship hetween emissions 
and deposition. Current scientific understanding indi
cates that reducing sulfur dioxide emissions would pro
portionally reduce the deposition of sulfittc . The contri
hution of individual sources to the deposition at a given 
receptor may he estimated hy means of atmospheric 
transport models. 

ATMOSPHERIC TRANSPORT MODEL 

The seasonal gas suhstitution model utilizes an atmo
spheric transport model f()]' determining deposition ef~ 
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Figure 1. Seasonal patterns of wet sulfate depasition at four receptors in 
eastern North America. Three-monthly cumulative deposition (kg SO., per 
hectare, per three months) plotted by middle month. Except in Coweeta, 
NC, 70 to 80% of the annual deposition occurs between April through 
September. In 1982, the annual wet deposition was low everywhere, but 

the seasonal pattern still is noticeable. 
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TABLE 1. SEASONAL TRANSFER COEFFICIENTS FOR ADIRONDACK 

RECEPTOR 

(kilograms sulfur per hectare wet-deposited per teragram sulfur 
emitted) 

State Winter Summer 

AL 0.2579 0.5908 
AR 0.1742 0.3627 
CT 0.7903 1.8720 
DC 0.6007 1.6180 
DE 0.6274 1.6360 
FL 0.2300 0.4323 
GA 0.2988 0.6938 
IL 0.2805 0.7104 
IN 0.3117 0.8085 
IA 0.1852 0.4153 
KY 0.3356 0.8671 
LA 0.1650 0.3120 
MA 0.7230 1.6480 
MD 0.6287 1.6780 
ME 0.5225 1.0410 
MI 0.4045 1.0980 
MN 0.1373 0.2772 
MS 0.2068 0.4390 
MO 0.2033 0.4641 
NC 0.4397 1.1200 
NH 0.8752 1.7890 
NJ 0.7373 1.8810 
NY 0.9127 2.1840 
OH 0.4641 1.2940 
PA 0.6339 1.7750 
Rl 0.7230 1.6480 
SC 0.3486 0.8223 
TN 0.3027 0.7463 
VA 0 .. 5310 1.4130 
VT 1.29.50 2.6180 
WV O.4979 1.3710 
WI 0.2500 0.6106 

Source: [8] . 

fects of emission reduction [4, 7). The model is empiric
ally based in that the model parameters are determined 
hom comparison with wet deposition measurements. The 
acid deposition model provides transfer coefficients that 
define the quantity of deposition at a receptor per unit of 
emission at a source. Transfer coefficients have been ob
tained f()r both annual and seasonal (summer/winter) pe
riods (8) . The seasonal gas substitution model uses the 
summer transfer coefficients to relate deposition reduc
tions at an Adirondack receptor to emissions reductions 
resulting from natural gas substitution. Table 1 lists the 
values of the seasonal transfer coefficients between the 31 
eastern states plus D.C. and an Adirondack receptor. 
Tahle 1 shows that the summer transfer coeflicients are 
about 2 to 3 times as large as the winter ones. In other 
words, summer emissions fi'om the 31 eastern states cause 
nearly 2 to 3 times the deposition at an Adirondack recep
tor as an equal quantity of winter emissions. 

Because the transfer coeflicient To; is the ratio of the 
amount of deposition at receptor j contributed by source i 
divided by the emission amount from source i, the total 
deposition D j at receptor j equals the sum of the products 
of the transfer coefficient To; times the emission Q;: 

(1) 

When seasonal transfer coefficients are used, the an
nual (A) deposition is obtained by summing separately 
the products of the seasonal transfer coefficients To; and 
emissions Qi for summer (S) April-September and winter 
(W) October-March: 
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(2) 

By selecting a desired annual deposition quantity, the al
lowable level of emissions may be determined, which in 
tum determines the amount of gas substitution necessary 
to reach the reduced emission levels. 

SO. Emissions: Most legislative proposals to date have fo
cused on a 31 state region encompassing the states east of, 
and bordering on, the Mississippi River. Of the 26 to 27 
million tons· of sulfur dioxide emitted in the continental 
United States in 1980, about 22 million tons came from 
the 31 state region [10]. Table 2 lists 1983 emissions of 
502 attributable to the burning of coal and residual oil in 
electric power plant boilers in the 31 eastern states and 
D.C. The electric utilities included in this analysis are es
timated to have contributed 16 million tons of SO, emis
sions in 1983. Emissions were calculated from annual 
e lectric utility coal and oil consumption data [9], neg
lecting any sulfur removal processes that have been used 
in that year. These emissions are used by the model fi)r 
calculating deposition reductions at an Adirondack re
ceptor. 

Since sulfur emission rates in most states are fairly con
stant throughout the year [10], the model assumes that 
fuel consumption during April through September is 
equal to one-half of the annual fuel consumption. 

TABLE 2. ANNUAL SULFUR EMISSIONS FROM COAL- ANI) OIL-FIRED 
POWER PLANTS IN TilE 31 EASTERN STAT);S ANI) D.C .. 19l13 

State Million Tons SO, 

Coal Oil Total 

AL 0.536 0 0.536 
AR 0.070 0 0.070 
CT 0 0.0.54 O.OM 
DC 0 0.001 0.001 
DE 0.060 0.016 0.076 
FL 0.451l 0.213 0.671 
GA O.H43 0 O.H43 
IA 0.1!l7 0 O.HJ7 
IL 1.210 0.010 1.220 
IN 1.534 0 1.534 
KY 1.225 0 1.225 
LA 0.032 0 ()'o32 
MA 0.077 O.14!l 0.226 
MD 0.1!l7 (U1l5 0.212 
ME 0 ()'oil 0.011 
MI 0.606 O.OOI 0.607 
MN 0.157 0 0. /.57 
MO 1.211l 0.002 1.220 
MS 0.091 0 O.()!JJ 
NC 0.367 0 0 .. 367 
NH 0.512 0.017 O.OM 
NJ O.O81l 0.016 0.104 
NY 0.230 O.22!l 0.460 
OH 2.071 0 2.071 
PA L51l3 (Um 1.616 
RI 0 0.002 0.002 
SC 0.11l2 0 O.!1l2 
TN 0.674 0 0.674 
VA 0.123 0.O()6 0.130 
WI 0.456 0 0.456 
WY UK17 0 1.007 
TOTAL 15.346 0.777 16.123 

Calculated from [!.J!. 

