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Bhopal Plus One:
A Chemical Engineer’'s Watershed

by
Peter B. Lederman

Much has been written on the anniversary of the Bhopal Tragedy and its aftermath. It sensitized
the public as never before to activities and operations within the “Black Box™ of the
chemical plant within the fence. More often than not in the past, emissions and even

small fires were overlooked. Even major fires and explosions were soon forgotten. The
chemical industry and the chemical engineer were the “good guys” in producing materials

that made life easier. Bhopal, as no other incident, has changed that. The chemical
industry has become “suspect” at best, and the professionals who built and managed those
operations are being critically evaluated by the general public.

The challenge presented by Bhopal is a multi-faceted one in that it is being
approached on many levels and needs to be approached on additional ones. Bhopal, followed
by Institute, West Virginia, and other less publicized incidents, has created tremendous
pressures on the legislative and regulatory communities. Numerous pieces of legislation
are being submitted for consideration in the Congress, while state and local municipalities have
enacted anumber of laws. Action is also taking place in the legislatures of foreign countries
and in the international technical community. This legislative pressure has produced and
continues to produce significant regulatory initiatives. Both the legislative and regulatory
initiatives will mean that “proprietary” or “trade secret” claims will be much more difficult
to sell and utilize to protect the innovations which have kept the chemical industry in the
forefront. The industry and our profession are in the spotlight, possibly even more so than the
nuclear industry. This means that we as chemical professionals will have to adapt a
different style of operation, a style which will require significantly more communication
with the public.

The public now expects to know what is going on inside the fence. What are the plans,
what are the risks and what are the benefits? We will no longer be able to hide behind “it
is too complicated” or “its safe and we’re making something which will make your life better.”
The public is “from Missouri” and it will be our job to prove to the public that what we are
planning, building and operating is indeed safe and desirable. This places an added
dimension on our industry and on us as professionals. It is 2 dimension that we have approached
slowly as a result of environmental pressures, one that we must now face and meet head-on
and requires our very best efforts.

The American Institute of Chemical Engineers has taken alead position in establishing the
Center for Chemical Process Safety. The Center has focused on development of
guidelines for evaluating risks and hazards in process operations. The Chemical
Manufacturer’s Association has responded with programs to help communities become more
aware and develop emergency response plans. The Environmental Protection Agency has
just announced a program to assist communities in developing emergency response
plans. Similar activities are going on throughout the world. It is a critical activity and will
provide some of the tools that are necessary to respond to the concern, even fear, that the
Bhopal Incident has engendered in the public.
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Risk Assessment, Community Awareness and Emergency Response Planning are all
important but must be complemented with superior operation, superior design and
attention to detail and corrective actions pointed out by the risk and operational
analyses. The operational design and corrective actions we take now will be critical to the future
of our profession and industry. The dollars expended now will be inconsequential
compared to the dollars that could be spent later if we have an incident.

The chemical industry has always prided itself on being a good neighbor. That image is now
tarnished. It will take our energies and creative talent to make that image shine again. We
have always prided ourselves as an industry that provides a good place to work and hasa
superior safety record. We must work to make that safety record even better. It will be difficult
enough for major firms in the chemical process industry who have significant technical and
financial resources. It will be especially difficult for the medium and small-sized
companies who have neither the in-house technical talent nor the financial resources to
undertake some of these very complex studies. If we as an industry are to survive, these
studies must be undertaken and the changes suggested by these studies made.

In the past as a profession, we have been reticent to enter the public atena. We have prided
ourselves on our technical know-how and judgment and let those attributes speak for
themselves. This is no longer enough. Risk Analysis, Operational Improvements and
Design Changes are also only a foundation. We must educate ourselves to become better
communicators with the public. Public acceptance of our work and confidence in it are the
keys to our future. It is important, therefore, that we as a profession become actively
involved in our communities and in the community at large and that we establish a personal
creditability which will be the foundation for establishing the public’s confidence in our
work and in our findings. On that creditability we will build the future of our profession
and our industry. Even if the leaders in our profession and industry provide a positive, high
level of visibility, each and every one of us must contribute at whatever strata we operate so
apersonal identification at a grass roots level is developed with the benefits we have and
continue to provide.

Peter B. Lederman bas been working in the Hazardous Material Management Field for the past 15 years.
During that time, be beaded the Environmental Protection Agency’s Hazardous Spill Research and Development
Activity and for the last six years bas been Vice President of F. Weston, Inc. Being Chairman of the New Jersey
AIChE Section in the early 70°s, be is well known to many in the New Jersey/North Jersey Sections. He has also
served as Chatrman of the Professional Development Committee of AIChE and is a Fellow of the Institute.

Before joining the Weston staff, he worked for Exxon, and was a Professor at the Brooklyn Polytechnic
Institute. He also worked with the United States EPA before be returned to private industry as Manager of
Technical Development for Research-Cottrell.

He carned bis B.S., M.S., and Ph.D. at the University of Michigan and is a Registered Professional
Engineer, a Registered Professional Planner and a Certified Hazardous Material Manager.

He also serves on the advisory board of Environmental Progress and has over 75 publications to his credit,
mostly in the area of Hazardous Materials.
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SEPARATION OF HEAVY METALS
AND OTHER TRAGE CONTAMINANTS

Robert W. Peters and B. Mo Kim, Editors
(AIChE Symposium Series Volume 81, No. 243)

The newest entry in the American Institute of Chemical
Engineers’ Symposium Series offers an updated look at
processes for removing heavy metal by-products from
municipal and industrial wastewaters. Separation of Heavy
Metals and Other Trace Contaminants, a 203-page paperbound
volume, examines current and emerging technologies designed
to protect the environment from these elements.

The book explores heavy metal removal methods including
precipitation, detoxification, adsorption, filtration, magnetic
separation and thermal treatment. New biological treatments,
utilizing bacteria to adsorb or neutralize heavy metals, are also
described.

Among the titles featured are: “Silver and Terephthalic Acid
Recovery from Exposed Photographic Film Waste,” “Detoxi-
fication of Wastewater Containing Valuable Metal lons,”
“Heavy Metals Removal in a Fixed Film Biological System,” “A
Membrance Extraction Process for Selective Recovery of
Metals from Wastewater,” “Innovative Thermal Processes for
the Destruction of Hazardous Wastes” and “Removal of
Arsenic from Water by Physical-Chemical Processes.”

ISBN 0-8169-0338-7  LC85-11110

One of the biggest
threats to your heart
is right under

your nose.

“Great,”’ you say to
yourself. **Here they come
with more bad news.”’
Okay, so we do have some
bad news for you. But you
need all the facts you can
get when it comes to mak-
ing a decision about
smoking.

Like the fact that if you
smoke, you're twice as like-
ly to have a heart attack as
a nonsmoker. And if you do
have a heart attack, you're
more likely to die.
Suddenly.

But here’s the good news.
Regardless of how long or
how much you’ve smoked,

Pub # S-243 AIChE Members $20
203 pp. Others $40
Send Orders to:

AIChE Publications Sales Dept C, 345 East 47 Street, New York NY 10017
Books will be shipped surface/bookrate.

U.S. orders: Postage and handling prepaid.

Foreign orders: Please add $2.00 per book to cover postage and handling.
If faster service is required, please contact us for extra charges.

Prepaymentin U.S. currency is required. All orders must be accompanied by
check, money order, or international bank draft drawn on a New York bank.

All sales are final. (Prices subject to change.)

Important: Members must indicate membership number to qualify for member prices.

your risk of heart disease
will begin dropping rapidly
the day you stop. Which
means that 10 years after
quitting, it can be almost
the same as if you had
never smoked at all.

So take the good with the
bad, but take our word for
it: it's never too late to quit.

WERE FIGHTING FOR
YOUR LIFE

Amerig:an Heart
Association
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AIChE Members Encouraged to Participate in Community Emergency Response Planning

As reported earlier, AIChE’s Washington office has been working closely with EPA on its
*‘Guidelines for Community Emergency Response.”” A key feature of the guidelines will be the
identification and use of sources of technical advance within the community to serve as aresource in
planning for emergencies involving hazardous materials. Since the technical expertise of chemical
engineers is viewed as an integral part of this planning, AIChE members have an opportunity to
provide a significant service to the communities in which they live and work.

AIChE’s Government Programs Steering Committee (GPSC) has assumed responsibility to
implement a pilot program for a limited number of AIChE local sections. This effort will be led by Ed
McDowell (Vice Chairman of GPSC) and Gary Leach, and will be coordinated through AIChE’s
Washington office.

Role of Local Sections and Government Interaction Committees (GICs)

Local sections, through their GICs, would be the logical group to initiate and carry out this
function, using the GPSC guidelines. Appropriate local section members can volunteer to make their
expertise available to the community in its planning effort. It is anticipated that they would be part of
a community team made up of plant managers, fire, police, local health officials and other interested
parties.

Since the Chemical Manufacturers Association (CMA) has already prepared a Community
Awareness and Emergency Response (CAER) program which suggests that local plant managers
communicate with community leaders to prepare an emergency plan, the AIChE program will be
complimentary to the CAER program by providing constructive, technical expertise from an
independent, professional source.

Local sections are in the best position to identify those members who have the knowledge,
experience, maturity and dedication to make a meaningful contribution as either a volunteer or in
some cases as a consultant to the local planning group. Several communities which have already
worked out emergency plans have had significant input from chemical engineers.

Retired Engineers as a Resource

Because of the possibility of an ongoing commitment, retired members of the local section can do
an excellent job and should be contacted as potential participants in this effort. These individuals who
may be retired (but not tired) can bring their years of experience and skills to bear on a worthwhile
project that will also enhance the professional image of the chemical engineer in the community.

Local section chairmen will be contacted in the near future with GPSC guidelines and planning and
implementation procedures.

Your comments are welcome. Please write, or call, Dr. Martin Siegel, Staff Director Government
Relations, at the Washington office.

This material was prepared by AIChE’s Washington Representative, Siegel ® Houston & Associates, Inc.
Suite 804, 1901 L Street, N.W., Washington, D.C. 20036. Tel. (202) 223-0650
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THE CENTER FOR CHEMICAL PROCESS SAFETY presents

GUIDELINES
1{0) §

Hazard Evaluation
Procedures

In 1985 AIChE established the Center for Chemical Process Safety
{CCPS) which will utilize the expertise of chemical engineers to develop
recommendations and guidelines for acceptable industry practices in the
production, storage and handling of toxic or reactive chemical materials.

The Center’s first publication, Guidelines for Hazard Evaluation Proce-
dures concentrates on hazards involving the release of flammable, com-
bustible, highly reactive, or toxic materials in amounts sufficient to
endanger the health and safety of chemical plant employees and the
neighboring public. The 200-page volume, which is being published in
loose-leaf form (with binder) for easy updating, also details procedures
for predicting potential hazards through systematic, element-by-element
examination of a process or plant.

ISBN 0-8169-0347-6 AIChE Members: $35
Pub. No. G—1 Others: $75

SEND ORDERS TO: Publications Sales Dept. A, American Institute of
Chemical Engineers, 345 E. 47 St., New York, NY 10017. All orders
must be prepaid. No charge for postage or handling on U.S. orders. All
foreign orders must be accompanied by payment in U.S. dollars and must
include $2.00 per book to cover postage and handling. All books will be
shipped bookrate. All sales are final. (Prices are subject to change).

Prepared by
Battelle Columbus Division

for the
American Institute of Chemical Engineers
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Environmental Shorts

PPM Receives Permit Amendment
For PCB Chemical Destruction Process

The U.S. Environmental Protec-
tion Agency has expanded PPM,
Inc.’s existing mobile permit to de-
stroy PCB-contaminated materials
throughout the United States.
PPM’s initial permit allowed the
level of contamination for chemi-
cally destroying PCB materials
could not exceed 4,100 ppm. With
this new permit, PPM now can treat
chemically PCB materials in con-

centrations up to 10,700 ppm. ‘‘The
new level will allow a significant
amount of contaminated oil, which
is now being incinerated, to be re-
claimed with the process,’”’ Dennis
Tapaak, president of PPM said.
““The new limit is an important step
in PPM’s efforts to provide the most
environmentally acceptable dis-
posal option for hazardous waste
generators.”’

Chemical Hazards Database Acquired by VIS

The Chemtox Database, which con-
tains information on more than
3,200 chemical substances that are
hazardous and are common in the
environment due to their economic
importance, has been acquired by
Van Nostrand Reinhold Informa-
tion Services (VIS) from Resource
Consultants, Inc.

Data within the Chemtox Data-
base consists of identifiers, such as
name, number, synonyms, chemi-
cal class, and DOT I.D. number;
physical and chemical properties
such as specific gravity, boiling
point, flash point, and explosive
limits; toxicological data such as
carcinogenicity, target organs,
short-term toxicity, and Regulatory
Data such as Hazard Communica-
tion Standard requirements and

EPA hazardous waste listings.

In all, more than 80 different data
items are supported within the
Chemtox Database record struc-
ture. Quarterly updates, delivered
on floppy disks, will continue to
update and expand this list in the
future.

‘‘Dealing with chemical data
once with the exclusive province of
the chemist or toxicologist,”” Rich-
ard Pohanish, VIS president, says.
‘“Today, more and more managers
possess less formal training are be-
ing asked to make critical decisions
relating to the management of haz-
ardous substances. Chemtox pro-
vides them with the necessary data
to make informed decisions and of-
fers superior assistance to all ‘need-
to-know’ managers.”’

Reducing Nitrogen Oxide
Emissions

The Environmental Protection
Agency has proposed standards to
limit nitrogen oxide emissions from
new industrial boilers. At present,
such boilers are not regulated by the
agency, and there has been little in-
centive to develop control tech-
nologies for them. Nitrogen oxide
emissions contribute to major air
quality problems such as acid rain
and ozone formation, and coal-fired
industrial boilers are an important
source of these emissions.

In response to this problem, the
Environmental Protection Agen-
cy’s (EPA) Air and Engineering Re-
search Laboratory in Research Tri-
angle Park, North Carolina, has
developed a new method for de-
stroying nitrogen oxide formed dur-
ing combustion. Called reburning,
or fuel staging, the technique uses
an altered boiler design which ex-
pands the combustion zone within a
boiler. A secondary zone above the
main combustion zone burns a mix-
ture of natural gas and ambient air
diverted form the primary zone.
Hydrocarbon radicals in this sec-
ondary burn destroy the nitrogen
oxide formed during primary com-
bustion. Compared with conven-
tional pre- and post-combustion
technologies, in-furnace reburning
is inexpensive and appears capable
of reducing nitrogen oxide emis-
sions by 50 percent.

Report Criticizes Third World Pesticide Subsidies

By subsidizing pesticide produc-
tion and sales, many Third World
governments are encouraging farm-
ers to use chemicals with serious
environmental and safety side ef-
fects, and diverting hundreds of mil-
lions of dollars annually that could
be used to promote safety and bet-
ter methods of pest control, a new
World Resources Institute research
report charges.

Titled, ‘‘Paying the Price: Pesti-
cide Subsidies in Developing Coun-
tries’ finds that pesticide subsidies
range from 15 per cent to as high as
90 per cent of full cost in China,

Colombia, Ecuador, Egypt, Ghana,
Honduras, Indonesia, Pakistan,
and Senegal.

The Report charges that the
‘“‘subsidies encourage farmers to
use more chemicals than they
would if they had to pay the full
cost. Subsidies mainly benefit farm-
ers who are better off than the peo-
ple who bear the costs. The
beneficiaries of pesticides subsi-
dies are likely to be a different group
that those who bear the costs and
the environmental losses from in-
creased chemical use, both human
poisonings and destruction of bene-

Environmental Progress (Vol. 5, No. 1)

ficial animal species.”’

According to the Report, of the
countries surveyed, only Pakistan,
which discontinued subsidies in
1980, had analyzed the effects of its
subsidies and the possible prefera-
bility of alternative ways of pro-
moting pest management. With-
drawal of the subsidy, the report
claims, ‘‘has made the Pakistani
farmers more judicious in the
choice and use of pesticides. Only
effective and less expensive chemi-
cals are finding favor with them.
Wastage has been considerably
reduced.”
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The Environmental Institute for Waste Management
Studies was established at the University of Alabama,
Tuscaloosa, Alabama in January 1984 with a purpose to
study and inform the public, the media and government
of the major technical issues involving the safe manage-
ment of hazardous and toxic waste. In the first two
years, the Institute focussed on a strategy for the man-
agement of spent solvents and solvent-contaminated
wastes.

The reports listed below are from these studies. Eachis
available for $10 or $20 depending on their length from
the: Institute of Environmental Studies, P.O. Box 2310
Tuscaloosa, AL 35403

Published Reports of the Institute

e  Disposal of Solvents and Solvent-Contaminated

Wastes to Land—A Position Paper—Institute
members and staff.
Fate of Solvents in a Landfill—Gary F. Bennett.
Interaction of Organic Solvents with Saturated
Soil-Water Systems—R. A. Griffin and W. R.
Roy.

ENVIRONMENTAL INSTITUTE FOR WASTE MANAGEMENT STUDIES

e  Toxicity Profiles of Selected Organic Sol-
vents—William J. George, Laura A. Martin, and
LuAnn E. White.

e Containment Barriers for Land Disposed
Solvent-Bearing Hazardous Wastes—James K.
Mitchell and Thomas L. Brandon.