*Tons are reported here in English units. 1 short ton = 0.!J07 tOilS 

metric. 
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TABLE 3. SUMMER AND ANNUAL SULFUR DEPOSITION CONTRIBUTED 
BY POWER PLANTS IN THE 31 EASTERN STATES AND D.C. IN 1983 

(kilograms sulfur per hectare per year) 

State Summer Deposition Annual Deposition 

Coal Oil Coal Oil 

AL 0.071 0 O.!l91l 0 
AR 0.006 0 O.!)OIl 0 
CT 0 0.023 0 0.029 
DC 0 O.(K)! 0 0.001 
DE 0.022 O.(Kl6 O.O21l (1.007 
FL 0.044 0.021 0.068 0.032 
GA 0.132 0 O. mJ 0 
IA 0.018 0 0.026 0 
IL O.1!J3 O.(K)! 0.256 0.002 
IN O.27!l 0 0.362 0 
KY 0.239 0 O.30!l 0 
LA (UKl2 0 O.(K)3 0 
MA 0.029 0.055 O.()38 (U)73 
MD 0.074 O.(K)6 O.mll O.(K)7 
ME 0 O'(K)3 0 O.!K)4 
MI 0.150 0 O.I81l 0 
MN 0.0\0 0 (U)!5 0 
MO 0.127 0 O. 171l 0 
MS 0.009 0 0.012 0 
NC O.O!l2 0 O.W! 0 
NH 0.021 0.007 0.028 0.009 
NJ (U)37 0.007 O.()46 0.008 
NY O.II3 0.113 0.141 0.141 
OH 0.603 0 0.738 0 
PA 0.632 0.013 0.756 0.016 
RI 0 ()'oOI 0 O.OO! 
SC 0.034 0 O.()45 0 
TN O.I/'1 0 0.1.'50 0 
VA 0.039 O.!K)2 O'!)4!! O.(K)3 
WI 0.063 0 O.llll.5 0 
WV O.311 0 0.381 0 

TOTALS 3.464 O.25H 4.401 0.,333 

Wet Sulfate DepositiclII : The amount of wct sulf'lte depo
sition at a receptor can be linearly related to the amount 
of wlfilr emissions from sources as in Eq. (2). Total HmO 
annual wet sulf'lte deposition from all U.S. and Canada 
sulfilr sources at an Adirondack receptor was estimated to 
be 27 .. 5 kilograms sulf'lte per hectare per year (kg SO, 
ha-1y-l) [7] . Table 3 contains the HJ83 summer and an
nual deposition amounts at an Adirondack receptor calcu
lated to have been contributed by the somccs included in 
this analysis. (Note: It is necessa'ry to multiply the figures 
in Tab.le 3 by a lilctor ofthrt'e in orde r to convert sulfur (S) 
to sullate (SO,). SO, is three times the molecular weight 
of S.) We calculate that e lectric utilities in the eastern 3 1 
states in HJ83 contributed 14.2 kg SO, ha- I to an Adiron
dack receptor, or 52% of the 1 !:I80 base amount. Of the 
14.2 kg annual total, about 80% is caleulated to be depos
ited between April and October. Summer deposition is 
disproportionately higher because the summer transfer 
coefficients are much larger than the winler ones (see 
Table 1). 

WHY NATURAL GAS? 

Annual depositions can be reduced more easilv hy sub
stituting lower sulfilr fuels till' higher sulfur fi,eis timing 
periods with higher deposition rates. Thi s paper evalu
ates the annual wet sulfilte deposition redue!ion that 
would result from snbstitnting natural gas fill' coal and re
sidual oil in utility boilers during the "summer" season, 
April through September. 

Natural gas was chosen as a substitute fuel. because it 
produces virtually no sulfur dioxide ami can be readily 
burned in most oil- or coal-fired boilers. Seasonal gas sllb-

Environmental Progress (Vol. 6, No. 3) 



stitution allows a continued utilization of existing coal re
sources in the winter half of the year, while requiring in
creased utilization of natural gas during the summer half 
of the year. 

Important factors to be considered in seasonal natural 
gas substitution strategies include: 

1. In the summer months there is currently excess ca
pacity in the natural gas distribution system. According to 
Wilkinson (11), only 78% of the pipeline capacity is used 
in the summer months, and in some regions as little as 
51%. (Summer gas supply and deliverability will be dis
cussed later in this paper.) 

2. Seasonal gas substitution could be implemented rap
idly relative to the period needed to install flue gas desul
furization systems or develop new "clean burning" tech
nology for a large number of plants. A quick implemen
tation schedule would allay fears that further delays in 
reducing acid deposition might cause irreparable damage 
to the environment. 

Additiolll\l benefits, beyond lower sulfilte deposition, 
from seasonal gas substitution include: 

1. Improved local air quality with lower ambient air 
concentrations of SO, and particulates during the summer 
months, when the highest levels usually are encountered. 

2. Improved summertime visibility. 
3. Increased potential lill" achieving attainment of air 

quality standards fi)!" S02 in non-attainment areas. 
4. Decreased dependence upon imported oil. 
5. Reduced sensitivity to fuel supply disruptions, e.g., 

coal strikes or oil embargos. 
6. Increased reliance on domestic energy resoun:es. 
7. Decreased land requirements and cost fil!' scrubber 

sludge and flyash disposal. 

Natural gas has never been a lavored utility boiler fuel 
in most parts of the eastern U.S., accounting li)r only 
ahout 10% of the total fuel heat consumed by electric util
ities in the eastern 31 states (12). The primary reason h)r 
this pattern of usage is that natural gas is a more expen
sive boiler lilel than is coal. This reason is certainly a via
hIe one. There are two less viable reasons why natural gas 
may continue to be disfavored as a boiler file!. The first 
concerns the perception that gas reserves are imminently 
exhaustible; the second is that gas use in utilities is le
gally constrained. 

A reasonable estimate li)r the amount of the remaining 
conventional natural gas in the lower 4H of the United 
States that is recoverable under present and easily lill"
seeable technological and economic conditions is 12 to 25 
x lOl2 m" (430 to 900 trillion cubic feet [Tcl]), as of De
cember 19H2 (12). (This resource estimate does not in
clude Alaskan, Canadian, Mexican, or unconventional re
sources.) At a consumption rate of 20 Tcf per year, slightly 
higher than present consumption, the resource estimated 
above will last 21 to 45 years. One explanation li)r the per
ception of imminent exhaustibility is that in the 1970s, 
gas demand exceeded gas supply as a result of price con
trols on natural gas. The market disequilibrium created 
the image that we are running out of gas. 

The perception of imminent exhaustibility led policy
makers to restrict gas use, which in turn has created the 
second misconception, namely that gas use is restricted. 
Restrictions on gas use in electric utility power plants 
were enacted when the lederal Powerplant and Industrial 
Fuel Use Act (PIFUA) of 197H was signed into law on No
vember 9, HJ7H. However, I'IFUA restrictions were 
sharply repealed by the Omnibus Budget Heconciliation 
Act signed into hlw on August 13, WHl. Since the 19H1 
amendment, PIFUA restrictions Oll natural gas use do not 
apply to "existing" power plants at all. A power plant is 
"existing" if it was in service or lInder construction prior 
to November 9, W7H [13). Furthermore, exemptions are 
available to post-HJ71l power plants. Pre-HJ7H power 
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plants contribute the bulk of total SO, emissions because 
1) most generating units were built prior to 1978, and 2) 
older plants are subject to less restrictive pollution con
trol regulations.· 

THE SEASONAL GAS SUBSTITUTION MODEL 

A model for evaluating the effects of seasonal gas sub
stitution includes components fi)r calculating sulfur emis
sions reductions, wet sulfate deposition reductions, 
changes in fuel consumption, and incremental expendi
tures for fuel purchases. The model's S02 emission 
sources are 376 utility plants burning coal or residual oil 
as a primary boiler filel in the eastern 31 states and Wash
ington, D.C. The criteria for including a plant in the 
model are that it have a rated capacity of 50 megawatts or 
larger, and at least 10% of the total heat has to he gener
ated from either coal or oil. A complete description of the 
model, including the list of the 376 power plants and 
their fuel usage, is given by Galeucia (14). Here we 
briefly summarize the model and its results. 

The seasonal gas substitution model is a linear program 
(LP) that seeks to minimize the incremental spending on 
fuel purchases when natural gas is substituted for coal or 
oil. For each electric power plant i, there is a cost differ
ential between a given heat content of gas and coal or gas 
and oil. Multiplying this cost difierential by the quantity 
of heat required gives the incremental spending on fuel 
purchases by the power plant. 

Minimization of the incremental spending li)r natural 
gas substitution is performed subject to two constraints. 
The first specifies the desired level of deposition, as has 
already been described above by Eq. (2). The second 
constraint requires that the same filel heat value is con
sumed by each power plant under the gas substitution 
strategy as was actually required when no substitution oc
curred. The heat consumption of each source is equal to 
the heat content multiplied by the quantity of coal , oil, or 
gas consumed. Actual heat output was determined from 
filel heat content and consumption data (9). 

The LP model in its functional form seeks to minimize 
the sum of the products: 

subject to: 

MIN L F,G,H" 
I 

(3) 

GIH" = C,H" + O,H" (5) 

where the symbols are: 
C, quantity of coal displaced at power plant i 
D A annual target seasonal deposition quantity filr 

F, 

G , 

a specified receptor 
filel cost diflerential between gas and coal or 
gas and oil per unit of heating value 
quantity of natural gas substituted seasonally 
for coal or oil 

He unit heating value of coal 
H" unit heating value of natural gas 
H" unit heating value of oil 
0, quantity of oil displaced 
The Adirondacks receptor is used in the model because 

it is environmentally sensitive and centrally located with 
respect to other environmentally sensitive areas in the 
U.S. and Canada. By adding additional deposition con
straints, the model could be made to consider more than 

'Note added in proof: In 1987, Congress amended PIFUA. Pub
lic Law 100-42 essentially removes all legal constraints on gas 
use in existing utility boilers and industrial fi,cilities. 
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one receptor. This would require the use of a set of trans
fer coefficients for each additional receptor. For simplic
ity of presentation, the model has been limited to a single 
receptor. 

CALCULATING THE COST OF SEASONAL GAS SUBSTITUTION 

Incremental spending on fuel purchases of natural gas 
by utilities is assumed to equal the product of the incre
mental quantity of natural gas consumed at a power plant 
as a res ult of substitution, the gas fuel heating value, and 
the cost differential per unit of heating value between gas 
and coal, or gas and oil, summed ft)r all power plants (Eq. 
3) . It should be noted that the costs derived here for sea
sonal gas substitution are solely the result of the fuel 
price differentials between gas and coal or oil. Prelimi
nary estimates of the incremental capital and operating 
costs associated with seasonal gas substitution indicate 
that the fuel price differential is by far the major cost. 

The coal and oil prices used in the analysis are actual 
average prices per unit heating value paid by each power 
plant in 1983 [9). The gas prices used are the state
average price paid by electric utilities in that state (Table 
4). If no electric utility burned gas in a state, then the av
erage price paid by industrial consumers was used [15). 
From the gas prices listed in Table 4, it can be seen that 
prices vary significantly from state to state. The actual 
coal and oil prices, as well as the state-average gas prices, 
are not necessarily indicative of current and filture prices, 
and therefore of price difl"erentials, ft)r these fuels . A fall 
in oil prices, which are dependent on the world market, 
could he expected to produce a decrease in natural gas 

TABLE 4. AVEIIAGE COST OF NATURAL GAS AT El.ECTRIC UTILITIES IN 

THE 31 EASTERN STATES AND D.C., 1983$ 

State $110' Htu 

AL 3.129 
AR 3.211 
CT 5.930(h) 
DE 4.11l0 
DC 4.41l0(a) 
FL 2.529 
GA 4.177 
IL 5.291 
IN 4.231l 
IA 3.747 
KY 4.551 
LA 3.150 
MA 3.887 
MD 4.480(a) 
ME 7.660(h) 
MI 4.388 
MN 3.798 
MS 3.32.5 
MO 4.164 
NC 4.860(a) 
NH 6.000 
NJ 4.(146 
NY 3.932 
OH .5.169 
PA 5.104 
RI 3.753 
SC 4.285 
TN 3.870(a) 
VT 4.220(a) 
VA 4.202 
WI 4.284 
WV 4.546 

(a) Average prices calculated from data reported "" ~'orlll 
EIA-176. 
(h) Average 1983 price paid hy industrial consumers. 
Sources: [9, 15). 
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Figure 2. Average cost of fuel at U.S. electric power plonts in 1983-85 
(I Btu = 1.055 kJ). 

prices because the two fuels are to some extent inter
changeable. Coal prices are afl"ected to a greater extent by 
production costs, and to a lesser extent by the prices of oil 
and gas because these fuels are not close substitutes. 
Hence, a fall in oil prices and a subsequent fall in gas 
prices should he accompanied by a relatively smaller de
crease in coal prices. The result is that in a period of 
lower oil prices, a smaller price difle rential hetween gas 
and coal could be expeeted. 

To test this hypothesis inltlTlllally, it is uselit! to look at 
gas, coal, and oil prices and price diflerentials over time 
(Figure 2). Prices were adjusted to Hl83 dollars using the 
U.S. Bureau of Labor Statistics producer index ttlr cTllde 
energy materials . During the period H)83 to Hl85, the 
price of oil rose Elirly steadily throughout 1983 and into 
mid-1984, and then declined dllTing the remainder of 
1984 and throughout Hl85. The price of gas followed a 
similar pattern to that of oil, but the rise and 1,111 are less 
pronounced. The price of coal remained relatively stahle 
throughout the period. The histork prices arc used here 
as a first approximation and illustmtioll of the filel prke 
diflerential trends in current years. A more detailed anal
ysis should include forecas ts of fuel prices and consider 
the i1H:reased demand It)r gas. 