° A Survey of Current Waste Management Tech-
nologies—Methods of Recovery, Treatment, Dis-
posal, and Storage of Hazardous Wastes—T. H.
Hughes, B. W. Norris, K. E. Brooks, B. M.
Wilson, and B. N. Roche.

e A Descriptive Survey of Selected Organic
Solvents—T. H. Hughes, K. E. Brooks, B. W.
Norris, B. M. Wilson, and B. N. Roche.

Reports of the Institute In-Press

e  Statistical Approaches to Groundwater Moni-
toring—Carl A. Silver.

e  Hazardous Waste Incineration—James V. Walters.

e Risk Assessment and Selected Socio-Economic
Considerations for Organic Solvents—Rae
Zimmerman.

e  Mathematical Models of Contaminant Transport
in Groundwater—Yaron M. Sternberg.

Handbook of Hazard Communications and OSHA
Requirements, George G. Lowry and Robert C.
Lowry, Lewis Publishers Inc., 121 S. Main St.,
Chelsea, MI 48118 (1985) 148 pp., $34.95,
hardcover.

Mathematical Models and Design Methods in Solid-
Liquid Separation, edited by A. Rushton,
Martinus Nijhof, Spuiboulevard 50, 3300 AZ
Dordrecht, The Netherlands (1985) 399 pp.,
hardcover $49.50.

Handbook of Laboratory Waste Disposal, by Mar-
tin J. Pitt and Eva Pitt, Halstead Press/John Wiley
& Sons, New York (1985) 360 pp., hardcover
$87.95.

Separation of Heavy Metals and Other Trace
Contaminants, No. 243, Vol. 81, edited by Robert
William Peters and M. Bo Kim, American Insti-
tute of Chemical Engineers (1985) 203 pp., AIChE
members $20; others $40.

Reliability of Adhesive Bonds Under Severe Envi-
ronments, National Materials Advisory Board,
Commission on Engineering and Technical Sys-
tems, National Research Council. Order from:
Defense Technical Information Center, Cameron
Station, Alexandria, VA 22312 (1984) 52 pp.
paper.

Agricultural Chemistry, Vols. 1, 2, by Y. A.
Yagodin, MIR Publishers, Moscow. Order from
Imported Publications, 320 W. Ohio St., Chicago,
IL 60610 (1984) 758 pp., hardcover $16.95.

Books

Stream, Lake, Estuary, and Ocean Pollution, by
Nelson L. Nemerow, Van Nostrand Reinhold,
New York (1985) 444 pp., $46.95 hardcover.
Computer Models in Environmental Planning, by
Steven I. Gordon, Van Nostrand Reinhold, New
York (1985) 222 pp., $34.50 hardcover.

Water Resources Planning, by Neil S. Grigg,
McGraw-Hill Book Co., New York (1985) 328 pp.,
$39.95, hardcover.

CALL FOR PAPERS

The 6th International Conference on Chem-
istry for Protection of The Environment will
be held in Turin, Italy, September 15-18
1987. Theme topics include physiochemi-
cal processes, and aspects of chemistry
and chemical engineering in the treatment
and monitoring of air, water and solid
wastes.

Interested persons are requested to send
their name, job title, affiliation and a gen-
eral title of their papers to:

Dr. William J. Lacy
9114 Cherrytree Drive
Alexandria, VA 22309
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The Dow Stretford Chemical Recovery

Process

The Dow patented Stretford Chemical Recovery Process
reclaims the two key chemicals while purging undesirable by-products
from Stretford gas sweetening plants. Recovery of these chemicals
can reduce costs in terms of chemical loss and solution disposal.
The process involves filtration, charcoal adsorption and ion exchange.

C. Alan Hammond, Gas/Spec Technology, Dow Chemical USA, Freeport, TX 77541

STRETFORD PROCESS DESCRIPTION

The Stretford process is used for the removal of hydro-
gen sulfide from tail gas streams from various origins. In
the United States these are principally from Claus units in
refineries. The hydrogen sulfide is contacted with the
Stretford solution in an absorber and reacts with sodium
carbonate to form sodium hydrosulfide.

H.S + Na,CO, — NaHS + NaHCO,

The dissolved hydrosulfide ions then react with sodium
vanadate in an oxidation-reduction reaction which pro-
duces elemental sulfur and a reduced vanadium salt.

2NaHS + 4NaVQ; + 4NaHCO; — 2S
+ Na,V,0, + 4Na,CO; + 3H,0

Also present in the solution is the disodium salt of anthra-
quinone disulphonic acid (ADA) which catalyzes the
reoxidation of the vanadium.

Na,V,0, + O, ADA
+ H;0 + 2Na,CO; = 4NaVO,; + 2NaHCO,

After the solution has been contacted with hydrogen
sulfide to produce sulfur, the sulfur is separated from the
solution by flotation and a melter-decanter. Filters or cen-
trifuges can be used in place of the melter-decanter. The
vanadium oxidation and the sulfur flotation both occur in
the oxidizers where air is blown into the solution. The
Stretford solution is then recycled back to the absorber.

In addition to the above reactions, several side reactions
take place which produce sodium thiosulfate and sodium
sulfate. Oxygen in the feed gas and in the oxidizers reacts
with sodium carbonate and sulfur to form sodium thiosul-
fate.

Na,CO; + 2§ + O, = Na,S;0; + CO,

Feed gas oxygen also reacts with the sodium hydrosulfide
in the absorber to form sodium thiosulfate.

2NaHS + 20, — Na,S;0; + H,O

Sodium thiosulfate will also be formed in the absorber if
sulfur dioxide is in the feed gas.

SO, + Na,CO; + S = Na,5,0; + CO,

Another source of sulfur dioxide is the reverse Claus reac-
tion which occurs in the autoclave.

3S + 2H,0 — 2H,S + SO,
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Some of the sodium thiosulfate will then be biologically
oxidized to form sodium sulfate.

Na,$,0; + Na,CO; + 20, = 2Na,S0, + CO,

The concentrations of sodium thiosulfate and sodium
sulfate must be kept low enough so that these salts do not
fall out of solution. Control of these concentrations has
traditionally been accomplished by either purging a
stream and adding make-up chemicals, or by changing out
the entire system solution when the salt levels get too
high.

In either case the chemical costs are high due to the
prices of ADA and vanadium; and in some cases, the waste
disposal costs are also very high. Figure 1 shows the calcu-
lated vanadium and ADA costs if a purge stream is used to
maintain a thiosulfate concentration of 160 grams per liter.

CHEMICAL RECOVERY PROCESS

The Dow Stretford Chemical Recovery Process is a
patented process which was developed as a method of
purging the thiosulfate while recovering the ADA and
vanadium to recycle back to the Stretford unit. This func-
tion is shown in Figure 2. The process consists of three

BASIS: Thiosulfate Production = 1.5 g/l-day
2 g/l ADA, $4.50/pound
2.5 g/l Vanadium, $5/pound
Maintain 160 g/I Thiosulfate

1,000 $/Yr. ADA
& Vanadium Cost

3001

200

100~

[ 1 1 L - |
100,000 200,000 300,000 400,000

Volume of Stretford Plant, Gallons
1 Gallon = 3.785 Cubic Meters
1 Pound = 0.454 Kilograms

Figure 1. ADA and Vanadium cost for purge.
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Claus Unit Stretford
Tail Gas — Unit —— Sulfur
(H2S)
S
Stretford Solution Recovered
Recirculation Vanadium & ADA
Dow’s
Utilities ———» Stretford
Chemical Recovery
Process
I Inorganic

Waste

Figure 2. The process-implemented.

unit operations: filtration, charcoal adsorption, and ion ex-
change operating on a semi-batch cycle. The filtration
section provides a stream that contains no sulfur particles
that would interfere with performance of the activated
charcoal or the ion exchange resin. The charcoal removes
the ADA from the purge stream while the ion exchange
resin removes the vanadium. This “loading step” in which
the chemicals are loaded into the recovery beds, is shown
in Figure 3. After the charcoal and ion exchange beds are
fully loaded, they are simultaneously regenerated, thus re-
covering the ADA and vanadium. This “regeneration
step” is shown in Figure 4. Four percent caustic is used to
remove the vanadium from the ion exchange resin. The
effluent from the resin bed is then heated and used to strip
the ADA from the charcoal. A system flush follows to
lower the pH in the resin bed and to cool the charcoal. The
recovery beds are then ready to be loaded again.

LABORATORY WORK

The first stage of this project was a laboratory evaluation
of the process using solution samples taken from nine dif-
ferent Stretford plants. Process variables were studied and
comparisons were made using different ion exchange res-
ins and charcoals.

After the optimum operating conditions were found, the

Air Pad
Raw Stretford
Out
Fixed-Bed
lon-Exchange
! For Vanadium Removal
Porous- Attoogain
Tube =
Filters Charcoal Adsorber

For ADA Removal

Raw Stretford Thiosulfate
In Waste Stream

Figure 3. Loading step.
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Air Pad
Steam
4% NaOH
Activated Charcoal
Adsorber
lon-Exchange
Column

Vanadium and ADA
Product Stream

Figure 4. Regeneration step.

ADA recovery was greater than 95% in most cases. The va-
nadium recovery, however, was not consistent, and in
most cases ranged from 70 to 95%. As the thiosulfate con-
centration increased, the vanadium recovery tended to de-
crease; but in general, the selectivity of the resin was fa-
vorable. Besides competition between the vanadium and
thiosulfate, other conditions exist which are believed to be
a factor in this correlation. For instance, reduced vana-
dium forms will not be recovered as well as the oxidized
forms. There are also several oxidized forms of vanadium
which will be recovered to different degrees, and the equi-
librium between these species appears to be affected by
the pH and the thiosulfate concentration.

The thiosulfate removal efficiency is consistently about
90%, that is, 10% is retained in the ion exchange column
and is recycled with the ADA and vanadium product
stream. Any inefficiency in the thiosulfate removal will af-
fect the amount of solution that has to be processed in or-
der to purge a given amount of thiosulfate.

PILOT PLANT

Since the component recoveries were acceptable, the
second stage was to build a larger demonstration plant.
This plant was used to confirm the laboratory results,
evaluate the mechanical aspects of such a process, opti-
mize the recovery cycle, and to process solution trucked in
from nearby Stretford plants. The first truckload of solu-
tion was used to verify the lab results and to optimize the
process. Twenty-three cycles were run with this solution,
and the vanadium and ADA recoveries were 85% and 82%
respectively.

Two more truckloads of solution were received from a
different source and was primarily used to evaluate the
mechanical dependability of the process. In these runs,
the ADA and vanadium recoveries were 99% and 85% re-
spectively. In the first five-day continuous run, no major
mechanical problems were encountered. The actuated
values needed attention at start-up but were not a problem
once the unit was running and the valves operated
routinely. The major area of concern was a decrease in
filter capacity towards the end of the five-day run.

The filters used in this process resemble a shell and
tube heat exchanger in which the tubes are constructed of
a porous material. The Stretford solution containing solid
sulfur is pumped through the inside of the tubes at a high
velocity and at a pressure higher than the shell side pres-
sure. A filtrate bleeds through the tube walls due to the
pressure differential while most of the solution carries the
sulfur back to the Stretford plant. A flow rate of 100 gpm
through one filter module will produce a little less than 1
gpm of filtrate when the temperature is kept above 95°F.

Environmental Progress (Vol. 5, No. 1)



Theoretically a solid free boundary layer develops on
the inside of the tube wall, and the high velocity mini-
mizes movement of solid particles into this boundary
layer. However, eventually enough sulfur gets into the
filter membrane to lower its capacity. To keep this sulfur
from completely plugging the filters, a pressure back
pulse is used. This is achieved by periodically increasing
the shell side pressure enough to reverse the flow through
the membrane, thus pushing the sulfur back into the main
flow to be carried back to the Stretford plant.

It was found that by increasing the frequency and de-
creasing the duration of these back pulses, an acceptable
steady state filter capacity was reached. On the next five-
day continuous run, there was no significant loss in filter
capacity.

FIELD TRIAL

After operating the plant successfully in Freeport, the
third and final stage of development was to conduct a
field trial in which the plant would process solution from
an operating Stretford plant. The recovery unit was in-
stalled so the recirculation pumps on the balance tank
Evlould pump 100 gpm of Stretford solution through the

ters.

The component recoveries are plotted in Figure 5, and
the trend is much the same as before. As the thiosulfate
level increases, the vanadium recovery decreases. At the
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start of the field trial, the thiosulfate level was 220 grams
per liter, and the vanadium and ADA recoveries were 87%
and 95% respectively. However, the initial processing rate
was not high enough to maintain the thiosulfate concentra-
tion, and it rose to about 240 grams per liter. The solution
coming from the balance tank pumps contained about 10%
solid sulfur,whereas the solution processed in Freeport
only contained about 4%. This high solids content lowered
the filter capacity significantly.

After about 20 cycles, a preliminary settling tank was in-
stalled to lighten the load on the filters. A 20,000 gallon
“frac tank” was used as a temporary settler. It is very im-
portant to note that this was temporary because a properly
designed settler would be very small in comparison. This
tank was filled with solution, and a new pump was in-
stalled with a suction about four feet above the bottom of
the tank.

The settled solution was pumped through the filters at
100 gpm and back into the frac tank so the level only
dropped by what was being processed in the recovery unit,
about 700 gallons per day. When this level got low enough,
the frac tank was refilled. When the tank was refilled
around cycle 70, the thiosulfate concentration increased
since it had continued to rise in the Stretford unit.

Once the thiosulfate level was in the range of 240-250
grams per liter, the vanadium recovery was only about
65%. Several attempts were made to improve the vana-
dium recovery by changing process conditions but to no
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Vanadium
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Figure 5. Field trial data.
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BASIS
100,000 Gallon System Volume
95% ADA Recovery
80% Vanadium Recovery

CASE 1 CASE 2
gram/liter ADA 2 3
gram/liter Vanadium 25 4
gram/liter Thiosulfate 160 200
Thiosulfate production rate,

g/l day 2 3
gallons processed/day 1400 1670
gallon H,O/gallon feed 2.6 4.0
gallon 25% NaOH/gallon feed 0.11 0.19
Ibs. 150 psig steam/gallon feed 1.37 2.15
gallons product/gallon feed 177 2.76
gallons waste/gallon feed 1.94 243

(For both cases: 5000 watts electrical power, air and cooling water)
(1 Gallon = 3.785 Cubic Meters)

Figure 6. Operating data.

avail. After about 120 cycles, part of the solution was
hauled out so the thiosulfate level was back below 220
grams per liter, and the vanadium recovery improved to
over 80%.

It should be pointed out that the recovery unit used in
the field trial was underdesigned for this Stretford unit. A
larger recovery plant would be able to process enough so-
lution to lower the thiosulfate concentration, thus avoiding
the solution haul out. As it was, the recovery unit was, at
best, just able to maintain a steady concentration. The
fluctuations in the thiosulfate curve are explained by the
batch type operation of the temporary settling tank.

The recovery unit did not seem to have any adverse ef-
fect on the Stretford plant and it was able to effectively
purge the thiosulfate. The field trial did point out that
there may be a need for a sulfur settling system in certain
cases. Another alternative would be to add more filter
modules to increase the capacity. An economic compari-
son must be made which involves the differences in equip-
ment cost and pumping power required.

OPERATING DATA

Figure 6 shows operating data for two cases with varying
plant conditions. The second case operates at a higher
thiosulfate production rate and higher concentrations of
ADA, vanadium, and thiosulfate. A comparison of some of
these numbers helps explain how the plant operates.

Although Case 2 operates at a thiosulfate production rate
of 1.5 times Case 1, the processing rate is only slightly
higher. This is because Case 2 operates at a higher thiosul-
fate concentration so a smaller quantity of solution can be
processed to remove the same amount of thiosulfate.

Another important number is the gallons of water used
per gallon of feed which, of course, impacts the gallons of
product and waste. The higher numbers for Case 2 are due
to the high vanadium and ADA concentrations which
cause the charcoal and resin columns to be much larger.
Although the quantities of feed solution for the two cases
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aon t aitter much, this increase in column size increases
the flow requirements of all phases of the regenerative
process.

The quantity of product returned to the Stretford plant is
important because the excess water needs to be removed
in the cooling tower to maintain a constant level. The
quantity of waste is especially important if it presents dis-
posal problems. Other important aspects of the operating
data are the low utility requirements and the fact that no
chemicals or additives are used that are not compatible
with the Stretford unit.

MODIFIED CYCLE

As mentioned above, the quantity of waste may need to
be minimized if it presents disposal problems. Many
plants have water treating facilities in which this waste
stream would only be a small portion, but others may have
to have the waste hauled off in trucks at quite an expense.

A modified cycle has been proposed that would help al-
leviate this problem. The key to this cycle is that all of the
waste is not contaminated with Stretford chemicals. The
effluent from the columns during the loading step is just
flush water that was used in the previous cycle to lower
the charcoal temperature and the resin pH. This slightly
alkaline water could either be returned to the Stretford
plant or used elsewhere. After all the flush water has been
pushed through the columns, the waste stream will con-
tain thiosulfate and should be handled accordingly. Simi-
larly, at the end of the regeneration step, the water being
flushed from the system is hot and has a high pH, but it is
not contaminated with Stretford chemicals. As the flush
step continues, the water temperatures and pH continue to
drop until the end of the cycle. Again this water could be
returned to the Stretford plant or used elsewhere. Obvi-
ously, the Stretford cooling tower would have to be capa-
ble of evaporating this additional water.