MODEL RESULTS 

The model is exercised by seleeting various target lev
els of deposition redll(:tion . The model selects a power 
plant to use seasonal gas substitution based on : 1) its 
share of the deposition, and 2) the fuel price dill"erential. 
The share of deposition is a filllction of the sulfur content 
of thc lilel and the transfer coeffident between the powcr 
plant and the receptor. Power plants that have relative ly 
large transfer coeffidents and small prke differentials 
will he selected first. 

The target leve l of deposition was reduced in 5% dec
rements of the base value of27.5 kg ha- Iy- I at an Adiron
dack receptor [7). Corresponding levels of emissions re
ductions, gas substitution, coal and oil displacement, and 
resultant costs are calculated for each 5% decrement. 
These results are summarized in Tahle 5. For example, in 
the case of a 30% su]f'lte deposition reduetion, 41 x 10" 
m" (1440 hillion cubk fee t [Bd]) of natural gas are suhsti
tuted in the summer half~year for 97 million tons of coal 
and 94 million harrels of oil at a cost of $5.858 billion 
(1983$). The resulting emission reduction would be 4.8 
million tons of SO, per year. 

The cumulative cost versus deposition reduction curve 
is shown in Figure 3. Cost is initially negative because 
there is a negative price difl'erential between gas mId oil 
at some plants.' Since the ohjective is to minimize cost, 
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TABLE 5. RESULTS OF SEASONAL GAS SUBSTITUTION MODEL 

Dep. Red.'a> Em. Red. Gas Subst. Coal Displaced Oil Disp. Total Cost 
(%) (106 tons SO,) Bcf (l06 tons) (l06 bbl) (10' 1983$) 

5 0.6 337 8 79 -.204 
10 1.3 501 20 84 .610 
15 2.2 709 37 87 1.671 
20 2.9 909 53 87 2.929 
25 3.9 1179 76 87 4.403 
30 4.8 1440 97 94 5.858 
35 5.9 1795 127 95 7.867 
40 6.9 2396 176 97 10.931 

aBased on 27.5 kg h,,-'y- ' total deposition of wet sulfate at an Adirondack receptor. 

the seasonal gas substitution model chooses the plants 
with negative price differentials first. As larger decre
ments of deposition are sought, the model selects plants 
with ever smaller shares of deposition and ever larger 
fuel price difl'erentials. At the 40% deposition decrement, 
virtually all power plants in the eastern United States 
would have to convert to summer gas substitution with an 
attendant annual fuel price diflerential of nearly $11 bil
lion. Clearly, gas substitution ceases to be a preferred 
mode beyond a point where year-round emission control 
by fuel substitution (e.g., low-sulfur coal) or Hue gas de
sulfurization becomes more cost eflective. An overall op
timized (least-cost) deposition-oriented control strategy 
would have to consider a plant-by-plant costing of emis
sion control options. The options ought to include the 
whole range of emission controls, from summer gas sub
stitution to year-round Hue gas desulfill'ization. 

COMPARISON WITH ALTERNATIVE DEPOSITION REDUCTION 
SCHEMES 

The debate over alternative strategies for controlling 
acid rain has f(lcused mainly on the expected costs of 

11 ,-.----------------------------------------m 
10 

8 
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Figure 3. Cumulative cost curve for deposition reductions at Adirondack 
receptor. Deposition decrements achieved by summer gas substitution at 
eastern U.S. power plants. Calculations based on estimated total deposi-

tion from all U.S. and Canadian sources of 27.5 kg SO., ha 'y ,. 

*This condition raises the question of why these plants do not 
convert from oil to gas regardless of pollution C::Olll'erns. Indeed, 
some oil-fired plants practice S1ll1ll11er gas snhstitlltion purely 011 

economic grollnds, e,g. Boston Edison's Mystic Unit #7. \Vc 
have not investigated why this practice is not ill wider lise. Ex
isting long-term contracts and tilt> availahility of gas supply may 
playa role. 
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reducing S02 emissions. Total cost and $/ton of 502 re
moved are frequently used to compare alternative control 
strategies. In making these comparisons, a distinction 
should be made between source-oriented strategies 
aimed solely at reducing total emissions and receptor
oriented (or targeted) strategies that maximize the amount 
of deposition reduction at a receptor(s) for a unit of emis
sion reduction. A direct comparison of the cost of 
receptor- and source-oriented strategies can be mislead
ing; these strategies will not result in equal deposition re
ductions at a given receptor for equal emission reduc
tions. 

Morrison and Rubin [16] developed a model that com
putes the emission reduction and cost that would result 
from coal-fired utility plant emission caps of 1.5 and 1.2 
lb. 502 per million Btu (0.68 and 0.54 kg S02 per giga
joules, respectively) using optimized combinations of 
switching to lower suI/in coal and Hue gas desul/itrization 
(FGD). The 1.5 and 1.2 Ih. emission caps would result in 
annual emission reductions of 8 and 10 million tons SO, 
respectively. Based on the distribution of emission reduc
tions across the eastern 31 states and the model transfer 
coefficients, these emission reductions would respec
tively yield 7.2 and 8.2 kg 504 ha-1y- 1 deposition reduc
tions at an Adirondack receptor, or 25% and 30% of the 
base value, respectively. Morrison and Rubin's calcu
lated total cost ranges from $1.5-2.6 and 3.2-4.7 billion 
(1980$) for the 8 and 10 million tons emission reductions, 
respectively. Using a GNP deHator of 1.2 to adjust to 1983 
dollars makes the cost range $1.8-3.1 and $3.8--5.6 bil
lion, respectively. Using summer gas substitution in oil
and coal-fired power plants so as to equal the deposition 
reduction of the 8 and 10 million tons SO, scenario, the 
total cost would be $4.4 and $5.8 billion (1983$), respec
tively (see Table 5). Despite the higher overall costs of 
seasonal gas substitution , there are individual plants 
where seasonal gas use will provide cheaper sulfiu' depo
sition reduction than FGD. 

GAS SUPPLY FOR SUBSTITUTION 

The seasonal gas substitution model has not considered 
gas deliverability constraints which may limit the amount 
of substitution that occurs within a state as specified by 
the model. A gas deliverability constraint would occur 
whenever the gas supply infTastructure lacks the neces
sary capacity to meet the incremental demand imposed 
by a level of gas substitution, or if total gas production is 
insufficient. In order to utilize gas substitution, the utility 
must access its gas supply from a gas distribution com
pany's or gas transmission company's high-pressure 
pipeline. Transmission capacity can be expanded, but 
this may increase costs and make gas substitution less 
competitive relative to other control strategies. 
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Because the primary use of natural gas is for space heat
ing, summer demand is lower than winter demand in 
nearly all states. This condition favors seasonal gas sub
stitution, but not in an unlimited or universal pattern. 
The ratio of summer sales volume to winter sales volume 
averaged 49% and ranged from 33% to 103% in the 31 
eastern states and D.C. in 1984 (Table 6). The winter/ 
summer sales ratio is only an indicator of general capacity 
and cannot be relied upon as a definitive measure of ex
cess capacity available to every generating unit within a 
state. If it is assumed that the difference between winter 
and summer consumption is an approximate measure of 
available capacity, the aggregate difference between 
summer and winter volume is 2050 Bcf, which could pro
vide approximately enough gas substitution for a 37% re
duction in deposition (from Table 5). However, not every 
state has the necessary surplus summer gas required at all 
levels of deposition reduction. For example, fin a 25% 
deposition reduction, only 14 states have the surplus 
needed to supply their share of the model's solution 
(Table 7). 