It should be pointed out that this is not the mode of oper-
ation used for the data in Figure 6. The data from Figure 6
corresponds to mode of operation used in the field trial
which classifies all flows not containing vanadium and
ADA as waste.

CONCLUSIONS

The Stretford Chemical Recovery Process represents a
viable method of controlling the sodium thiosulfate level
in Stretford plants while recovering the ADA and vana-
dium for return to the process. There is a correlation be-
tween the thiosulfate concentration and the vanadium re-
covery such that the vanadium recovery will not be as good
at start-up if the initial thiosulfate level is high. In any case,
once the thiosulfate level is under control, the vanadium
and ADA recoveries will be about 85% and 95% respec-
tively. In addition to the chemical savings, the process also
has the potential for alleviating waste disposal problems
due to vanadium and/or ADA.

C. Alan Hammond is an employee of Dow Chemi-
cal’s GAS/SPEC Technology group in Freeport,
Texas and is currently the project leader for the
Stretford Chemical recovery process and Dow’s
hydrogen sulfide abatement process in geother-
mal power plants. Prior to joining GAS/SPEC, he
received his BS in Chemical Engineering from
Clemson University and worked six years as a de-
sign engi for Dow’s R h Engi ing
group.
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Calcium Sulfite Hemihydrate: Crystal
Growth Rate and Crystal Habit

The crystal growth rate of CaSO; - I/2H,0 was measured by a pH-stat
method in aqueous solution with pH 3.5 to 6.5, 1 to 25 mM dissolved
sulfite, 0.01 to 0.3 M Ca*, and 0 to 25 mM sulfate. The growth rate was a
strong function of relative supersaturation and was strongly inhibited by
dissolved sulfate. The growth rate per unit BET surface area, R’ (mole/cm?-min),
is given by: 9.7 X 10~* exp (—10250¢/RT) X (RSc,50;-17 X RScasos !, where
RScas0; and RS0, are the relative saturations with respect to calcium sulfite
and gypsum, respectively. Scanning electron microscopy and IR
spectroscopy demonstrated that solids generated in the presence of dissolved
sulfate contained solid solution sulfate and crystallized as agglomerates of very
thin platelets. In the absence of solid or dissolved sulfate the solids
were agglomerates of well-informed columnar, hexagonal crystals.

Philip C. Tseng and Gary T. Rochelle, Department of Chemical Engineering,
The University of Texas at Austin, Austin, Texas 78712

INTRODUCTION

The crystallization of calcium sulfite hemihydrate is of
importance in flue gas desulfurization processes which
absorb SO, by a slurry of lime or limestone with simultane-
ous calcium sulfite/sulfate precipitation. Calcium sulfite
crystallization affects the composition and chemical
equilibria in the scrubbing solution, and therefore affects
SO, absorption and limestone dissolution which are mass
transfer controlled phenomena enhanced by equilibrium
reactions [I-5]. The habit of the grown calcium sulfite
crystals is of particular interest because it affects the ease
of dewatering, and thus, the operation of solid-liquid sepa-
ration processes [6]. Recently, limestone has been substi-
tuted for lime in dual-alkali processes [7-8]; the crystalliza-
tion rate and crystal habit of calcium sulfite are critical to
the development of this next generation of technologies.

The earliest study of CaSO; - 1/2H,0 crystallization rate
was conducted by Ottmers, et al., [9]. A continuous-
liquid/batch-solid method was used and the crystallization
rate was found to be st order relative to the supersatura-
tion of calcium sulfite. Nucleation was not significant
when the relative supersaturation was below 3 or 4, and
dominated above this level of supersaturation.

The ease of solids dewatering is strongly related to crys-
tal size. Phillips et al., [10] developed a mathematical
model to relate calcium sulfite crystal size distribution to
FGD operating conditions. Discrepancies in crystal size
measurement in the micrometer range by using different
methods were investigated by Edwards, etal., [11]. The re-
sults confirmed the reliability of measurement by a Coul-
ter Counter, which has been extensively used in recent
crystal size studies [4, 12-15].

Since the flue gas is usually accompanied by air, some
sulfite is oxidized to sulfate and a mixture of calcium
sulfite/sulfate crystallization product is usually obtained.
Jones, et al., [16] used X-ray, Differential Scanning
Calorimetry and Infrared Spectroscopy to confirm the for-
mation of a solid solution of calcium sulfate in calcium
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sulfite hemihydrate. It was indicated that the coprecipita-
tion of sulfate with calcium sulfite hemihydrate is basi-
cally an equilibrium controlled process. Setoyama et al.,
[17] found that the solubility of calcium sulfate in calcium
sulfite hemihydrate is a function of reaction temperature.
The calcium sulfate substituted up to about 9 mol% to form
solid solution with little changes in lattice parameters from
X-ray diffraction, but calcium sulfate content greater than 9
mol% caused disorder of the calcium sulfite crystal.

Crystal habit is another important factor which deter-
mines the quality of the crystallization product. Kelly and
Randolph [15] studied the effects of several crystal habit
modifiers, mostly organic acids, on the size and morphol-
ogy of calcium sulfite hemihydrate crystals. It was found
that the presence of citric acid significantly reduces crys-
tal growth rate and particle size, and produces spiny crys-
tals; nitrilotris methylene triphosphoric acid (NMTP) on
the other hand produces disc crystals. Meserole et al., [18]
found that solution composition influenced the calcium
sulfite crystal size and habit. Calcium sulfite precipitated
in the presence of high sulfate concentration was rod
shaped or globular with some foliated growth patterns,
whereas that precipitated in the presence of high chloride
concentration or in dilute solutions was lamellar or acicu-
lar in habit.

A number of results from industrial development
strongly suggest that gypsum saturation affects the
dewatering properties and crystal habit of calcium sulfite.
In experiments simulating the hold tank of a CaCO; slurry
scrubber, M. W. Kellogg found that large, easily dewat-
ered CaSO, crystals were formed in the absence of sulfate
[19]). Development of the limestone dual alkali process has
shown that dewatering of the calcium sulfite solids is
difficult at low ratios of dissolved sulfite to sulfate, but
easy at high ratios [8]. Previous work has shown that low
dissolved sulfite/sulfate ratios give solutions with higher
gypsum saturation and higher sulfate content in the solids
[20]. Recent work using sodium thiosulfate as an oxidation
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hance dewatering ot the calcium sulfite solids, probably
because of the significantly reduced gypsum saturation
[21-23].

In this paper, a correlation of CaSO; - 1/2H,0 crystal
growth kinetics was obtained and the crystal habit was
studied at conditions typical of flue gas desulfurization
processes. The crystallization experiments were con-
ducted at pH 3.5-6.5, with most runs at room temperature
and some at 55°C. Relative supersaturations of calcium
sulfite were 1.5 to 7. Typical scrubbing solution composi-
tion was varied from 0.01 to 0.3 M Ca**,0.2to 0.9 M Cl-, 1
to 25 mM total sulfite (), 0.3 to 0.9 eq/l ionic strength,
and 0 to 250% gypsum saturation. The calcium sulfite
seed crystals used in the experiments had different crystal
morphology and sizes, and were agglomerates rather than
single crystals.

EXPERIMENTAL
Seed Crystal Synth

Three batches of calcium sulfite seed crystals were syn-
thesized in the laboratory by reacting solutions of calcium
chloride and sodium sulfite/sodium sulfate. The solids
were rinsed with distilled water, filtered, and dried.
These initial seed crystals were characterized (Table 1) by
iodometric titration, differential scanning calorimetry
(Perkin-Elmer DSC-2), X-ray powder diffraction, infrared
spectroscopy (Nicolet, Model 7002), scanning electron mi-
croscopy (SEM, JEOL Model JSM-3C), BET surface area
measurement (with Nitrogen adsorption), and particle size
analysis by Coulter Counter (Model TAII) [24]. SEM pho-
tographs of the three samples are given in Figures 1,2, and
3. Tseng and Rochelle [28] gives the detailed particle size
distributions.

is and Ch ization

Crystal Growth Rate Measurement

Measurement of calcium sulfite crystal growth rates
was performed in a batch stirred-tank reactor using the pH-
stat method. The pH-stat apparatus was the same as that
used previously for measurement of CaCOj dissolution [4]
and sulfite oxidation [25]. The agitator speed was set at
480 rpm. The reactor was sparged with N, before the addi-
tion of the seed crystals and was blanketed with N, during
the rate experiment. The pH was automatically controlled
to = 0.02 units by titrating with freshly-prepared 0.2 M
Na,SO,. Calcium sulfite crystal growth rate was related to
the titration rate by the stoichiometry:

Ca' + SOy + 1/2H,0 — CaSO; - 1/2H,0 (s)

The activities of Ca** and SO;™ are strong functions of ionic
equilibria in the scrubbing solutions. Supersaturations of
calcium sulfite and gypsum were calculated by the
Bechtel-modified Radian solution equilibrium program
[26, 27]. The relative saturation of calcium sulfite,
RScasoy i$ defined as:

RScasoy = (acar+ asog=)Ksp of CaSO, - 1/2H,0

Figure 1. SEM photograph of seed 1.

Figure 2. SEM photograph of seed 3.

Corrected values of the CaSOj + 1/2H,0 solubility product
(Table 2) were used based on previous work on calcium
sulfite dissolution [28].

One mmole/liter seed crystal was put in the reactor at the
beginning of each crystallization experiment, and was al-
lowed to grow to 4-8 mmole/liter. Seed 1 (Figure 1) was
used in most of the crystallization experiments, seeds 3
and 5(Figures 2 and 3) were also used in some experimen-
tal runs to study the effect of seed crystal variation. During
a batch experiment the pH and total dissolved sulfite
were constant, and Ca™ concentration decreased by a neg-
ligible amount so that the solution composition could be
assumed to be constant. The gas dispersion tube was lifted
to allow sparging N, above the liquid level after the addi-
tion of Na,SO; or Na,SO, in the bulk solution to avoid
stripping SO,. Most of the experiments were performed at
room temperature, but some runs were made at 55°C to
study the effect of temperature.

TABLE 1. CALCIUM SULFITE SEED CRYSTALS

Sample No. 1
Synthesis Method 1 M Na,SO,
into
1 M CaCl,
CaSO, Concentration in Solids
(Mole %)
Iodometric titration 5.1
Infrared spectroscopy 34
Particle size (um) 22 + 10
Platelet thickness (wm) 0.1
BET surface area (m*gram) 1.92
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3 5

1.35 M Na,SO;, 2 M CaCl,
0.15 M Na,SO, into

into 1 M CaCl, 2 M Na,SO,
10.6 3.0
10.7 1.0
12 + 10 25 + 10
0.01 2
9.54 1.23
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Figure 3. SEM photograph of seed 5.

A typical crystallization experiment is shown in Figure
4. The slurry density (mmole/liter) determined from the ti-
tration rate of Na,SO; is plotted versus reaction time. The
crystal growth rate is then calculated from the slope of the
curve. Due to overshooting and fluctuation problems at
the very beginning of some experiments, the crystal
growth rates of all experiments were determined from the
slope of the titration curves at the time when the slurry
density has increased 50% relative to its initial value. the
absolute growth rate was normalized by the BET surface
area (N,) of the initial seed.

The curve shown in Figure 4 is slightly concave upward.
However, the slope change is small and the crystal growth
rate is nearly independent of reaction time and crystal
size/mass. The measured rates are two to three orders-of-
magnitude slower than the rates predicted by the mass
transfer model developed by Tseng and Rochelle [28] in
their work on calcium sulfite dissolution. For Exp. No. 13,
with an approximate driving force of 1 mM sulfite and a
measured crystal growth rate of 1.6E-10 gmol/cm?-min, the
calculated mass transfer coefficient is 2.6E-5 cm/s, three
orders of magnitude less than would be reasonable. There-
fore, calcium sulfite crystallization is not controlled by
diffusion in the solution boundary layer.

SEM was used to characterize the shape and size of the
crystal. Since calcium sulfite solids are not electrically
conductive, the solids were sputtered or vacuum-
evaporated with an alloy of Au and Pd to provide the nec-
essary conducting medium for the SEM. IR was used to de-
tect the presence of sulfate in the CaSO, - 1/2H,0 solids.
The absorption structures of interest are the major sulfite
band at approximately 990 cm ' and the sulfate band near
1130 cm~"'. Peak heights of sulfite and sulfate absorption
bands in the IR spectra were used to estimate the content
of sulfate in the solids [29].

RESULTS AND DISCUSSION: GROWTH RATE

The experimental results are given in Table 3. Most of
the data were obtained at 23°C with seed 1 at ionic
strengths 0f 0.3 and 0.9 eq/l. Additional data were obtained
at 55°C and with seeds 3 and 5.

Growth Rate Correlation

The growth rate, R’ (mole/cm®-minute), was empirically
correlated as a function of calcium sulfite relative super-
saturation, temperature, and gypsum saturation as follows:

R =97 x 10— e —10250/RT (RS(‘aS():j _-— 1)2 RS(‘aS(M -1

The CaSO, - 1/2H,0 crystal growth rate is second order rel-
ative to the supersaturation of calcium sulfite, and is

[ a & B
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TABLE 2. CORRECTED VALUES OF K, OF CASO; - 1/2H,0 As A
FUNCTION OF TEMPERATURE AND SOLID SULFATE CONTENT

Seed Crystal 1 3 5

Mole % CaSO, 5.1 10.6 3.0

K, at 23°C 2.67 x 107  3.40 x 107 240 x 107
(M?)

K, at 55°C 1.12 x 10-7 1.44 x 107 1.01 x 10-7
Mz2)

*K,p is defined as the product of Ca™* and SO, activities.

strongly inhibited by the presence of sulfate. The growth
rate is inversely proportional to gypsum saturation.
Calculated values of the crystal growth rate are given in
Table 3 for each experiment. When no sulfate was added to
the solution, the gypsum saturation was assumed to be
0.025. The correlation is most effective at predicting rate
with no added sulfate. The correlation was fitted to the
first series of data on the effect of sulfate (Seed 1, 23°C, 0.9
eq/l ionic strength). It does not work well for other series
where the gypsum saturation was on the order of 1.9.

Effect of Gypsum Saturation

The presence of dissolved sulfate reduces CaSO; -
1/2H,0 crystal growth rate significantly. In Figure 5, the
growth rates with sulfate added at a CaSO, saturation of4.3
to 4.6 are normalized to the growth rate at the “zero sul-
fate” condition. The rate of CaSO, - 1/2H,0 crystal growth
is inversely proportional to the gypsum saturation. CaSO,
is known to form a solid solution with CaSO, - 1/2H,0, and
it comes as no surprise that gypsum saturation influences
CaSO0; - 1/2H,0 crystallization. Gypsum saturation also in-
hibits calcium sulfite dissolution.