OTHER COSTS 

Preliminary findings concerning incremental capital 
and operating costs for seasonal gas substitution reveal 

TABLE 6. NATURAL GAS DELIVERIES TO RESII)ENTIAL. 

COMMERCIAL. AND ELECTRIC UTILITY CONSUMERS IN THE 31 
EASTEIIN STATES AND D. C. 

Summer Winter Summer Volume 
Volumea Volumeh as a Percent of 

State (BcI) (BcI) Winter Volume 

AL 21.9 55.4 40 
AR 37.9 68.7 55 
CT 20.2 39.8 51 
DE 8.1 9.5 8.5 
DC 9.7 20.9 48 
FL 112.4 109.1 103 
CA 43.8 107.9 41 
IL 202.5 510.5 40 
IN 65.6 173.0 38 
IA 35.6 96.6 37 
KY 28.5 71l.4 36 
LA 233.7 234.7 95 
ME 0.5 1.1 45 
MD 33.6 71.9 47 
MA 73.8 115.1 64 
MI 152.3 370.0 41 
MN 46.6 134.3 3,5 

MS 49.8 59.6 114 
MO 51.3 137.0 37 
NH 2.7 6.1 44 
NJ 129.3 208.6 62 
NY 256.1 410.5 62 
NC 18.2 47.2 39 
OH 141.1 377.6 37 
PA 111.4 21l2.2 39 
RI 10.1 16.1 62 
SC 10.6 25.7 41 
TN 2J.l 63.5 33 
VT 0.9 2.2 42 
VA 24.1 51.5 47 
WY 16.1 43.2 37 
WI 48.1 119.1 40 

TOTALS 2007.6 4057.6 49 

(a) Summer-April through September; and (b) Winter
October through March. 
NOTE: Industrial gas consumption is not induded here as the 
data are not yet reported by the Energy Information 
Administration. Exclusion of this component prohahly causes 
the ratio of summer-to-winter volume to be slightly overstated 
here. 
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two significant points. First, capital costs are low and im
plementation is quick. Using as an example the Boston 
Edison Mystic #7 unit, an oil-fired generating unit that 
converted to seasonal gas use, the boiler modification and 
gas supply construction cost $3.5 million for the 565 MW 
unit. The modification was completed in less than one 
year [17]. This is approximately $6/kW. In contrast, capi
tal costs for limestone flue gas desulfurization (scrubbing) 
are between $175 and $317/kW [18], and have much 
longer lead times. Second, ash generation is reduced. If 
the variable component of ash disposal is significant, 
there is a potential cost saving from seasonal gas substitu
tion. For example, if bottom and flyash variable disposal 
costs are $l0/ton, a typical coal-fired power plant ash dis
posal cost would be $2.6/kW annually. Seasonal gas sub
stitution could save one-half of this sum. The present 
value of these savings are close to or may exceed the capi
tal costs associated with seasonal gas substitution. 

The crucial detenninant of the cost-competitiveness of 
gas substitution is the price differential between gas and 
coal and gas and oil. Since long term prices are impossi
ble to predict with certainty, gas substitution is regarded 
as being financially risky when compared with other con
trol methods. Actually, gas substitution may be less risky 
than more capital intensive control methods. Because 
there is a relatively small capital investment associated 
with gas substitution, a utility could easily abandon it if a 
more cost-effective solution became available, without 
forfeiting a larg~ investment. Because of the large capital 
outlay needed for scrubbing equipment, a utility saddled 
with an expensive scrubber is financially limited if it 
wants to exploit less expensive control Illethods that Illay 
become available. 

COtolCLUSIOtolS 

Nearly all of the "acid rain" policy and policy analyses 
have fi)cused on emission reductions and the cost of COIl-

TAHLE 7. NATllHAL GAS SUBSTlTUTED FOB A 2,)% DEPOSITION 

HEl)ll(:TI()!'I 

Cas S"fficit·"t 
Stat<" Old) Surpl"s (a) 

AL .51 N 
DC I Y 
DE If) N 
FL 144 N 
IA :3 Y 
IL 20 Y 
IN 7:3 y 
KY 61 N 
MA .58 N 
1I1D 40 N 
MI 50 Y 
MO 2,~ Y 
MS 8 Y 
Nil 11 N 
NJ :30 y 
NY 137 Y 
OH 14:J Y 
PA 1114 N 
HI I Y 
TN 41 Y 
VA :3 y 
WI 2 Y 
WV 61l N 

1176 

(a) The difll'wnce Iwtween winter .inti SlIIllIlH.'r volullle ofsaks 
is {lsed as an approxilllat(' llle;lSllre of Slimmer capacity. If the 
diflerenc(' hetween winter and summer sales (set' Table 6) is 
greater than the incremental dPIlHUH.l shown ahove, thell Y. 
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trolling emissions. But it is deposition, not emissions per 
se, that matters . Monitoring has shown that deposition 
rates are significantly higher during April through Sep
tember than during Octoher through March despite equal 
emission rates. Based on this evidence, it is more emdent 
to control emissions (and hence deposition) during tbc 
summer half of the vear. The cost-effectivcness of any 
control method shouid be related to its effet:! on deposi
tion rather than its eflect on emissions. Onc ton of SO. re
moved in the summer half of the year has a greater dIet:! 
Qn deposition than reducing that ton year-round. We find 
that in terms of equal deposition rcductions iu the Adi
rondacks, the costs of seasonal gas substitution may be 
comparable to year-round controls in somc plants and 
states. 

Seasonal substitution of gas li,r coal or oil is a rcasoua
ble option lill' some utilities to coutrol sulf'ltc deposition. 
However, it is not a panacea lilr solving the acid rain 
prohll'm. The 'Iuantitics of gas needed "Ir substitution iu 
order to make total deposition I'l,dnctions of m()l'l' than a 
lew kilograms I)er hectare would exceed existing gas sup
ply in many states. Some generating units are loeatcd too 
I,ll' from a gas supply or "Ice fuel cost dillerentials that are 
too large to make gas substitution economically compcti
tive with other control methods . An overall optimized, 
least-cost, receptor-oricnted strategy probably will in
clude a mix of year-round emission controls and seasonal 
gas substitutiou . 
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Fluid Flow and Gas Absorption in an Ejector 
Venturi Scrubber 

Iclal Atay, Gordon Lewandowski, and Richard Trattner 

Department of Chemical Engineering, Chemistry, and Environmental Science, New 
Jersey Institute of Technology, Newark, NJ 07102 

Empirical models were developed to describe the fluid flow 
characteristics and gas absorption efficiency of an 

ejector venturi scrubber. The empirical constants were 
determined experimentally using stop action photographs of the spray, 

static pressure measurements, and 
sulfur dioxide absorption efficiencies. 