Effect of Temperature, Sulfate and Seed Crystal Variation

The rate of crystal growth was measured with the three
different seed crystals characterized in Table 1. The crys-
tal growth rates per unit initial BET surface area are
plotted versus relative supersaturation in Figure 6. It can
be seen that CaSO, - 1/2H,0 crystal growth rate is propor-
tional to the second order of calcium sulfite relative super-
saturation, and the effects of temperature and gypsum sat-
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Figure 4. A typical crystallization experiment, seed 1, RS .y, = 2.54,
Exp. No. 34,
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Solution Composition

Exp. No. pH Ca
Seed 1, 23°C, 0.9 eq/l ionic strength
34 4.0 300
36 4.25 300
115 4.25 300
118 4.25 300
119 4.25 300
117 4.25 300
120 4.25 300
116 4.25 300
121 4.25 300
38 55 10
37 5.75 10
33 6.0 10
43 6.0 10
44 6.0 10
108 6.0 10
45 6.0 10
107 6.0 10
106 6.0 10
105 6.0 10
24 4.5 300
26 4.75 300
25 5.0 300
27 6.0 10
28 6.5 10
Seed 1, 23°C, 0.3 eq/l ionic strength
84 4.7 100
81 4.8 100
69 5.0 100
77 5.25 100
35 5.25 100
88 525 100
89 55 100
39 5.5 100
920 5.75 100
40 5.75 100
20 5.7 20
19 6.0 20
21 6.5 20
11 5.2 100
9 5.5 100
10 6.0 100
13 6.5 100
18 5.55 100
16 6.0 100
14 6.5 100
15 7.0 100
17 7.5 100
Seed 1, 55°C, 0.3 eq/l ionic strength
52 45 100
50 4.7 100
51 438 100
53 5.0 100
Seed 1, 55°C, 0.9 eq/l ionic strength
49 3.75 300
48 4.0 300
55 5.25 10
54 5.5 10
Seed 3, 23°C, 0.3 eq/l ionic strength
83 4.7 100
82 4.8 100
70 5.0 100
78 5.25 100
73 5.25 100
71 5.5 100
72 5.75 100
Seed 3, 55°C 0.3 eq/l ionic strength
98 4.5 100
74 4.7 100
97 4.8 100
99 5.0 100
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TABLE 3. CASO; CRYSTAL GROWTH RATE

Solid Growth Rate x 10
Solid Saturation CaSO, (mole/cm?-min)
CaSO, CaSO, (mol %) meas cale
2.54 0 6 159 25.1
431 0 54 189.0 116.0
4.31 0 3.3 164.0 116.0
4.30 0.13 54 52.5 21.8
4.29 0.26 5.6 24.3 10.9
4.27 0.66 7.0 8.55 431
4.25 1.05 74 4.61 2.67
4.24 1.30 8.1 4.12 2.13
421 1.94 35 2.12 1.40
2.21 0 1.7 10.3 15.5
3.35 0 <1 5.29 58.4
4,75 0 44 136.0 149.0
4.66 0.05 4.2 57.5 73.7
4.58 0.09 6.6 42.0 36.4
4.58 0.10 <1 32.9 35.3
4.51 0.14 6.3 19.9 23.9
4.51 0.14 5.8 16.8 22.8
4.34 0.23 54 78.3 12.8
3.97 0.43 3.6 6.99 541
2.86 0 — 41.9 36.6
4.49 0 —_ 472.0 129.0
6.63 0 —_ 942.0 335.0
2.22 0 — 434 15.7
3.88 0 — 725 87.7
1.99 0 7.33 104
2.42 0 <1 175 21.3
3.49 0 2.6 63.9 65.5
5.24 0 <1 204.0 190.0
4.83 191 9.8 9.82 2.03
4.83 1.91 14.6 6.08 2.03
6.85 1.90 11.3 37.6 4.76
6.85 1.90 18.0 41.9 4.76
8.96 1.89 94 157.0 8.86
8.96 1.89 — 189.0 8.86
3.10 0 — 41.6 46.6
4.73 0 — 223.0 147.0
7.57 0 — 812.0 456.0
247 0 — 23.8 22.8
3.71 0 — 54.4 716
5.70 0 —_ 217.0 234.0
6.87 0 — 669.0 364.0
1.50 0 — 7.69 2.64
2.29 0 —_ 39.5 17.6
2.76 0 — 109.0 32.7
2.95 0 —_ 196.0 40.2
3.02 0 —_ 374.0 43.1
1.80 0 3.3 23.3 370
2.73 0 3.7 222.0 173.0
3.34 0 44 359.0 316.0
4.89 0 3.1 870.0 874.0
1.88 0 44 104.0 4.7
3.28 0 54 732.0 300.0
1.49 0 1.6 29.5 13.9
2.39 0 18 236.0 112.0
1.56 0 4.1 1.99 3.31
1.89 0 4.0 7.50 8.37
2.74 0 3.2 28.0 32.0
4.11 0 3.7 85.9 102.0
3.79 1.91 9.6 1.77 1.08
5.36 1.90 14.1 16.2 2.64
7.01 1.89 148 66.2 5.05
1.41 0 2.6 10.1 9.71
2.14 0 4.1 52.0 75.1
2.61 0 3.0 108.0 150.0
3.83 0 2.2 347.0 463.0
(Continued)
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Seed 5, 23°C, 0.3 eq/l ionic strength

68 4.7 100 10 0
67 48 100 10 0
66 5.0 100 10 0
62 5.25 100 10 0
63 5.25 100 10 20
87 5.25 100 10 20
64 55 100 10 20
92 55 100 10 20
65 5.75 100 10 20
93 5.75 100 10 20
Seed 5, 55°C, 0.3 eq/l ionic strength
58 45 100 10 0
75 4.7 100 10 0
60 4.8 100 10 0
61 5.0 100 10 0

uration on crystal growth of the three seed crystals are the
same. It also appears that initial BET surface area is better
than initial particle size as a characteristic to distinguish
seed crystals.

In Figure 6, temperature shows a strong effect on the
growth rate. This also suggests that CaSO, - 1/2H,0 crystal
growth is controlled by surface kinetics, not by mass trans-
fer which normally shows a less significant effect of tem-
perature. The growth rate at 55°C, as at 23°C, is second or-
der relative to calcium sulfite supersaturation. The
activation energy for CaSO; - 1/2H,0 crystal growth is esti-
mated to be 10.3 kcal/gmole.

Another set of experimental data in Figure 6 were ob-
tained with a gypsum saturation of 1.9. The crystal growth
rate of CaSOj; - 1/2H,0 at this high gypsum saturation has a
stronger dependence on the relative supersaturation of
calcium sulfite. There is apparently an interaction be-
tween the effects of gypsum saturation and calcium sulfite
saturation on the crystal growth rete of calcium sulfite.

Effects of pH, Solution C
and lonic Strength

position, Tempe ]

At typical operating pH ranges of FGD processes, total
dissolved sulfite is mostly bisulfite, and calcium sulfite
equilibrium is a strong function of pH as given by

Ca™ + HSO;~ & H* + CaSO;, (s)

Relative supersaturation of CaSO, - 1/2H,0 is also a func-
tion of the dissolved Ca™ and total sulfite. Higher pH,
higher Ca*", and higher total sulfite all increase the rate of
CaSO; - 1/2H,0 crystallization.

In Table 3, two sets of experimental data were obtained

F T T B RELL | T=
- [Ca*t] pH 3
- (M) d
1 0-03 425
- 5-001 60 T

0.1

Lol
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7

Relative Crystal Growth Rate
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Gypsum Saturation (RSceso,!

Figure 5. Quantitative correlation of gypsum effect.
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2.21 0 <1 14.3 15.5
2.69 0 <1 375 30.2
3.88 0 2.1 135.0 87.7
5.83 0 13 487.0 247.0
5.38 1.91 9.3 179 2.65
5.38 191 84 16.9 2.65
7.61 1.90 11.9 66.3 6.08
7.61 1.90 11.7 74.8 6.08
9.96 1.89 12.3 283.0 11.2
9.96 1.89 12.9 283.0 11.2
2.00 0 <l 63.9 578
3.04 0 2.3 210.0 240.0
3.71 0 2.7 675.0 424.0
5.44 0 <1 1740.0 1140.0

at bulk solutions of high ionic strength (0.9 eq/l) and low
ionic strength (0.3 eq/l). In each set of experimental data.
the solution composition varied while the ionic strength
was kept the same. When CaCl, was substituted by an
equivalent ionic strength of NaCl, the crystal growth rate
dropped significantly due to the decrease of Ca*™ activity
which directly determined the solubility product of cal-
cium sulfite in the solutions. Therefore, a higher pH was
needed to shift more HSO,~ to SO, and thus increase the
supersaturation of calcium sulfite to provide the driving
force for crystal growth.

RESULTS AND DISCUSSION: CRYSTAL HABIT

The grown crystals in the crystallization experiments
were filtered, dried, and recovered for study of the crystal
habit. Scanning electron microscopy and infrared spec-
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Figure 6. Calcium sulfite crystal growth as a function of relative supersatu-
ration, temperature, and gypsum saturation for the three seed crystals.
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troscopy have been applied to examine the changes in
crystal morphology and solid composition. Seed 1 was
used in most of the experimental runs; seeds 3 and 5 were
used to study the effect of seed crystal variation.

The effects of solution composition, ionic strength, tem-
perature, gypsum saturation and seed crystal variation on
CaSO, - 1/2H,0 crystal habit were studied. Substances
whose chemical properties are similar to those of the
crystallizing component often become habit modifiers
[30], and this is the case for CaSO,, which has been found
to be a strong habit modifier for CaSO; - 1/2H,0
crystallization.

Effect of Gypsum Saturation

Calcium sulfate has a very strong effect on CaSO, -
1/2H,0 crystal habit. Because of solution sulfate impuri-
ties, none of the rate studies give the extreme of low CaSO,
(less than 1%) that gives large crystals in seed 5 (Figure 3).
A dramatic change in crystal morphology was observed
when the seeds were grown in a solution with 190 percent
gypsum saturation (Figure 7) compared with that grown
with very low sulfate in the solution (Figure 8). Agglomer-
ates of very thin crystals were generated and IR spectros-
copy indicated the increase of solid sulfate content. A
probable explanation of this effect is that CaSO, selec-
tively inhibits the growth of one crystal face as the other
faces grow relatively more rapidly. The resulting crystal is
a very thin platelet. This explanation is consistent with the
earlier observation that CaSO, dramatically reduces the
net growth rate of calcium sulfite crystals.

Seed Crystal Variation

A comparison of the SEM photographs of the grown
crystals from all three seeds suggests that the calcium
sulfite crystal habit is mainly determined by the gypsum
saturation, solution composition, and temperature; seed
crystal variation has only a minor effect.

The SEM photograph in Figure 9 exhibits a dramatic
change in the crystal habit of seed 5 as it was grown in a
solution of high gypsum saturation. Thin crystals were ob-
tained even though the original seeds were thick. The
SEM photographs of the partially grown crystals at 60 per-
cent growth (Figure 10) shows clearly how the thick
columner hexagonal seed crystals were grown into thin
crystals during the transition period of the dramatic
change in crystal habit.

Effects of Solution C.

ition, Temp e, and lonic Strength

P

In the absence of CaSO,, the crystal habit does not
change significantly as a function of solution composition
when the seed is grown in a high Ca** environment, as

18.8U UTMSE

VS

STHD -

-

Figure 8. SEM photograph of the grown crystal in the absence of sulfate,
320% growth, Exp. No. 34.

25KV X6800 0664 1.80 UTMSE

Figure 9. SEM photograph of grown crystals, seed 5 at 300% growth, with
1.9 gypsum saturation, Exp. No. 64.

shown in Figure 8. However, individual crystallites grow
bulkier and thicker in Na* environment (Figure 11). Crys-
tals grown at ionic strengths of 0.3 and 0.9 eq/l exhibit no
significant change in crystal morphology. Variation of
temperature in the range of 23 to 55°C shows no
significant effect on CaSO, - 1/2H,0 crystal habit for most
of the crystallization experiments.

Since seeds grow bulkier in Na* environment and thin-
ner in SO, environment, the combination of these two ef-
fects was studied. The morphology of the grown crystals

Figure 7. SEM photograph of grown crystals in the presence of sulfate, with
1.9 gypsum saturation, 320% growth, Exp. No. 35.
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Figure 10. SEM photograph of partially grown seed 5, at 60% growth, with
1.9 gypsum saturation, Exp. No. 96.
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Figure 11. Crystal habit of grown crystal in Na* environment, seed 1,1.7%

sulfate in final solids, 210% growth, Exp. No. 38.

demonstrated that gypsum saturation is a more important
variable than Na* concentration (Figure 12).

NO

a
K,
M
R
R

MENCLATURE

activity (mole/liter)

solubility product (M?)

molarity (mole/liter)
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crystal growth rate (mole/cm*-minute)

RS(as0, relative saturation of CaSO, - 1/2H,0
RScaso, relative saturation of CaSO, - 2H,0
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Hazardous Waste Characterization
Extraction Procedures for the Analysis of
Blast-Furnace Slag From Secondary Lead

Smelters

Quantitative data from actual field tests show that the
carbonic-acid content of the landfill area is critical.

Nancy Karen Fish Woodley, Tuscaloosa Testing Laboratory, Inc., Tuscaloosa, Ala. 35403
James V. Walters, University of Alabama, University, Ala. 35486

Slag from the secondary-lead-smelter industry is the solid
waste that caused the industry to be selected as one of
fifteen priority industries to be surveyed under the Re-
source Conservation and Recovery Act, RCRA. Before
RCRA the slag was a problem because it is a voluminous
solid waste that was L‘Esp()sed in landfills. The RCRA cri-
teria under which the slag might be determined to be a
hazardous waste were the toxic-metal-concentration limits
allowable in the leachate from the Extraction Procedure,
EP, Toxicity Test adopted by the USEPA.

The EP Toxicity Test is specified in EPA publication
SW-846 Test Methods for Evaluating Solid Waste, a man-
ual for determining the hazardousness of solid wastes that
was published in 1980. The EP Toxicity Test provides for
the subjection of samples to a Structural Integrity Test,
SIT, prolonged leaching of the sample in an agitated acetic
acid solution, and the analyzing of the leachate for the con-
centration of eight metals.

The Secondary Lead Smelters Association, the technical
association of the industry, was concerned that the EP Tox-
icity Test might over conservatively determine that the
smelter slag is hazardous because the slag contains
significant amounts of lead, because lead acetate is one of
the most soluble of lead compounds, and because it is ex-
tremely unlikely that a lead-smelter-slag monolandfill in
the real world will ever be leached by a relatively highly
concentrated solution of acetic acid.

The Association sponsored this research so that the na-
ture of the slag from most of the procedures in the industry
could be evaluated. The alternative test was believed to be
more representative of possible landfill field conditions.

MATERIALS AND METHODS
Materials

The objective of the laboratory portion of this research
was to contrast EPA EP Toxicity Test results obtained on
27 blast furnace slag samples with the results obtained
when the EPA EP Toxicity Test was modified to use car-
bonic acid instead of acetic acid in the leaching solution.
Each of nine secondary lead smelters sent three split
samples of slag from one week’s operation—generally, one
from Monday, one from Wednesday, and one from Friday.

From each plant, the three split samples were collected
by placing two 60.73-ml refractory clay molds on a flat
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sheet of iron and ladling molten slag simultaneously into
the molds from slag pots that had been cooled for four-to-
five minutes. An angle iron was used to split the sample as
it flowed into the two molds.

A sample collection procedure was developed and con-
ducted to provide a statistically representative sample of
each plant’s slag, to minimize the anticipated non-
uniformity in the process that generated the slag, and to
determine the value for specific properties of the slag. All
of the plants sent in their samples between December 9,
1982, and January 5, 1983.

The slag samples were in the form of a cylindrical core of
3.3-cm diameter and 7.1-cm length when removed from
their molds. All were monolithic cores of black slag. Sev-
enty five percent of the samples were in one to four large
pieces when removed from the molds. The remaining 25
percent broke into small pieces during removal from the
molds. The mass of the blast furnace slag samples varied,
ranging from 158 grams to 282 grams.

Sample Preparation

This slag extraction project used the methods approved
by EPA as a basis for designing the sampling program to
insure acceptability of the sample collection procedure by
EPA and to provide uniformity in how the slag was col-
lected by the participating plants.

Sample preparation for the EPA and modified EPA Ex-
traction Procedures involved a “Structural Integrity Pro-
cedure” in which each sample was placed in a compaction
tester and subjected to EPA-prescribed compaction. The
investigator then placed the sample in a 4000-ml polyeth-
ylene bottle with a volume in milliliters of deionized water
equivalent to 16 times the sample’s weight in grams. The
pH of the extraction liquid with the sample in the bottle
was recorded prior to commencement of the EPA EP and
the modified EPA EP Toxicity Tests.

Extraction Procedures

The two extraction procedures used in this project were
the EPA Extraction Procedure (EP) Toxicity Test and a
modified EPA EP Toxicity Test. The EPA EP Toxicity
Test is described in detail in the May 19, 1980, Federal
Register on pages 33127 and 33128.
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The modified EPA EP test was similar to the EPA pro-
tocol except that carbonic acid was used to leach the toxic
contaminants instead of 0.5 N acetic acid. The extraction
period started with the same 186:1 liquid to solid ratio, and
CO, was bubbled into the mixture during pH-reading and
pH-adjustment periods. Since no acetic acid was bein
added during the extraction period, the CO, was measureg
by time and fow rate for an approximation of the amount
of CO, being bubbled through the extraction liquid. The
similarities and differences between the two selected ex-
traction procedures are summarized by Table 1.

One of the critical factors in conducting the EPA EP
Toxicity Test involves selecting a suitable extractor. Since
blast furnace slag is a heavy monolithic waste that can be
fixed as a core when tapped from the furnace, the type of
extractor that would ensure continuous surface contact
with a well mixed extraction fluid and prevent
stratification of the sample and extraction liquid would be
a “rotary” extractor.

The “stirrer” extractor as shown in Figure 1 would not
be able to mix a 150-plus-gram sample with the extraction
liquid without al)racﬁng the metal walls, or jamming the
blades. A “stirrer” would also be unable to prevent
stratification of the solid and liquid, given the physical na-
ture of slag. A “rotary” extractor avoids these problems by
its end-over-end agitation. Figure 2 illustrates the proto-
type extractor used in this research project. Although the
polyethylene bottles were abraded by the tumbling slag,
the plastic particles were filtered out after the extraction
period and didn’t interfere with the metal analyses.

Analytical Procedures

Because dross and other lead-bearing materials are the
major feed stock to the blast furnace, lead is genera]ly the
primary contaminant of concern to the industry today.
Thus in this project all slag samples were analyzed for
lead, and rangomly selecte(% slag samples were analyzed
for the other seven metals that have EP Toxicity
characteristics.

Since slag is exposed to such high temperatures in the
blast furnace (at least 1,200°C), the eight EP toxic metals
should be the only contaminants possibly present. Organic
EP Toxic Contaminants would be destroyed by the high
operating temperature in the blast furnace.