Experiments were conducted on a commercial scrubber, 24 
inches (61 cm) high, with a 4 inch (10 cm) diameter gas inlet 
and outlet. Liquid flow rates varied from 3 to 8 gallons/min 

(.0114 to .0303 m3/min) in the atomizing range of the scrubber, and 
gas flows from 24 to 64 cubic feet/min (.680 to 1.81 m3/min). 

The liquid-to-gas ratio was constant at .0167. 
Droplet sizes ranged from 34 to 563 microns, with a volume 

mean diameter of 155 microns, at a liquid rate 
of 6 gpm (.0227 m:l/min). 

The sulfur dioxide mass transfer coefficient varied from 25 
to 800 lb-mole/hr-ft:l (400 to 12,800 kg-mole/hr-m3 ). 

INTRODUCTION 

The ejector venturi scrubber utilizes a high velocity liq
uid spray to pump the gas and remove objectionable com
ponents. The process relies on the transfer of kinetic en
ergy from the liquid to the gas, and there is no blower in 
the system. The total energy requirement of the scrubber 
is accounted for by the liquid pump. 

A schematic of the commercial scrubber used in the 
present study is shown in Figure 1. The scrubber height 
is 24 inches (61 cm), tbe gas inlet and diffuser outlet are 4 
inches (10 cm) in diameter, and the throat bas a 2 inch (5 
cm) diameter. The length of the throat is 1 inch (2.5 cm), 
and of the diffuser section is 14-114 inches (36 cm) with a 
5° taper. 

The ejector venturi scrubber provides a higher inter/'l
cial area (due to finer droplet size) compared to the more 
common high energy venturi scrubber (in which a blower 
is used to move the gas). The ejector scrubber also has no 
obstructions to How on the gas side, which can he a con
siderable advantage where sudden releases of gas can oc
cur from upstream reactors and safety is a considemtion. 
The higher liquid How in an ejector scrubber also reduces 
scale formation, and effectively moderates the gas 
temperature. 

Corre"'ilwudence cOllceruiug this paper .\'hould he sellt to 
Gordon Lewlllldowski. 
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LITERATURE REVIEW 

Drop Size Distribution 

The following phenomena have been postulated to 
playa role in the atomization of liquid jets (in addition to 
the physical properties of the Huids, nozzle geometry, and 
operating conditions): 

(1) Aerodynamic interaction between the liquid and 
gas phases [1]. 

(2) Liquid tllfbulelH:e [2]. 
(3) Liquid cavitation [3]. 
(4) Velocity profile rearrangement [4]. 
(5) Liquid supply pressure oscillations [.5]. 

Various mathematical expressions I()r mean drop size 
have been proposed [6, 7, Il, 9, 10]. Among these correla
tions , the most wide ly quoted is that of Nukiyama and 
Tanasawa [6] which has been lIsed extensively ill esti
mating drop sizes in high energy venturi scrubbers. The 
experimental studies of Boll, ct. a1. [iO), Lewis, et . a1. 
[11], and Hrubecky [12] showcd that the applieability of 
the Nukiyama-Tanasawa cquation is limited to high rela
tive velodties and low 1i<luid-to-gas ratios . It is not an ap
propriate model I()!' ejector scrubbers which gcnerally 
use mechanical atomization nozzles. For this reason, the 
drop size distribution was measmed experimentally in 
the present study. 
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Figure 1. Schematic 01 ejector venturi scrubber. 

Methods of Drop Size Anol,sis 

Several methods have been reported in the literature 
for determining drop size distributions. Of these meth
ods, freezing the droplets and sieving them into size frac
tions (13) , or collecting droplets on slides (14) are im
practical for the high liquid flow rates encountered in 
scrubber operation. Also, the measurement of light trans
mittance (10) is only an indirect method of droplet size 
analysis. As a result, the method chosen in the present 
study was to take stop-action photographs of the spray. 

Fluid Flow in Ejector Venturi Scrubbers 

Most of the experimental and theoretical fluid flow 
studies that are lound in the literature are on high energy 
venturi scrubbers. The studies on ejector pumps mainly 
concentrate on one-component one-phase systems, two
component one-phase systems, or one-component two
phase systems. There are very few fluid flow studies on 
ejector venturi scrubbers, which are two-component, 
two-phase systems. 

Previous ejector studies include an analysis of the two
phase mixing process in a cylindrical throat [105, 16], and 
a one-dimensional relationship Ii)!' the ejector pump 
including li'ictionallosses [17, 18). 

Harris (19) determined that in a given ejector venturi 
scrubber the flow capacity can be increased by using a 
longer nozzle with higher liquid How rates. He also calcu
lated the energy requirements ofthe 12 inch Schutte and 
Koerting ejector venturi scrubber Ii)]" various liquid and 
gas flows. 

Witte's (20) analysis included a study of compressibil
ity effects. He proposed to use a dimensionless number to 
evaluate the performance of the ejector pump. 

Bhat, Mitra, and Roy (21) also made a theoretical analy
sis of the system on the basis of macroscopic momentum 
and mechanical energy balance equations. However, in 
their analysis they assumed the pressures at the nozzle 
exit and the throat entrance were equal, and they neg
lected the expansion ofthe liquid jet in that region. Also, 
loss of liquid to the walls of the venturi was not consid
ered. 

After considering these models , and noting the highly 
turbulent conditions in the scrubber, it was decided in 
the present study to utilize the mechanical energy bal
ance, taking into consideration the loss of liquid spray to 
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the walls, and incorporating the experimentally deter
mined pressure distribution. 

Go. Absorption in Ejector Venturi Scrubbers 

Only a few theoretical and/or experimental studies of 
gas absorption in venturi scrubbers were found in the lit
erature, and most of these studies were for high energy 
venturi scrubbers [22-29). The total mass transfer in the 
ejector venturi scrubber is a function of mass transfer to 
single drops, integrated over the size distribution. Some 
work has been done on laminar jets [30-32). However, no 
prior work was found on mass transfer to droplets in atom
ized jets. 

PROPOSED FLUID FLOW MODEL FOR THE EJECTOR VENTURI 
SCRUBBER 

In this work, tbe fluid flow through an ejector venturi 
scrubber is described by a series of mechanical energy 
balances. 