The number of samples randomly selected for analysis
of all eight toxic metals were 17 split samples. According to
the 1977 NIOSH Occupational Exposure Sampling Strat-
egy Manual, analyzing 17 out of an original group of 27
split samples for all eight metals would give a 95%
confidence level that at least one of the three (i.e., 10% of
27) split samples with the highest metal concentrations
would be included in the partial sample. Each split sample
was assigned a number from 1 to 27 in the blast furnace
slag group—for example, 1A and 1B. Then the first 17
numbers that fell within the 1 to 27 group were selected on
a table of random numbers. The split samples that had one

NON CLOGGING SUPPORT BUSHING
1 inch BLADE AT 30° TC HORIZONTAL

Figure 1. ERA-approved stirrer-extractor. (Source: US EPA, 1980, “Test
Methods for Evaluating Solid Waste—Physical/Chemical Methods,”
SW-846).
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Figure 2. EPRI/ACUREX rotary extractor. (Source: US EPA, “Test Methods
for Evaluating Solid Waste—Physical/Chemical Methods,” SW-846).

of the randomly selected numbers were analyzed for all
eight toxic metals. The remaining ten split samples were
analyzed only for lead concentrations.

Methods for analyzing metals in the EP extract were
identified by EPA and published in Methods for Analysis
of Water and Wastes in March, 1979. In this pr(&iect, cad-
mium, chromium, lead, and silver were digested and ana-
lyzed by atomic absorption spectrophotometry.

A Varian Model 1100 Atomic Absorption Spectropho-
tometer and the method of standard additions (USEPA
1980) were used for all analyses.

An inductively coupled argon plasma (ICAP) spectrom-
eter, Jarrell-Ash ICAP 9000, was used as an estimator for
sample preparation for AA analysis and as a quality control
for the precision of the Varian AA Spectrophotometer.

TABLE 1. COMPARISON OF EPA’s EP TO ALTERNATIVE EP FOR BLAST FURNACE SLAG

Factor

EPA Method

Alternative Method

Sample Size
Sample Preparation

Liquid: Solid Ratio
Composition of
Leaching Solution

100-g minimum
Structural Integrity Test (SIT)

20 ml:l g
0.5 N acetic acid 4, ml/g maximum

100-g minimum
Structural Integrity Test
SIT,

20 mL:1 g
CO, gas
(to pH of not less than 4.8)
4.8 or lowest
attainable if > 5.2
Same

pH Control 4810 5.2
Type and Degree of Stirring device, tumbling
Mixing device or equivalent

24 hour plus 4 hour if pH > 5.2
Method of Liquid/ 4.5 x 10~7 meters

Solid Separation

Environmental Progress (Vol. 5, No. 1)

filtration

4.5 x 10~7 meters
filtration
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EXTRACTION PROCEDURE TOXICITY TESTS
EPA EP Toxicity Test

Aside from the highly variable results obtained with
EPA’s EP Toxicity Test for identifying the hazardousness
of a waste, the application of the test to determine ade-
quate disposal met}l)\ods is also questionable. One problem
is the lack of information that correlates test results with
actual field conditions. There are numerous chemical,
physical, and biological variables that could affect the met-
als released in the tests, as well as those released under
field conditions. Particularly, there is an absence of exper-
imental data from field correlated leaching tests of blast
furnace slag. This limits any effective use of the EP
Toxicity Test as a design too{for landfill disposal of the
slag.

fnother major problem involves the representative na-
ture of the EP. While use of a standard procedure allows
interlaboratory data comparisons, the procedures may not
represent normal management practice for various wastes.
For example, the EPA EP simulates codisposal with a pH
of 5.0 = 0.2. The procedure’s pH conditions however can’t
be met if a highly alkaline waste uses the maximum allow-
able (4 ml per gram of sample) acetic acid and still cannot
meet the 5.0 £ 0.2 pH condition. Under these circum-
stances, the procedure would not be appropriate for
evaluating the leaching properties of this waste. Also, the
monolandfilling of such wastes with other alkaline wastes
would not be reflected by a leach test that has acetic acid
as a pH modifier.

The problems of reproductibility, procedure appropri-
ateness, and field condition simulation should be kept in
mind when interpreting the results from EPA’s EP Toxic-
ity Test. If the EP test were to be used to estimate leaching
properties of a waste under site-specific conditions, im-

portant variables should be incorporated to reflect field
conditions. Sample preparation, dilution ratio, type and
extent of agitation, elution medium, and time are all impor-
tant factors that could affect the behavior of landfilled
waste. If the standard laboratory EP is followed, interpre-
tation of the results would have limited values in
determining landfill design.

Limitations to the precision of analyzing the slag
samples were the detection limit and interferences associ-
ated with the atomic absorption spectrophotometer ap-
proved for use in sample analysis under the RCRA. A
Varian Model 1100 was used in this project. This spectro-
photometer is most precise when measuring concentra-
tions which lie within an “optimum range” and losses that
degree of precision as the concentrations approach the
lower detection limit or greatly exceed the “optimum
range” values. In order to prepare the slag sample extracts
to fall within the “optimum range” for each of the surveyed
metals, a ]arrell-A.j: ICAP 9000 was used to obtain a pre-
liminary estimate of the concentration values.

EPA EP Toxicity Test Results

Data results from extracting the 27 samples of blast fur-
nace slag according to EPA protocol are presented in
Table 2. Note that the first value is the Varian AA estimate
and the second value is the ICAP 9000 estimate. The “A”
denotes that the EPA EP protocol was used.

The results show for AA values that lead and cadmium
may leach from the slag in amounts that exceed toxicity
levels. Lead leachate concentrations vary widely—even
those from slag samples taken at the same plant. However,
one pattern was observed—seven of the ten highest lead
concentrations in leachates were also among the ten

TABLE 2. SECONDARY LEAD SMELTER BLAST FURNACE SLAG EPA EXTRACTIVE PROCEDURE TOXIC METAL CONCENTRATIONS

AA-ICAP (mg/L)
Sample As Ba Cd Cr Ph Hg Se AG
1A 0.11 0.83 <0.02 0.07 2.83-7.02 <0.02 0.06 <0.03
2A 2.35-0.52 <1.00-0.36 0.26-<0.02 0.03-<0.05  209-619 0.02-0.04 0.45-0.15  <0.10-<0.03
3A 0.17-0.05 <1.00-1.08 0.64-<0.02 0.05-0.07 0.53-0.39 0.01-0.04 0.04-0.09 <0.10-<0.03
4A 0.76 1.14 <0.02 <0.05 1,300-934 0.10 0.26 <0.03
5A 0.26-0.05 1.76-0.06 0.92-<0.02 0.16-0.07 3.86-3.67  <0.002-<0.03 0.32-0.15 <0.10-<0.03
6A 1.54-0.21 7.17-6.74 1.22-0.01 0.17-0.07 141-91.6 0.004-0.04 0.13-0.21 0.11-<0.03
7A 2.03-0.39  12.4-0.75 0.49-0.05 0.11-0.17  543-438 <0.002-0.07 0.04-0.15  <0.10-<0.03
8A 0.21 0.40 0.01 0.03 21.9-22.4 0.03 0.15 <0.03
9A 0.17 0.52 0.01 0.07 125-147 0.03 0.18 <0.03
10A 1.25-0.14  23.1-12.0 0.25-<0.02 0.37-0.07 17.9-9.50 <0.002-0.06 0.06-0.15  <0.10-<0.03
11A 0.05 6.50 <0.02 0.17 4.88-1.44 0.04 0.06 <0.03
12A 0.23 8.54 <0.02 0.14 31.8-22.1 0.03 0.18 <0.03
13A * 079 2.90-0.25 0.73-0.03 0.67-0.10  774-797 0.04-0.09 0.40-024 <0.10-<0.03
14A 1.59-0.50 32.1-32.9 1.78-0.81 0.70-0.17  493-492 0.18-0.10 0.48-0.26 0.21-<0.03
15A 1.86-0.33  11.3-1.03 1.04-<0.02 0.41-0.07  409-408 0.10-0.06 0.56-0.15 0.15-<0.03
16A 0.18-0.11 1.84-1.01 0.15-0.01 0.30-0.07 1.58-0.91 0.01-0.06 0.65-0.24 0.45-<0.03
17A 0.08 1.12 <0.02 <0.05 21.2-7.85 <0.03 0.09 <0.03
18A 0.64 15.9 0.03 0.21 16.6-8.69 0.16 0.38 <0.03
19A 0.04-022  0.82-0.67 <0.02-0.02  <0.05-<0.05 35.3-39.1 0.03-<0.02 <0.02-0.14 <0.10-<0.03
20A 0.72-0.18  7.38-0.51 1.22-0.01 0.37-0.03 15.7-20.3 0.02-<0.02 0.04-0.09 0.35-<0.03
21A 0.13 0.75 0.02 <0.05 59.1-60.0 <0.02 0.09 <0.03
22A 0.09 2.15 <0.02 0.03 2.26-1.00 0.03 0.14 <0.03
23A 1.39-1.61 11.0-11.0 1.38-0.09 0.80-021  291-283 0.02-0.33 0.39-2.43 0.50-<0.03
24A 2.90-0.19  8.184.89 1.31-0.02 0.40-0.07 4.18-2.86 0.01-0.05 0.26-0.37 0.15-<0.03
25A 127-0.63  14.6-8.25 1.45-0.04 0.74-0.10  380-274 <0.002-0.11 0.13-0.71 0.19-<0.03
26A 1.36-0.70  25.7-9.43 3.65-0.03 0.73-0.07 39.4-31.5 0.02-0.11 0.12-0.71  <0.10-<0.03
27A 4.87-1.30 21.9-31.7 0.10-0.08 <0.05-0.21 340-208 0.13-0.24 0.52-146  <0.10-<0.03
Toxic 5 100 1 5 5 0.2 1.0 5.0
Concen-
tration
Optimum  0.002-0.02 1-20 0.05-2 0.5-10 1-20 0.0002-0.01 0.002-0.02 0.1-4
Range
(AA)

* Laboratory Accident
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samples with the largest amounts of 0.5 N acetic acid
added.

Another observation was that there did not appear to be
any direct relationship between easily broken slag
samples and high lead concentrations. Table 3 is a tabula-
tion of lead concentrations, slag surface descriptions, and
acetic acid additions for blast furnace slag samples which
underwent the EPA EP toxicity test.

Alternative EP Toxicity Test

The remaining 27 split samples from blast furnace
smelters were subjected to the same EPA EP protocol ex-
cept that CO, was {)ubl)led into the extraction liquid at ap-
propriate intervals instead of adding 0.5 N acetic acid.
Table 4 summarizes the AA and ICAP metal concentra-
tions for the “B” or split samples of 1 through 27.

The “B” samples were exposed to identical conditions
as the “A” samples except that CO, was used to adjust the
pH. Since the CO, was added as a gas, the balance of the
total amount of deionized water (20 times the weight of the
sample) was added during the test when the pH could not
be adjusted lower than 5.2. There were two reasons for
adding the deionized water supplement when the pH of
5.2 could not be reached. The additional water woulg ro-
vide more holding capacity for the CO, and the pH of the
deionized water itself ranged from 5.4 to 5.9 as the result of
the sorption of CO, from the air.

Alternative EP Toxicity Test Results

The salient findings of extracting the eight metals with
CO, instead of 0.5 N acetic acid for slag samples 1 through
27 are as follows:

1. All27 “B” samples, except for sample No. 21B, had lead
concentrations smaller than 5 mg/L in their leachate;

TABLE 3. A TABULATION OF LEAD CONCENTRATIONS, SLAG
SURFACE DESCRIPTIONS, AND REQUIRED ACETIC ACID

ADDITIONS
Acetic Acid
Sample Lead Surface  Acetic Acid As a percent

Number Concentration Area Addition of the

“A” (mg/L) Condition* (mL) elutriate
1 2.83 L 11.8 0.3
2 209.0 1 65.23 2.2
3 0.53 1 20.68 0.6
4 1,300.0 1 68.0 2.1
5 3.86 1 10.62 0.2
6 141.0 1 47.9 1.3
T 543 S 42.0 1.3
8 21.9 S 12.0 0.3
9 125.0 S 19.4 0.6
10 179 1 23.66 0.7
11 4.88 1 7.5 0.2
12 31.8 1 35.1 1.1
13 774 3 72.9 1.7
14 493 1 36.6 1.0
15 409 3 52.0 1.3
16 1.58 1 21.0 0.7
17 21.2 3 8.91 0.3
18 16.6 S 109.0 3.6
19 35.3 S 16.36 0.5
20 15.7 S 13.88 0.4
21 59.1 L 17.0 0.4
22 2.26 1 33.5 1.0
23 291 S 622 159
24 4.18 L 61.0 2.0
25 380 1 158.0 5.0
26 39.4 3 148.8 4.8
27 340.0 1 364.0 11.1

*1,2,3 = 1, 2 or 3 large pieces
L = large chunks, >3 pieces
S = small pieces
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2. Sample 21B had an AA value of 5.65 mg/L lead and an
ICAP value of 2.30 mg/L lead, which suggests that 21B
may possibly have a lead concentration less than 5
mg/L;

3. While cadmium and lead were the only metals that ex-
ceeded toxicity levels in the “A” samples, they did not
exceed “toxic” levels in the “B” or split samples. The
only exceptions being 21B for lead as noted above and
5B for cadmium. In both these cases, there is a differ-
ence between the AA and ICAP estimate which indi-
cates that there possibly is not a toxic amount present in
these two samples;

4. The metals that appeared to be more affected by CO,
leaching were arsenic and mercury. Some “B” samples
leached concentrations of these two metals that ex-
ceeded “toxic” levels;

5. In comparing the “A” samples to the “B” samples, par-
ticularly for lead concentrations, the means and
standard deviations from 9 plants were much larger and
coefficients of variations were generally larger for “A”
samples than for “B” samples. The results indicate that
“A” and “B” samples must be from different distribu-
tions.

CONCLUSIONS AND RECOMMENDATIONS

Although the EPA EP Toxicity Test protocol which used
0.5 N acetic acid yielded lead concentrations in excess of 5
mg/L in the leachates, the alternate protocol, using gase-
ous CO, on split samples, yielded lead concentrations in
the leachates of less than 5 mg/L (the EPA assigned toxic
concentration limit for lead) in all but one sample.

Since EPA’s interpretation of the EP Toxicity Test is
now primarily used for identifying hazardous wastes and
not for determining leachate concentrations in actual field
conditions, it would seem reasonable to use the CO, in-
duced leachate lead concentrations as more realistic
values for depicting field values. The presence of CO, in
the atmosphere, its transmission into the soil via precipita-
tion and its production by organisms in the soil support the
position that a CO, induced acid condition is much more
likely to occur at a monolandfill site than acetic-acid-
induced acid conditions.

The leachate from a monolithic, alkaline, dry waste such
as blast furnace slag should be fairly low in lead concentra-
tions if the carbonic acid condition occurs during rainfall
events because the laboratory data shows that, even at a
pH of 5 + 0.2, there were not toxic levels of lead in
the CO,-induced acidic leachate. The same samples
(splits) yielded toxic levels of lead when leached with
acetic acid at a pH of 5 + 0.2.

CONCLUSIONS

1. Although EPA has included the Structural Integrity
Test as part of the EP, it does not appear that the SIT has a
significant impact on increasing the amount of lead
leached by the acetic acid EP (see Table 3). It appears that
the greater the porportionate amount of acetic acid added,
the greater the lead concentration in the leachate.

2. Another major conclusion that can be stated is that
the carbonic acid EP shows much less lead in the leachate
than the acetic acid EP. (See Tables 2 and 4.) Since car-
bonic acid is the kind of acid most likely to be present in
soils, especially in a slag monolandfill, the carbonic acid
EP should be the most logical extracting medium used to
simulate conditions in an actual monolandfill.

3. Comparisons between the values obtained in the car-
bonic acid EP and actual field data from two secondary
lead smelter slag landfills show the carbonic acid EP is a
better predictor of groundwater and leachate concentra-
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TABLE 4. SECONDARY LEAD SMELTER BLAST FURNACE SLAG ALTERNATIVE EXTRACTIVE PROCEDURE TOXIC METAL
CONCENTRATIONS
AA-ICAP (mg/L)

Sample As Ba Cd Cr Pb Hg Se AG
1B 3.85 1.67 0.01 <0.05 0.44-0.24 0.20 0.79 <0.03
2B 3.73-4.12 <1.00-3.07 0.41-0.01 <0.05-<0.05 0.22-3.59 0.07-0.18 0.52-0.74  <0.10-<0.03
3B 3.98-2.89  <1.00-0.80 0.66-<0.02 0.07-<0.05  0.10-0.19 0.10-0.13 0.31-0.56  <0.10-<0.03
4B 3.53 0.66 0.03 0.10 0.42-0.33 0.24 1.24 <0.03
3B 2.30-1.85 3.11-0.13 1.10-<0.02 0.15-<0.05 0.72-0.76 0.01-0.08 0.26-0.38  <0.10-<0.03
6B 1.88-1.55 6.45-1.28 0.89-<0.02 0.15-0.03  2.10-3.20 0.01-0.07 0.08-0.44  <0.10-<0.03
7B 15.2-7.58 23.2-1.65 0.52-0.16 0.43-<0.05 0.15-0.24 0.12-0.16 0.03-0.74 0.12-<0.03
8B 2.35 0.53 0.01 <0.05 4.47-1.80 0.11 0.41 <0.03
9B 6.76 0.78 0.06 <0.05 0.37-0.24 0.22 1.06 <0.03
10B 2.16-1.12 7.84-6.87 0.06-<0.02 0.25-<0.05 0.91-0.69 <0.002-0.07 0.06-0.29  <0.10-<0.03
11B 2.15 9.29 <0.02 <0.05 0.97-0.33 0.12 0.50 <0.03
12B 1.36 6.38 <0.02 <0.05 0.85-0.15 0.05 0.29 <0.03
13B 1.69-8.77 0.61-0.31 0.10-0.05 1.90-<0.05  0.47-0.44 0.81-0.50 0.61-227 <0.10-<0.03
14B 1.52-7.62 4.55-5.39 - 0.10-0.06 2.30-<0.05 0.52-0.35 1.01-0.35 040-1.77  <0.10-<0.03
15B 1.82-8.20 1.42-9.46 0.15-0.06 0.71-<0.05  0.42-0.41 0.11-0.40 0.43-2.03 0.28-<0.03
16B 1.73-5.11 1.98-0.84 0.14-<0.02 0.39-<0.05 0.50-0.11 0.07-0.22 0.30-0.91 0.33-<0.03
17B 1.70 0.67 0.03 021 1.64-0.70 0.07 0.35 0.05
18B 6.70 12.8 0.02 <0.05  0.72-0.30 0.34 1.50 <0.03
19B 5.18-4.09 0.88-0.70 <0.02-0.03  <0.05-<0.05 1.48-1.28 0.32-0.13 0.05-0.77 0.13-<0.03
20B 1.37-2.03 0.51-0.51 0.71-0.02 0.42-<0.05 1.84-1.85 0.02-0.04 0.36-0.43 0.14-<0.03
21B 2.70 1.04 0.02 <0.05 5.65-2.29 0.07 0.54 <0.03
22B 2.88 1.04 0.03 <0.05 0.60-0.21 0.07 0.63 <0.03
23B 1.56-3.55 4.16-5.26 0.16-0.07 1.35-<0.05  0.57-0.36 0.25-0.21 0.37-1.31 0.12-<0.03
24B 1.24-5.55 4.85-3.43 0.17-<0.02 0.46-<0.05 0.44-0.21 0.11-0.28 0.29-126  <0.10-<0.03
25B 1.96-7.91 5.05-4.37 0.19-0.09 4.97-<0.05  0.71-0.40 0.09-0.39 0.17-2.09  <0.10-<0.03
26B 1.81-8.85 4.6-5.46 0.18-0.05 0.48-<0.05 0.70-0.34 0.10-0.47 0.01-191  <0.10-<0.03
27B 12.1-10.2 32.1-25.2 0.09-0.07 <0.05-<0.05 0.78-0.48 0.13-0.56  <0.02-2.60 <0.10-<0.03
Toxic 5.0 100.0 1.0 5.0 5.0 0.2 1.0 5.0
Concen-
tration
Optimum 0.002-0.02 1-20 0.05-2 0.5-10 1-20 0.0002-0.01  0.002-0.02 0.1-4
Range
(AA)

tions of lead than the acetic acid EP. Therefore, it can be
concluded that the carbonic acid EP would be a better test
than the acetic acid EP for determining the hazardousness
of secondary lead blast furnace slag.

4. Because the carbonic system is much more prevalent
in soils and water than the acetic system, lead leaching in
monolandfills can be limited significantly by the carbon-
ate species already present in the soil and water in the

landfill.

Recommendations

The need and justification for adding the Alternative
EP Toxicity Test to Part 261’s testing methods can be
found in numerous research documents, particularly the
1979 Background Study on the Development of a
Standard Leaching Test by Ham et al. This waste furnace
slag investigation supports the contention made by Ham
etal. that“. .. no one media [sic] can give results adequate
to describe properly the leaching characteristics of a
waste . ..” The use of deionized water with gaseous CO, to
model monolandfilling blast furnace slag is much more
realistic for simulating field conditions than the use of de-
ionized water with 0.5 N acetic acid. General scientific
knowledge of soil chemistry, the thermodynamic proper-
ties of lead, and the atmospheric-hydrologic behavior of
CO, in the environment indicates that an addition to EPA’s
EP Toxicity Test procedures for this particular type of
waste is justifiable.

The Alternative EP Toxicity Test results were much
closer in value than the EPA EP Toxicity Test results
when compared with the limited lead leachate data col-
lected at two secondary lead smelter slag disposal sites.
The leach test data from this research for lead concentra-
16 February, 1986

tions extracted by the Alternative EP and EPA EP were as

follows:
Alt. EP: mean

standard deviation

relative standard deviation

variance (S?)

mean

standard deviation

relative standard deviation

variance (S?)

1.065 mg/LL
1.239 mg/L
116%

1.53

195.7 mg/L
297.7 mg/L
152%
88635

EPA EP:

Unpublished data from ground water, lysimeter, and
leachate monitoring at the two secondary lead blast fur-
nace disposal sites ranged from 0 mg/L to 0.16 mg/L in the
ground water with a maximum lead concentration of 0.60
mg/L found in the leachate collection system above the
liner of one of the sites. For both sites, EPA leach-test
concentrations are 100 to 1,000 times greater than actual
monolandfill leachate concentrations. The Alternative
EP Toxicity Test conducted for this should be used on
samples from these two sites to see if there is a closer esti-
mation by the leach test of field conditions than has been
demonstrated for the EPA leach test and field conditions.
Further research in comparing the proposed Alternative
EP data results with actual ground water data would help
substantiate these preliminary findings and provide bet-
ter documentation for a petition to add the Alternative EP
to test procedure under 40 CFR 261.24.
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Volatile Organic Compounds at Hazardous
Waste Sites and a Sanitary Landfill in New

Jersey

An up-to-date review of the present situation.

John LaRegina and Joseph W. Bozzelli, New Jersey Institute of Technology, Newark, N.J. 07102
Ron Harkov and Sam Gianti, New Jersey Department of Environmental Protection, Trenton, N.J. 08625

The sampling and analysis of volatile organic compounds
(VOC) at ambient levels has been performed since the
early to mid-1970’s in a variety of urban environments
[1-5]. In New Jersey, a wide variety of locations have been
looked at, from very industrial areas in and around Newark
to rural locations such as the Pinelands in the rural south of
the state [5].

The abundance of petrochemical industry in New Jer-
sey has resulted in a great deal of chemical dumping activ-
ity over the past decades. The number of dumpsites is
quite large and, although much analysis of the soil and
groundwater has been performed, the air quality in and
around the sites has rarely been investigated [6].

This present study attempted to collect data on the ambi-
ent levels of primarily chlorinated and aromatic VOC in
and around five hazardous waste sites and one landfill in
New Jersey.

SAMPLING LOCATIONS

The five hazardous sites chosen are currently on the Na-
tional Priorities List of hazardous sites [7] and are gener-
ally located in rural areas. These sites will be referred to
individually as hazardous sites A through E. The landfill
site is presently receiving non-hazardous industrial and
municipal waste and is situated in a more urban location.

Within each site, five locations were chosen which best
reflected the environmental area to be sampled. Table 1
summarizes these locations and lists the features, such as
leachate pools, buried drums, etc., that affected each.

SAMPLING AND ANALYSIS

Samples were collected for three consecutive 24 hour
periods at each of the five locations within each hazardous
waste site and at the landfill (Site A was sampled for five
days). The method [8] consists of using portable battery
powered samplers that draw 10-15 ml/min of air through a
collection trap containing Tenax-GC adsorbent, for a total
sample volume of 10-15 liters. The traps are capped,
sealed in glass tubes, and transported back to the labora-
tory for analysis after collection.

The sample traps are thermally desorbed at 250°C into a
10 ml polished 316 SS cylinder maintained at —80°C (vac-
uum distilled 30 min; then purged with He, 40 ml at ATP).
The concentrated sample is then analyzed twice. First, a 2
ml aliquot of sample at 20 psia is injected into a Varian
3700 gas chromatograph equipped with an SP 2100 quartz
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capillary column and parallel FI/EC detectors.
Cryofocusing (—195°C) is used to concentrate the organics
injected at the head of the column. The second analysis is
performed on a Varian Mat-44 GC/Mass Spectrometer
equipped with a similar capillary column and injection
technique. This analysis allows back-up qualitative
identification of target compounds and additional
identification of other collected species present at or
above approximately 0.05 ppbv. A typical chromatogram
with target and non-target compounds identified is shown
in Figure 1.

RESULTS

Average concentration data for the 26 VOC’s quantified
in this study are presented in Tables 2A through 2F. In the
geometric mean calculations, the GC detection limit of
0.01 ppbv was substituted for zero concentrations when
the compound was not detected. Benzene, toluene, and
the xylenes were consistently detected in every sample,

TABLE 1. FEATURES FOUND AT SIX SAMPLING SITES

Location
Inside Hazardous Sites Landfill
Site A B C D E LF

Off BS On On On On

1 R R SD Vent
LP

2 Off On On On On On
R LP Drum

3 BS On BS BS On BS
LP LP LP LP
On Off BS BS On BS

5 Off Off Off Off Off Off
LP Ind.

Feature Codes
LP  Leachate Pools

R Proximity to Residences
BS  Boardering Site

On  On Site

Off Offsite

Drum Drums Exposed

Vents Vents

SD  Soil Discolorations

Ind. Potential Industrial Input

Environmental Progress (Vol. 5, No. 1)



INGING TAHLEMINL

e SNENAHLIDMI HIYMLEL

] tﬁnﬂng TONIZATION DT

RAMER LANDFILL BITE &
LAQ/BE/E3 10 11401783

BNETAK G W

CENIAN=a

- aNRZNIS AL

 SNANALS

INAZNISOHO MO

pe SNHLIOH0HOVHLIL -2 2

TECTOR
ELECTRON. CAPTURE DETECTOR:

-
;
e ik L
P AR
e R0 e

3 i; g

ifiEe

i‘g {§l,§ g 1 ‘n’ - ¥

Figure 1. Typical

TABLE 2A. SITE CONCENTRATION AVERAGES.
HAZARDOUS WASTE SITE A. 24 SAMPLES

Arth  *Geom Max

Mean Mean Non-Zero Value

PPBV PPBV  Values PPBV
Vinylidene Chloride 0 0.01 0 0
Methylene Chloride 0.09 001 4 3
Chloroprene 0 0.01 0 0
Chloroform 0.33 003 12 523
1-2 Dichloroethane 001 001 1 0.35
1-1-1 Trichloroethane 038 0.1 30 4.49
Benzene 498 279 47 22.03
Carbon Tetrachloride 0.06 0.03 25 041
Trichloroethylene 039 0.19 38 1.66
Dioxane 0 0.01 0 0
1-1-2 Trichloroethane 0.02 0.01 6 0.27
Toluene 42.09 19.59 47 300.38
1-2 Dibromoethane 025 0.05 22 1.38
Tetrachloroethylene 092 053 45 7.84
Chlorobenzene 053 021 46 4.07
Ethylbenzene 356 1.71 47 28.91
M&P Xylene 995 435 47 84.91
Styrene 0.62 0.14 34 3.68
O Xylene 3.09 119 45 20.51
1-1-2-2 Tetrachloroethane 024 0.05 27 3.54
O-Chlorotoluene 0.4 0.18 44 2.02
P-Chlorotoluene 071 033 44 3.28
P-Dichlorobenzene 024 0.12 45 121
O-Dichlorobenzene 035 0.15 45 2.59
Nitrobenzene 138 0.29 38 14.48
Naphthalene 088 034 42 5.19

NJIT Air Pollution Research Laboratory
* Detection Limit of 0.01 Substituted for Zero Concentrations.
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chromatogram with target and non-target compounds identified.

TABLE 2B. SITE CONCENTRATION AVERAGES.
HAZARDOUS WASTE SITE B. 15 SAMPLES

Arth  *Geom Max

Mean Mean Non-Zero Value

PPBV PPBV  Values PPBV
Vinylidene Chloride 039 0.01 1 7.45
Methylene Chloride 049 0.01 1 94
Chloroprene 0 0.01 0 0
Chloroform 064 031 16 3.37
1-2 Dichloroethane 0 0.01 0 0
1-1-1 Trichloroethane 051 036 19 1.84
Benzene 255 1.83 19 7.7
Carbon Tetrachloride 0.12 0.06 17 0.6
Trichloroethylene 036 0.24 19 2.05
Dioxane 0 0.01 0 0
1-1-2 Trichloroethane 0.02 001 2 0.23
Toluene 1152 744 19 37.99
1-2 Dibromoethane 025 0.03 7 3.08
Tetrachloroethylene 103 06 19 6.81
Chlorobenzene 0.09 0.05 18 0.45
Ethylbenzene 078 0.52 19 3.15
M&P Xylene 218 15 19 8.55
Styrene 027 0.08 13 1.88
O Xylene 093 0.59 19 2.65
1-1-2-2 Tetrachloroethane 0.05 0.02 5 0.44
O-Chlorotoluene 006 0.02 15 048
P-Chlorotoluene 006 0.02 15 0.72
P-Dichlorobenzene 0.1 0.03 18 0.77
O-Dichlorobenzene 0.11 0.04 18 0.87
Nitrobenzene 023 0.15 18 0.69
Naphthalene 0.2 0.12 19 0.56

NJIT Air Pollution Research Laboratory
* Detection Limit of 0.01 Substituted for Zero Concentrations.
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TABLE 2C. SITE CONCENTRATION AVERAGES.
HazARDOUS WASTE SITE C. 14 SAMPLES

Arth *Geom Max

Mean Mean Non-Zero Value

PPBV PPBV  Values PPBV
Vinylidene Chloride 3644 19.08 19 96.69
Methylene Chloride 11.34 6.64 20 53.78
Chloroprene 001 O 1 022
Chloroform 091 017 14 6
1-2 Dichloroethane 028 0.02 % 515
1-1-1 Trichloroethane 3.04 1.66 20 18.97
Benzene 766 5.33 20 26.12
Carbon Tetrachloride 0.1 0.05 19 0.59
Trichloroethylene 286 095 20 19.95
Dioxane 001 0 1 0.17
1-1-2 Trichloroethane 1.26 0.27 16 6.91
Toluene 5191 27.71 20 273.81
1-2 Dibromoethane 0.36 0.02 10 6.71
Tetrachloroethylene 2.03 1.08 20 8.51
Chlorobenzene 0.78 031 20 4.49
Ethylbenzene 391 187 20 17.37
M&P Xylene 772 3.26 20 32.95
Styrene 1.3 041 20 15.49
O Xylene 227 134 20 11.94
1-1-2-2 Tetrachloroethane 0.59 0.02 5 11.38
O-Chlorotoluene 043 0.06 10 5.34
P-Chlorotoluene 039 0.07 10 1.7
P-Dichlorobenzene 051 022 20 4.19
0O-Dichlorobenzene 077 023 20 84
Nitrobenzene 048 0.09 14 4.7
Naphthalene 027 013 19 1.99

NJIT Air Pollution Research Laboratory

* Detection Limit of 0.01 Substituted for Zero Concentrations.

with 111-trichloroethane, trichloroethylene, and tetra-
chloroethylene nearly always found.