Description of the Atomization Process 

The helical vanes of the nozzle (Figure 2) impart a tan
gential velocity to the liquid jet, wbicb aids the atomiza
tion process. The gas and atomized droplets mix in the 
throat section, where momentum is transferred from the 
liquid to the gas. In the diffuser, the static pressure of the 
gas continues to increase at the expense of tbe kinetic en
ergy of the mixture (largely that of the liquid droplets, 
since the mass of the gas is re lative ly small). 

Fluid Flow Equations 

Application of mechanical energy and material bal
ances for an isothermal system produce the following ex
pressions (which take into account loss of liquid to the 
scrubber walls): 

4.5 mm 

HELICAL SWIRL 
VANES 

SWIRL VANES 

SWIRL CHAMBER 

NOZZLE ORIFICE 

Figure 2. Atomizing nozzle. 
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(1) Mechanical Energy Balance for Liquid from Nozzle 
to Throat: 

p. - P, 

PL 
+~[(~)2 -1 + K.] 

2gc AL• 

+ ....L (L. - L,) = 0 
gc 

(2) Mechanical Energy Balance for Gas from Entry to 
throat: 

RT In~ + v .... [( A.,P, )2 _ 1 + 1<,.] 
M. P, 2gc A •• P. 

+ ....L (L. - L,) = 0 
gc 

(3) Mechanical Energy Balance for the Throat Section: 

RT In ~ + Qu [( L. - L, )2 + 1] (P, _ p.) 
M. p. 2Q M.P, L, - L, 

., RT 

+ ( A.,P, )2 . V,.' [Po: _ 1 + K,] 
A •• P. 2gc P, 

+ P/.QU (~)2 ~ [( L .. - L, )6 _ 1 + K,] 
P,M, Q AI.. 2gc L, - L, 
RT .g, 

+ -lL (L, _ L.) + g P/.QU [( La = L, )2 L, - L .. ] = 0 
g,. P,M. Q L, L, 

gc~ gs 

(4) Mechanical Energy Balance for the Diffuser Sec
tion: 

RT In~ 
M. P, 

+ Qu ,..( L" = L, )' [( L, __ L, )' + 1] (P
d 

_ P,) 
2Q M.Ps L, L, Ld L, .s RT 

+ ~ -"-'- --'- - I + K, ( AP)'V2[P' ] 
A"P, 2g,. Pi I· 

+ P/.QU (~)' Vu' ( L .. - L: )6 
P,M" Q A,... 2g,. L, - Lt 
RT ., 

[( 
L, - L, )6 ]. . L _ L - 1 + K,I + - (L,I - L,) 

Ii i J!.(. 

+~ 
g,. 

(JI.Qu (t .. = L, )2. [( L, - L, ')2 Ld _ L,] = 0 
P,M. Q L, L, L _ L. 

YJI d I 

~ 

The following assumptions were made during the de
velopment of the Huid How model: 

(1) The ideal gas is isothermally compressed from the 
scrubber inlet to diffuser outlet. 

(2) Heat rejection to the liquid from the compresscd 
gas and from dissipation of frictional energy cause a 
negligible rise in liquid temperature. 

(3) Prior to mixing in the throat, the liquid jet and the 
gas are separate phases. 

(4) Changes in gas solubility and average molecular 
weight between scrubber inlet and outlet are 
neglected. 

(5) Evaporation of the liquid is neglected in per
forming the material balances. 

The scrubber dimensions, temperature, pressure distri-
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bution, and the volumetric How rates of the liquid and gas 
were provided to the model, and the frictional loss 
coefficients (K., 1<,., K, and K.J) were calculated. 

PROCEDURES 
Photographic Experimanh 

A clear plastic scrubber, with dimensions similar to 
those of the commercial unit employed for the Huid How 
experiments, was constructed for the photographic stud
ies. The nozzle was a 3/8 inch 622-L Schutte and Koerting 
design with a 4.5 mm opening (Figure 2), producing a 15° 
spray angle. 

After much trial-and-error experimentation, a photo
graphic method was developed using Polaroid 667 ASA 
3000 film and a 500 C/M Hasselblad camera, with 135 mm 
CF lense and bellows system. Illumination was provided 
by a short arc xenon Hash lamp (FX-199), with FYD-505 
Lite Pac and PS-302 power supply trigger module, from 
EG&G Electro Optics. The experiments were carried out 
in a completely dark room, and the exposure time was 
controlled by the Hash duration, which was about 1 
microsecond. The camera was set at 10 inches (25 em) 
from the mid-plane of the ejector venturi scrubber, and 
the Hash lamp was installed 1.5 feet (46 em) to the side. 
The power output of the Hash lamp was increased by 
using an external 2 .... f capacitor. 

The liquid How rate was varied from 3 to 8 gpm (0.0114 
to 0.0303 m3/min), in the atomizing range of the scrubber. 
However, at 8 gpm, there was too much turbulence to an
alyze the photographs. Most of the photographs were 
taken at 6 gpm liquid How rate (.0227 m3/min), with 48 
cfm air flow (1.36 mO/min). The f stops of the camera were 
varied from f/5.6 to f/45 , with best results obtained in 
most cases at f/22 or f/27. 

Fluid Flow Experiments 

The experimental setup is sbown in Figure 3. An 
Ametek 7010 ejector venturi (mounted on type 7040 
baffle separator) was used filr the Huid How experiments. 
This scrubber is fabricated of carbon steel. Scruhbing liq
uid from the separator is drained to a storage tank, and 
recirculated back to the spray nozzle. 

The liquid flow rate was measured hy a rotameter in
stalled on the water recycle line. The air flow rate was 
measured with a Hastings meter, calibrated against a 
pitot tube. 

Three thermometers were installed: one at the air inlet 
pipe, and two others near locations i and d of the ejector 
scrubber. These temperatures were essentially constant 
at about 23°C. 

__ ._c .. 
HASTINGS AIR J AIR INLET 

FiRn, THE,RT TER \ CTER 

~==t~±_:J"U"~ 

MANOMEn]~ - ~. 

PUMP 

DIAL 
lHERMOMETER 

DIAL 
THERMOMETER 

Figure 3. Experimental setup for fluid flow experiments. 

Environmental Progress (Vol. 6, No.3) 



Five pressure taps were installed at locations i, s, 0, t, 
and d. Since very small pressure drops were expected, a 
slant type manometer was used. The manometer readings 
were in inches of water and the manometer fluid was 
0.826 sp. gr. red oil. 