The concentrations for the VOC varied considerably
from site to site, as would be expected. For example, tolu-

TABLE 2D. SITE CONCENTRATION AVERAGES.
HAZARDOUS WASTE SITE D. 15 SAMPLES

Arth  *Geom Max

Mean Mean Non-Zero Value

PPBV PPBV  Values PPBV
Vinylidene Chloride 346 0.87 16 14.75
Methylene Chloride 0.9 0.11 10 4.85
Chloroprene 0 0 0 0
Chloroform 021 013 18 0.76
1-2 Dichloroethane 003 0 1 0.59
1-1-1 Trichloroethane 0.84 049 19 2.89
Benzene 133 116 21 5.55
Carbon Tetrachloride 004 0.03 17 0.19
Trichloroethylene 021 012 20 1.88
Dioxane 0 0 0 0
1-1-2 Trichloroethane 032 014 15 0.94
Toluene 15.16 10.79 21 40.81
1-2 Dibromoethane 0.06 0.03 13 0.28
Tetrachloroethylene 038 023 21 3.08
Chlorobenzene 032 011 16 15
Ethylbenzene 061 032 20 2.11
M&P Xylene 1.52 095 21 4.59
Styrene 0.11 0.04 9 0.81
O Xylene 042 0.26 20 1.15
1-1-2-2 Tetrachloroethane 0.02 0.02 5 0.17
O-Chlorotoluene 0.05 0.02 3 0.84
P-Chlorotoluene 007 0.02 3 0.83
P-Dichlorobenzene 0.08 0.03 8 045
O-Dichlorobenzene 0.11 003 8 0.7
Nitrobenzene 012 002 4 141
Naphthalene 0.11 0.04 10 0.73

NJIT Air Pollution Research Laboratory
* Detection Limit of 0.01 Substituted for Zero Concentrations.
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TAaBLE 2E. SITE CONCENTRATION AVERAGES.
HAZARDOUS WASTE SITE E. 14 SAMPLES

Arth  *Geom Max

Mean Mean Non-Zero Value

PPBV PPBV  Values PPBV
Vinylidene Chloride 1.6 0.57 15 6.32
Methylene Chloride 1.14 039 14 451
Chloroprene 0 0.01 0 0
Chloroform 0.08 005 12 0.29
1-2 Dichloroethane 0 0.01 0 0
1-1-1 Trichloroethane 057 043 17 1.22
Benzene 0.6 0.51 18 2.01
Carbon Tetrachloride 0.03 0.02 13 0.1
Trichloroethylene 0.08 0.06 16 0.35
Dioxane 0 0.01 0 0
1-1-2 Trichloroethane 029 015 14 0.82
Toluene 3.28 1.84 18 9.67
1-2 Dibromoethane 0.05 0.03 11 0.28
Tetrachloroethylene 0.12 0.1 18 0.26
Chlorobenzene 0.09 0.05 15 0.53
Ethylbenzene 0.13 0.09 17 041
M&P Xylene 037 025 17 1.33
Styrene 0.13 0.08 14 0.33
O Xylene 0.15 0.1 17 043
1-1-2-2 Tetrachloroethane 001 0.01 1 0.26
O-Chlorotoluene 002 001 4 0.22
P-Chlorotoluene 0.04 0.02 4 0.55
P-Dichlorobenzene 0.04 0.02 7 0.38
O-Dichlorobenzene 0.06 0.02 7 0.69
Nitrobenzene 001 001 2 0.11
Naphthalene 0.1 0.06 18 0.63

NJIT Air Pollution Research Laboratory

* Detection Limit of 0.01 Substituted for Zero Concentrations.

ene ranged from an average 3.28 ppbv at hazardous site D
to 51.91 ppbv at site C. At sites A and C individual sample
concentrations of toluene exceeded 100 ppbv reaching as
high as 300 ppbv at A. Within each site, there is significant

TABLE 2F. SITE CONCENTRATION AVERAGES.
LANDFILL LF. 15 SAMPLES

Arth *Geom Max

Mean Mean Non-Zero Value

PPBV PPBV  Values PPBV
Vinylidene Chloride 261 0.96 14 6.56
Methylene Chloride 158 0.26 11 6.36
Chloroprene 0 0.01 0 0
Chloroform 012 011 17 04
1-2 Dichloroethane 0 0.01 0 0
1-1-1 Trichloroethane 129 047 15 7.15
Benzene 3.33 2.63 17 6.72
Carbon Tetrachloride 0.02 0.02 10 0.08
Trichloroethylene 034 018 17 1.24
Dioxane 0 0.01 0 0
1-1-2 Trichloroethane 0.11 0.04 8 0.3
Toluene 27.79 18.35 17 74.81
1-2 Dibromoethane 0.02 0.01 4 0.23
Tetrachloroethylene 153 0.59 17 6.53
Chlorobenzene 0.15 0.1 16 0.48
Ethylbenzene 1.53 0.89 17 5.02
M&P Xylene 335 221 17 1041
Styrene 041 0.27 17 1.52
O Xylene 0.9 0.63 17 2.82
1-1-2-2 Tetrachloroethane 001 001 1 0.19
O-Chlorotoluene 001 0.01 4 0.12
P-Chlorotoluene 0.03 0.02 4 0.38
P-Dichlorobenzene 006 0.03 7 0.44
O-Dichlorobenzene 006 0.03 7 0.53
Nitrobenzene 0 0.01 0 0
Naphthalene 0.08 0.05 14 0.31

NJIT \ir Pollution Research Laboratory
* Detection Limit 07 0.01 Substituted for Zero Concentrations.
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fluctuation from one location to another /as well as on dif-
ferent sampling days). Table 3 shows this tor site C. This
table also shows a pair of duplicate samples taken side by
side at one location. The overall precision of this series of
analysis is shown in Table 4. These data on precision are
very similar to results from previous studies such as the
ATEOS project in New Jersey [9, 10] and those of
Fehsenfeld et al. [11].

It is interesting to compare average levels from the six
sites investigated with urban and rural levels obtained
from other work. Table 5 lists some ambient VOC concen-
tration data from 3 urban sites and 3 rural areas in the
United States. Notice that, for many of the target com-
pounds, the levels found at the hazardous waste sites (ex-
cept E) are generally much higher than the reported levels
atrural locations. Sites A, B, C, and D all have toluene con-
centrations between 10 and 50 ppbv, as compared to less
than 1 ppbv at rural locations. These levels are also higher
than the three urban sites listed. The average levels at the
urban landfill, LF, are nearly 30 ppbv, also higher in com-
parison with the data in Table 5. It would appear from this
comparison that sites A, B, C, D, and the landfill are
emitting toluene into the ambient atmosphere but that site
E is not.

The levels of chlorinated target VOC’s at site C are much
higher than at the other sites. For example, vinylidene
chloride had an average concentration of 36.44 ppbv.
Methylene chloride was 11.34. These levels are extremely
high when examined with the comparison data in Table 5.
Other chlorinated solvents show similar increases at site
C, but not nearly as large as vinylidene chloride and meth-
ylene chloride. Figures 2a and 1b show these facts, and it
would appear from this comparison that site C has a much
greater rate of emission for these chlorinated solvents than
the other sites.

Variation in concentration of the VOC due to specific
site characteristics and weather can be seen in a plot of
concentration for a particular VOC with respect to day and

TABLE 4. PRECISION ESTIMATES ON A SITE BASIS

Number of Number of % Error Xa
Site Duplicates Compounds + PPBV
A 23 17 42.0 4.00
B 4 13 43.0 142
C 6 10 25.0 12.7
D 6 10 40.0 2.90
E 4 10 39.0 0.78
LF 2 10 36.0 4.18

Note: While concentrations of some compounds may be high,
bringing the X2 values up, many compounds are present in the 10
to 100 PPTv range and a precision of = 50% at these levels is very
difficult.

location. Sampling location 1 at the landfill had a vent
nearby and location 3 was near a leachate pool. A snow
storm began at midday on day 2 and lasted until the next
morning. The temperature was 25-30°F for days 1 and 2
and 30-40°F for the last day. Figures 3a, b, and c show the
possible effect of the snow storm and temperature drop on
trichloroethylene, tetrachloroethylene, and carbon tetra-
chloride levels. Figures 3d, e and f show larger concentra-
tions on day 2 for site 1, near the vent; for aromatics. This
indicates that these aromatic compounds could be emitted
from this vent and that other compounds are not. For
napthalene, the concentration is highest near the leachate
pool on the first day and it drops off rapidly, thus indicat-
ing that the blanket of snow may have reduced the
effluent from this pool. Levels of toluene at locations 1
and 2 are over ten times the average level found in the
ATEOS [5] sampling at Newark, NJ. Since these two
sampling locations are near homes, this may be of concern.

At hazardous site C, the first two days of sampling were
sunny, followed on the third day by clouds and then rain.
Sampling location 2 was near a leachate pool. Figures 4a,
b, and c show higher levels for toluene, trichloroethylene,

TABLE 3. SITE SUMMARY. HAZARDOUS WASTE SITE C. SAMPLING LOCATION 1

Day 1 Day 1
Right Left
Vinylidene Chloride *2.01 *6.58
Methylene Chloride *3.13 *1.03
Chloroprene 0 0
Chloroform 0 0
1-2 Dichloroethane 0 0
1-1-1 Trichloroethane 0.67 *1.63
Benzene *1.95 *3.17
Carbon Tetrachloride 0.01 0.05
Trichloroethylene *0.25 *1.22
Dioxane 0 0
1-1-2 Trichloroethane 0.1 0
Toluene *6.07 *11.94
1-2 Dibromoethane 0.01 0
Tetrachloroethylene *0.32 *0.59
Chlorobenzene 0.04 *0.26
Ethylbenzene *().39 .72
M&P Xylene *0.78 *5.39
Styrene *0.08 *0.95
O Xylene *0.33 *1.97
1-1-2-2 Tetrachloroethane 0 0
O-Chlorotoluene 0 0
P-Chlorotoluene 0 0
P-Dichlorobenzene *0.17 *0.67
O-Dichlorobenzene *0.08 *0.62
Nitrobenzene 0.07 *0.27
*0.27

Naphthalene *0.3

Concentrations in Parts Per Billion

“*’.Compound Identified on GC/MS

Day 2 Day 3 Arth Geom
Right Right Mean Mean
*94.61 12.4 28.9 11.16
*14.79 2.16 5.28 3.19
0 0 0 0.01
0 0 0 0.01
0 0 0 0.01
2.11 0.65 1.27 1.11
*6.21 *1.61 3.24 2.8
*0.29 0.01 0.09 0.03
1.26 *0.44 0.79 0.64
0 0 0 0.01
0 0 0.02 0.02
*49.31 "72 18.63 12.67
0 0 0 0.01
*1.57 *0.29 0.69 0.54
*0.52 *0.03 0.21 0.11
*7.19 *0.28 2.65 121
*10.03 *0.65 421 2.29
*1.27 *0.06 0.59 0.28
*3.55 *0.31 1.54 0.92
0 0 0 0.01
0 0 0 0.01
0 0 0 0.01
*0.39 *0.03 0.31 0.19
*0.39 *0.04 0.28 0.17
0.14 0.03 0.13 0.09
0.42 *0.04 0.26 0.19

NJIT Air Pollution Research Laboratory

Environmental Progress (Vol. 5, No. 1)

February, 1986 2]



TABLE 5. COMPARISON VOC CONCENTRATION DATA

Urban Areas

*Newark, Houston,
NJ Texas
1982 (5) 1981 (2)
Vinylidene Chloride 0.17 0.25
Methylene Chloride 0.54 0.57
Chloroform 0.17 0.42
12-Dichloroethane 0.01 1.52
111-Trichloroethane N/A 0.35
Benzene 2.52 5.78
Carbon Tetrachloride 0.02 0.40
Trichloroethylene 0.59 0.14
112-Trichloroethane 0.05 0.03
Toluene 4.20 N/A
12-Dibromoethane 0.01 0.06
Tetrachloroethylene 0.42 0.40
Ethylbenzene 047 N/A
M/P-Xylene 1.72 N/A
O-Xylene 0.41 N/A
Rural Areas
Smokey
Batsto, Mountains,
NJ NC
1979 (10) 1981 (11)
Benzene 0.52 0.89
Carbon Tetrachloride 0 N/A
Trichloroethylene 0.08 N/A
Toluene 0.56 0.96
Tetrachloroethylene 0.04 N/A
M/P-Xylene 0.25 N/A
O-Xylene 041 N/A

Concentrations in PPBv
N/A — Not Analyzed
* Geometric Mean

and tetrachloroethylene at location 2 than at any other lo-

Staten
Island
NY

1981 (2)

0
1.61
0.15
0.26
0.47
42
0.31
0.17
0.01
N/A
0.02
0.29
N/A
N/A
N/A

Talledga
Forest,
AL
1981(12)

0.40
N/A
N/A
0.40
0.20
N/A
N/A

cation, possibly indicating their presence and emission
from the pool. The chlorinated solvents drop in concentra-

tion on day 3, probably because of the rain.
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Figure 3c.

Hazardous site B had clear sunny weather for the first
two days, followed by rain. Location 3 was near a leachate
pool. Figure 5a shows that the levels for benzene are
higher here than for the other locations, again indicating
the possible presence of this aromatic in the pool. Figures
5b through 5e show higher concentrations on day 1, witha
drop off on later days. This could be due to changing
weather and the rainfall.
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Hazardous site A had leachate pools near locations 1, 3,
and 5, where one can observe that aromatic species such as
benzene, toluene, and xylene have a very similar concen-
tration pattern (Figures 6a, b, and c). This indicates they
are, most likely, all from the same source, possibly the
leachate pools. Their concentrations would vary directly
with the amount of impact the pools have on the samplers,
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which, in turn, depends on such variables as wind direc-
tions, snow covering, etc. The temperature also seems to
have an effect, as it varied from low on day 1 (low 50, high
70) to high on day 4 (low 64, high 90) and then dropped off
to about 70°F (avg.) on day five. The concentrations for
benzene, toluene, and xylene do reach alow point on day 2
and rise to their maximum on day 4, dropping off on day 5
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atleachate pool locations 1 and 3. One could speculate that
the sampler at location 5 did not receive as much input
from its surroundings due to possible local wind move-
ments.

For some compounds, such as tetrachloroethylene at
site D (Figure 7), the concentration varied very little from
day to day, location to location. The relatively low values
similar to those of ambient air indicate that this site is nota
source of VOC.

e SITE 1
@ 20|
& HAZARDOUS WASTE SITE A
Z sl
= BENZENE
o
s 10}
x
e
[Y)
o SIsiTE
Z |SITE
o SITE
SI1TE : .
1 2 3 4 s
DAY OF SAMPLING
Figure 6a.
60 F

HAZARDOUS WASTE SITE A
M&P XYLENE

SSE

CCHCEMTRWTION IN FPBU
5 Gl
o
Ll

—— =
mmm m
[§[NVEN

A

z
DAY OF SAMFPLING
Figure 6b.

24 February, 1986

240 HAZARDOUS WASTE SITE A
@ 220}
g TOLUENE
o 200}
1830 |
4
—- 160r§ITE 1
z 1:0 -
Z 120
= 100 |
- e0 |
>
3 €0
g 40
o 20
s
1 2 3 4 S
DAY OF SAMPLING
Figure 6¢.

Figure 8 shows a plot of site averaged concentration for
three aromatics at the landfill, LF. The fluctuation of con-
centrations is very similar, giving further evidence that
these VOC are being evolved from the site. At hazardous
site D, xylene and toluene fluctuate a great deal while the
levels of benzene remain constant, indicating that, per-
haps, benzene is not emitted from site D (Figure 9).
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QUALITY CONTROL AND ASSURANCE

A program of quality control and assurance is applied to
all sampling and analysis of VOC in these laboratories.
The Tenax traps are carefully assembled to insure that
each has the same amount of material (0.5g) and that, once
packed, the pressure drop for each is close to 2 in. H,O for
20 ml/min flow. Traps are conditioned by passing 10
ml/min of clean N, gas through the traps while heating to
300°C for 48 hours. After conditioning, one trap from each
batch is analyzed as a sample with typical sample volumes
and instrument calibration factors used to quantify the im-
purities. A second measure is when a set of traps is sent to
the field; several traps are not used for sample col ection,
but as controls. These control traps routinely s} ow less
than 0.1 ppbv for the pollutants, but occasion:.lly show
significant contamination for 1 or 2 specific chemicals as
summarized in Table 6.

One control trap from site D, for example, had an esti-
mated toluene concentration of 27 ppbv. This level is
higher than many detected levels in the samples and
caused significant concern. Trap history examination
showed that a probable explanation for such high levels of
contamination may involve traps that had been previously
used to sample at sites where the levels were very high. In
the example cited, the control trap found to contain 27
ppbv of toluene had been previously used to sample site A
where the level was 60.4 ppbv. At such a high concentra-
tion, perhaps the Tenax pore structure is heavily loaded
with the toluene, and normal desorption and conditioning
does not fully remove all the compound from deep within
the pore structure. It then slowly effuses out and builds up
a static-sealed storage condition. The Toluene could then
be detected after the trap is redesorbed as a control. It is
feltthat the other possibility of the traps becoming contam-
inated while sitting idle due to atmospheric exposure,
through leaking seals, etc., is. unlikely. Such a process

TABLE.6

Arithmetic means of laboratory and field blank data

(ppbv)
Lab Field
Compound Blanks Max.? Blanks Max."
(n =12) (n = 14)
Vinylidene Chloride 0 0 1.0 7.78
Methylene Chloride 0 0 0.51 2.54
Chloroprene 0 0 0 0
Chloroform 0 0 0.16 0.95
1,2-Dichloroethane 0 0 0 0
1,1,1-Trichloroethane 0 0 0.27 148
Benzene 0.18 0.70 0.44 0.99
Carbon Tetrachloride 0 0 0 0
Trichloroethylene 0.01 0.06 0.03 0.13
Dioxane 0 0 0 0
1,1,2-Trichloroethane 0.05 0.34 0.05 0.36
Toluene 0.17 0.54 3.66 27.0
1,2-Dibromoethane 0 0 0.01 0.11
Tetrachloroethylene 0.02 0.07 0.06 0.20
Chlorobenzene 0 0 0 0
Ethylbenzene 0.02 0.07 0.04 0.16
M,P-Xylene 0.04 0.11 0.15 0.48
Styrene 0 0 0.01 0.04
O-Xylene 0.01 0.06 0.06 0.29
1,1,2,2-Tetrachloroethane 0 0 0.01 0.06
" O-Chlorotoluene 0 0 0 0
P-Chlorotoluene 0 0 0 0
P-Dichlorobenzene 0 0 0 0
O-Dichlorobenzene 0 0 0 0
Nitrobenzene 0.04 0.53 0 0
Naphthalene 0.07 0.32 0.01 0.05

a — Maximum concentration found in laboratory blanks.
b — Maximum concentration found in field blanks.
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should show impurities of all the atmospheric contami-
nants, while only one or two contaminants are actually ob-
served. .

Specific analysis of trap history, along with observation
of unusually high levels for each trap used throughout this
campaign (all traps were new at campaign start up),
showed no likely errors in the campaign measurements
due to this effect. A procedure involving analyzing the
cleaned trap which in prior analysis showed the highest
concentration, sealing it for seven days, and then re-
analyzing it, was also initiated midway through the proj-
ect. One other possible solution would be vacuum condi-
tioning at the desorption temperature to increase the
diffusion and volatilization rates of contaminant removal,
where a small purge gas flow would effect transfer of the
volatiles out of the traps. Further studies will have to be
done to gain a better understanding of the efficiency of
such vacuum conditioning.