Ga, Absorption Experiments 

Anhydrous S02 was metered into the air inlet pipe at a 
concentration of 12,500 vppm. Gas samples were ex
tracted simultaneously from the air inlet and separator 
exit, or from the diffuser exit and separator exit. The 
sampling train and method of analysis were derived 
from the U.S . EPA Method 6 for S02 analysis [33). The 
scrubbing liquid was a recirculated .OOOIM NaOH 
solution. 
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Figure 4. Droplet size distribution. 
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TABLE l. EMPIRICAL FRICTIONAL Loss CONSTANTS OF THE FLUID 

FLOW MODEL 

Q" (ft'/min) Q. K, 

1.069 64 0.777 
.936 56 0.778 
.802 48 0.780 
.668 40 0.782 
.535 32 0.786 
.401 24 O.7H4 

Avg.- 0.783 

RESULTS AND DISCUSSION 
Drop Size Distribution 

K. 

1.94 
4.28 
4.41 
3.90 
5.17 
5.75 
4.24 

K, K" 

0.854 0.361 
0.895 0.299 
0.672 0.175 
0.7,53 0.209 
0.680 0.440 
0.779 0.415 
0.772 0.317 

The drop size distribution was determined from photo
graphs taken just above the entrance to the venturi throat. 
The projected area of the liquid droplets was measured 
on enlargements of the photographs. A diameter of 1 mm 
on the enlargement would actually be 0.474 mm in the 
spray. 

Once the actual diameters and the number of drops in 
each size had been determined, the volume mean diame
ter was calculated using the following formula: 

= [ lulD," ] 1/" D,. '<' 
"""ni 

The volume mean diameter was determined to he 155 mi
crons, and the sizcs of the droplets ranged Irom 34 mi
crons to 563 microns (wi th the size distribution shown in 
Figure 4). 

Area Occupied by the Liquid 

The area occupied by the liquid drops at the entrance 
of the throat section (Au,) is required for the fluid flow 
model. This was calculated by considering a cylindrical 
volume element at the throat entrance, with diameter 
equal to the throat diameter (D,) and height equal to the 
volume mean diameter (D,.). Within this element, the 
volume ratio of liquid-to-gas at any instant is equal to the 
ratio of the volumetric flow rates: 

Veo _ AI.,p,· _ Q,.n 
V go - (A, - A',o)Dr - Q"" 

By this equation, A,., was calculated to he 0.0516 square 
inches (.330 em2). At a volume mean diameter of 155 I'm, 
the liquid area is equivalent to 560 drops per square inch 
on a horizontal plane just above the throat entrance. 
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Figure 6. Overall SO, scrubbing efficiency (with .0001 M NaOH). 
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....... ure Distribution (see Figure 5) 

There was a sharp pressure drop between the nozzle 
tip and the throat exit (locations i and t), followed by a 
pressure recovery in the diffuser section. The pressure 
recovery was achieved at the expense of the kinetic en
ergy of the gas/liquid mixture. 

The pressure distribution profile flattened as the liquid 
flow rate decreased. At 8 gpm liquid flow rate the pres
sure drop between nozzle tip and throat exit was 15.3 psI' 
(.733 kPa), while at 3 gpm liquid flow rate the pressure 
drop between the same two locations was only 3.0 psf 
(.144 kPa). This is due to the decreased kinetic energy of 
the liquid jet. 

F rictionol Loss Constonts 

The empirical frictional loss constants of the fluid flow 
model were calculated using the results of the photo
graphic analysis and pressure distribution profile [34]. 
These constants are listed in Table 1. For the most part, 
the individual K values are fairly consistent, and their or
der of magnitude is typical of those for other fluid flow 
phenomena [35,36]. 

Sulfur Dioxide Scrubbing Efficiency 

Figure 6 shows the variation with liquid flow rate of the 
scrubbing efficiency of the ejector venturi scrubber/ 
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separator system. There is a sharp increase in efficiency 
as the liquid flow rate reaches the complete automization 
regime. Above 4 gpm liquid flow, the efficiency rises 
from 94 to 99.97%. 

The fractional scrubbing efficiency achieved in the 
baffle separator was determined separately (see Figure 
7). As the liquid flow rate decreased from 8 gpm to 3 gpm, 
the separator efficiency also dropped from 48% to 10%. 

The volumetric mass transfer coefficient (K"a) for the 
S02-NaOH system was calculated from experimental re
sults, and at 8 gpm liquid flow it was determined to be 
800 pound moles per hour per cubic foot of scrubber 
volume (12,800 kg-molelhr-m3). As the liquid flow rate de
creased to 3 gpm, the mass transfer coefficient also de
creased (Figure 8) down to 25 pound moles per hour per 
cubic foot of scrubber volume (400 kg-mole/hr-m'). This 
is primarily due to the decreased interfacial area at lower 
liquid flow rates. 

The interfacial area, in square feet per cubic foot of 
scrubber volume, is represented by the f()llowing rela
tionship: 

a = (1 + ~u.JQ/.i) (~,.) 
At full atomization, '(I' was approximately 200 square feet 
per cubic foot of scrubber volume (650 m2/m3). Therefore, 
the overall mass transfer coefficient was calculated to be 
4.0 Ib-mole/hr-ft" of interfacial area (20 kg-mole/hr-m"). 

NOTATION 

a 

A" 

Ago 
A, 
D; 
D,. 
D, 
g 

interfacial area of spray droplets (ft"//'t" of 
scrubber volume) (or m"/m" of scrubber 
volume) 
cross-section of nozzle tip (.0247 in.", or .159 
cm') 
horizontal area occupied hy liquid droplets 
at top of throat (.0516 in.', or .33 cm') 
cross-section of gas entrance (12.6 in.', or 81 
em') 

= A,-AI." 

= cross-section of throat (3.14 in.', or 20.3 cm") 
= diameter of a droplet in the spray 

volume mean diameter of droplets (155 fLm) 
diameter of throat (2 inches, or 5 cm) 
acceleration of gravity 
units conversion factor 
mass transfer coefficient (lh-moles/hr-ft2 of 
interfacial area) or kg-moles/hr-m' of interfa
cial area). 

](,1> K" K,,, K, = empirical frictional loss constants in me

L" - L, 
L; L" 

L .• L" 

L, Ld 

chanical energy balances 
height of throat (1 inch, or 2.5 cm) 
distance from nozzle tip to throat (6-114 
inches, or 15.9 cm). 
distance from point's' (Fig. 3) to throat (3 
inches, or 7.6 cm). 
height of diffuser section (14-114 inches, or 
36cm). 

My = average molecular weight of gas 
11; = number of droplets of diameters D, 
Pi, Ps, Po, Ph P(I = statk pressure of gas at points i, s, 0, t, 

O/.i 
0., 
R 
T 
V/.i, VI .• 

d-respectively (Fig. 3). 
liquid and gas volumetric flows (respec
tively) at throat entrance 
liquid volumetric flow rate fi'om the nozzle 
gas volumetric flow entering the scruhber 
universal gas constant 
absolute temperature of gas 
liquid velocities at nozzle exit and throat en
trance (respectively) 
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v." V.. = gas velocities at gas entrance and throat en· 
trance (respectively) 

PL = liquid density 
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