Contamination could also be partly responsible for the
level of precision exhibited in duplicate samples. Since
sample pumps are carefully calibrated and yield errors in
flow of only 2.3% to 6.4% with a mean of 3.6%, this contri-
bution to the imprecision is considered small.

ADDITIONAL MASS SPECTOMETER IDENTIFICATION

More than 95% of all samples were analyzed on a Varian
Mat-44 GC/MS to validate identification of the 26 target
VOC'’s as well as to supply additional identification of
other VOC'’s collected. The identification of these non-
target compounds is performed manually by comparing
the spectra obtained with reference spectra[14]. Since the
mass spectrometer is not as sensitive as that of an electron
capture detector, electronegative species would fre-
quently go undetected on the MS while being observed
during the GC analysis. For non-target hydrocarbons, the
MS detection limit is approximately 0.1 ppbv, and oper-
ated at somewhat less sensitivity, site A samples. The
Tenax collection method and the mass spectrometer oper-
ation allows identification from light C, hydrocarbons and
halocarbons up to compounds such as biphenyl. Gener-
ally, beyond substituted Cq aliphatic hydrocarbons, it is
very difficult to distinguish between isomers, so specific
isomers were not always elucidated. It should also be
pointed out that concentrations of the less volatile com-
pounds such as nitrobenzene must be significant or they
would not be detected.

Table 7 lists non-target compounds that were detected at
each site and their relative occurrence. Sites Band Chada
great variety of halocarbon compounds. Site C had the
greatest variety of materials, although most were chained,

TABLE 7.
NON-TARGET VOC MASS SPECTROMETER IDENTIFICATIONS

C D ELF
Chloro Methane 1 2 1
Bromo Methane
Iodo Methane
Chloro-fluoro Methane
Chloro-bromo Methane
Dichloro-bromo Methane
Dichloro-difluoro Methane
Dibromo-chloro Methane
Dibromo-difluoro Methane
Trichloro-fluoro Methane
Difluoro-chloro-bromo
Methane
Fluoro-dichloro-bromo 1
Methane
Chloro Ethane 2
111-Trichloro-222-trifluoro- 2 ¥
ethane
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TABLE 7. (Continued)

112-Trichloro-122-trifluoro- 211 2
ethane

12-Dichloro Ethylene

Dichloro Propane

- DO W
'S
'

*

Acetone

Methyl Isobutyl Ketone
Methyl Ethyl Ketone
Tetrahydrofuran
Trimethyl Benzene
Methyl Ethyl Benzene
Dimethyl Ethyl Benzene
Methyl N-Propyl Benzene
Methyl Tertbutyl Benzene 1
Isopentyl Methyl Cyclohexane 1
Chloro Ethyl Benzene
Methyl Naphthalene
Biphenyl

Methyl biphenyl
Benzaldehyde
Dibenzofuran
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Butene

Butane

Dimethyl Propene
Methyl Butene
Methyl Butane
Dimethyl Butane
Pentene

Pentane

Hexane

Methyl Pentane 4
Dimethyl Pentene

Methyl Cyclopentane 3
Dimethyl Pentane

Ethyl Pentane

Dimethyl Cyclopentane 1
Trimethyl Cyclopentane

Trimethyl Pentene

Trimethyl Pentane

Methyl Hexane

Dimethyl Hexane
Cyclohexane

Methyl Cyclohexane
Dimethyl Cyclohexane
Methyl Heptane
Trimethul Hexene
Dimethyl Heptane
Dimethyl Ethyl Pentane
Octane

Nonane

Methyl Decane

Methyl Ethyl Cyclohexane
Diethyl Cyclohexane
Isopropyl Cyclohexane
SEC Butyl Cyclohexane 1
Butadiol
Isopropyl Alcohol
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% Times Identified

Code at Site
4 75%-100%
3 50%-75%
2 25%-50%
1 1%-25%
No Code Not Identified

* Not identified in previous NJIT ambient sampling studies.
+ Higher apparent concentration than ambient levels.
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branched, or cyclic hydrocarbons. With the exception of
site A, site C had the highest overall levels of target VOC.
It is not surprising that more compounds would be de-
tected, because their relative levels would be higher and
more compounds would be present above the MS detec-
tion limit. Site A should have had the greatest number of
non-target compounds identified, but the operating sensi-
tivity of the MS instrument was low during this analysis.
Most of the compounds in Table 7 have been identified
during previous sampling of ambient air [10]. Some com-
pounds, such as cyclohexane, appeared to have much
higher concentrations than the levels observed before
[9, 10]. It is also interesting to note that the apparent con-
centration of cyclohexane at all sites paralleled that of ben-
zene, with the possibility that it is a decomposition prod-
uct or a benzene precursor in highly contaminated ground
and leachate pools.

CONCLUSIONS

First, it is clear that VOC levels at hazardous sites and
landfills vary greatly from site to site and at locations
within each site. Indeed, such variation is exhibited in any
ambient sampling that takes place. However, the overall
levels were higher than that found in urban environments
for some specific VOC’s, and it seems likely that the high
levels are due to the sites themselves. At site A, for exam-
ple, average levels of toluene are on the order of 10 times
that normally found at urban locations.

Second, this study has shown that the effects of site char-
acteristics and meteorological events on the levels of VOC
in the ambient air are not very clear. Although samples did
show higher levels of some VOC near leachate pools or
vents, no real trends were evident. Understanding how
such vents, leachate pools, and local weather effect the
emission of VOC would require a more concentrated
sampling schedule at one place with complete records of
relevant meteorological data, in addition to modelling.

Finally, the problems associated with the proper quality
assurance of Tenax must be controlled with rigorous clean-
ing and maintenance procedures and perhaps more stud-
ies into the pore effects involved.

LITERATURE CITED

1. Harkov, R., R. Katz, J. Bozzelli, B. Kebbekus, “Toxic and
Carcinogenic Air Contaminants in New Jersey — Volatile
Organic Substances,” Proceedings, Toxic Air Contami-
nants, VIP—I, Air Pollution Control Association, Pittsburgh
(1981).

2. Singh, H.B.,L.].Salas, A. J. Smith, and H. Shigeishi, “Mea-
surements of Some Potentially Hazardous Organic Chemi-
cals in Urban Atmospheres,” Atmos. Environ. 15, 601
(1981).

3. Lillian, D., H. B. Singh, A. Appleby, L. Lobban, R. Arnts, R.
Gumpert, R. Hague, ]J. Tosney, Jr., M. Kazzazis, D. Antell,
and B. Scott Hansen,, “Atmospheric Fates of Halogenated
Compounds,” Environ. Sci. Technol. 9, 1042 (1979).

4, Pellizzari, E. D., M. D. Erickson, R. A. Zweidinger, “For-
mulation of a Preliminary Assessment of Halogenated Or-
ganic Compounds in Man and Environmental Media,”
EPA-560/13-79-010, U.S. Environmental Protection
Agency, 1979.

5. Harkov, R., B. Kebbekus, J. Bozzelli, and P. Lioy, “Mea-
surements of Selected Volatile Organic Compounds at
Three Locations in New Jersey during the Summer Sea-
son,” JAPCA 33, 1177 (1983).

6. Pellizzari, E., “Analysis for Organic Vapor Emissions Near
Industrial and Chemical Waste Disposal Sites” Environ.
Sci. and Technol. 16, 781 (1982).

7. Hazardous Waste Sites — National Priorities List, U.S. En-
vironmental Protection Agency HW-7.1, 60 pp., August
1983.

8. Bozzelli, J. and B. Kebbekus, “Collection and Analysis of
Selected Volatile Organic Compounds in Ambient Air,” pa-
per No. 82-65-2, Proceedings of the 75th Annual Meeting,
Air Pollution Control Association, Pittsburgh, 1982.

Environmental Progress (Vol. 5, No. 1)



10.

11.

Harkov, R., “Toxic Air Pollutants in New Jersey,” N.J. De-
partment of Environmental Protection, Trenton, 49 pp.,
1983.

Bozzelli, J. W. and B. B. Kebbekus, “Volatile Organic Com-
pounds in the Ambient Atmosphere of the New Jersey, New
York Area, report No. R806-2710-10 to U.S. Environmental
Protection Agency, Research Triangle Park, NC, 1980.

Roberts, R., F. C. Feshenfeld, P. C. Liu, and D. Bollinger,
“Concentration Ratios of Organic Aromatics to Hydrocar-

Joseph Bozzelli is a professor and principal in-
vestigator, John LaRegina is a research associate,
both are with the New Jersey Institute of Technol-
ogy Air Pollution Research Laboratories, Chemi-
cal Engineering and Chemistry Department.

Environmental Progress (Vol. 5, No. 1)

12,

13.

14.

bon Ratios and to Nitric Oxides in the Troposphere,” Atmo-
spheric Environment 18, 2421-32 (1984).

Arnts, R. and S. Meeks, “Biogenic Hydrocarbon Contribu-
tion into Ambient Air of Selected Areas,” Atmos. Environ-
ment 15, 2173 (1981).

Holzer, G., “Collection and Analysis of Trace Organic
Emissions from Natural Sources,” J. Chromatography 142,
755-64 (1977).

“Index of Mass Spectral Data,” ASTM No. ADM 11 Phila.,
Penn. (1969).

Ron Harkov is a project director in the Office of
Science and Research and Samuel Gianti, Jr. is a
project officer in the Hazardous Site Mitigation
Administration with the New Jersey Department
of Environmental Protection.

February, 1986 27



Modeling the Transport of 2,3,7,8-TCDD
and Other Low Volatility Chemicals in Soils

A model has been developed to describe the transport
of low volatility organic chemicals in a column of soil.

The mathematical model calculates the rate of movement
through the soil by solving the dynamic material and energy
balances around the soil column. The model is used to make predictions on
the transport of 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) at the Eglin Air Force Base Agent
Orange biodegradation test plots. The model predicts a
vertical movement of TCDD, buried in 1972, through the soil
column. Soil column profile data confirm the vertical movement
of TCDD.

Raymond A. Freeman and Jerry M. Schroy, Monsanto Co., 800 N. Lindbergh Blvd., St. Louis, Missouri 63167

BACKGROUND

The compound 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) has a very low vapor pressure (2.0 X 10-7 pascals
at 25.0 C) [1] and a very low water solubility (7.96 x 10-?
g/liter at 22.0 C) [2]. Although the vapor pressure and water
solubility of DDT and TCDD are not identical, they are
similar. For comparison DDT has a vapor pressure of 1.9 x
105 pascals (20 C) and a water solubility of 1.2 x 10-¢
glliter at 20 C [3]. Thus, the environmental mobilty of
TCDD should be qualitatively similar to DDT.

Several investigators have shown that DDT is mobile in
the environment via vaporization. Guenzi and Beard [4]
found that the presence of at least a monomolecular layer
of water is needed for DDT vaporization to occur. Farmer
et al. [5] found that DDT will volatilize from soil, and Hee
et al. [6] found that DDT will volatilize from glass when
applied as a film. Beall and Nash [7] demonstrated that
DDT will volatilize from soils and can be absorbed from
the air by soybean plants.

Freeman and Schroy [8] have reviewed the pesticide lit-
erature and found that other chemicals such as lindane,
dieldrin, heptaclor, and trifluralin are also volatile. From
the literature review, the following generalizations were
made on the environmental mobility of chemicals with
low vapor pressures (< 10~* pascals) and low water solubil-
ities (<2 ppb by weight) such as DDT and TCDD:

1. A chemical with a low water solubility and a low
vapor pressure can volatilize with rates that are im-
portant to the chemical’s ultimate environmental
fate.

2. Chemicals with low water solubilities will not mi-
grate in soils at rates which are significant to their ul-
timate fate due to bulk water flow (rain, irrigation,
floods, etc.).

3. Soil temperature variations will have a strong impact
on the movement of a chemical in the soil.

4. Low volatility chemicals may bind strongly with dry
soil. However, when a monomolecular layer of water
is present the chemical can become more mobile.
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Thus, TCDD should be mobile via vaporization in the
environment. Nash and Beall [9] have demonstrated that
TCDD is volatile both in laboratory microcosm and field
plot experiments. Figure 1 presents the air concentrations
of TCDD measured by Nash in the microcosm experi-
ment.

Liberti et al., [10] gathered data on Seveso soil, using
deep-tray tests, which showed TCDD losses from the
subsurface layers after exposure to the sun. Liberti’s expla-
nation for the loss was due to free radical movement into
the soil column. A more reasonable explanation is due to
the transport of TCDD to the soil surface where it could be
photochemically destroyed or vaporized.

Muir [11] found that 1,3,6,8-TCDD rapidly disappeared
from field soil plots. After 131 days, 44 percent of the
labelled *4C-1,3,6,8-TCDD had disappeared from the soil
column. The 1,3,6,8-TCDD was found in greatest amounts
in the top 5 cm of soil. Trace amounts of 1,3,6,8-TCDD was
found in the 5 to 10 cm increment and was attributed to
contamination during sampling. Muir reported the half-
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Figure 1. Measured TCDD air concentrations in microcosm experiments.
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life under field conditions as between 131 and 321 days.
Muir concluded that:

1. Measured losses of 1,3,6,8-TCDD from soil may have
been due to vaporization.

2. The reduction in 1,3,6,8-TCDD concentrations in the
field soil plots was not due to degradation or move-
ment of the molecule into the soil column below 5
cm. (Authors Note: Muir used a 5 cm depth increment
for sampling and analysis. Thus, it was impossible for
Muir to detect TCDD movement which may have
occurred in the top 5 cm of the soil column).

The conclusion that TCDD volatilizes under field con-
ditions has strong experimental support. Can volatilization
of TCDD in a soil column explain the movement of TCDD
in the soil column?

THEORY
Previous Models

Many models have been developed to describe the
movement of pesticides in the environment. Jury [12] de-
veloped an analytical model to describe the movement of
pesticides via vaporization. Jury’s model makes several
simplifications, such as constant soil temperature, and
was constructed to allow for “environmental screening” of
anew pesticide before development. Mayer[13] has stud-
ied the boundary conditions to use with the transport
equations that describe the movement of chemicals in a
soil column.

Other investigators such as Oddson [14], Leistra [15],
Davidson [16], and Lindstrom [17] have studied the move-
ment of chemicals via convective transport in water. These
models generally ignore the possibility of vapor phase
transport and require constant soil properties and temper-
atures. These conditions rarely are obtained under actual
field conditions.

Material Balance Equations

Freeman and Schroy [8] constructed a model based on a
solid and a vapor phase being in contact with each other.
The material balance model is essentially the same as that
used by Jury [12] and is given as:

ﬂ = 2 pmolarDab [ Ca chP" ]
at - Mw Pmolar Pt
M,a
=R 1
Psotl ( )
C, _, @ 3C,\ _R
® -tz (D“Tz> 3 @

These two partial differential equations must be solved
simultaneously and this requires a large amount of com-
puter time.

Numerical and theoretical studies of the material bal-
ance equations found that the vapor phase is always in
equilibrium with the solid soil phase. An empirical equi-
librium partitioning coefficient, K, is defined by the rela-
tion between the gas space partial pressure of TCDD and
the vapor pressure as:

K = P'/(C4P°) 3)

Substituting the vapor phase equilibrium expression and
collecting terms allows the Freeman-Schroy material bal-
ance equations to be re-written as:

aC, _ (/) 3 (o8

ot €+ PoAK P°M,, poorr) ﬁ( Da =7 ) @
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The material balance, given as Equation 4, is solved
using boundary conditions 1 and 2:

B.C. 1 — Air-Soil Interface Concentration

atZ=0;C, =0 (5
B.C. 2 — Constant Concentration Some Depth in Ground
atZ=L;Cy=0 (6)

The diffusivity, Dy, the molar density, ppoiar, and the
vapor pressure, P°, are all functions of temperature. Daily
high soil surface temperatures 0f 40 C have been measured
during the day with corresponding lows of 20 C during the
night [18]. The vapor pressure of TCDD is 8.61 x 10-%
pascals at 20 C and is 2.21 x 106 at 40 C. Thus, the daily 20
C temperature change will change the vapor pressure of
TCDD by a factor of 25. In addition, the molar density,
Pmotar, Will decrease 6 percent and the diffusivity, Dy,
will increase 10 percent over the same 20 C temperature
range. Since the soil temperature will also vary from sea-
son to season, an energy balance model is required to cor-
rectly estimate the impact of temperature variations on the
mass transport process.

Energy Balance Equation

The energy balance equation is the same as previously
presented by Tung, Freeman, and Schroy [18]. A brief de-
scription is presented below. The one-dimensional tran-
sient energy balance equation may be written as:

oT _ k *T
> ot 0Z?
To solve this equation for the temperature waves that pass
through a soil column, requires two boundary conditions:

B.C. 3 — Surface Energy Flux

Psont C (7)

atZ=O;k%=q,+qc+qbforallt30 8)

B.C.4— Constant Temperature at Some Depth in Ground
atZ =L; T=Tyforallt =0 9)

The term gq,, represents the radiative solar input into the
soil column. The term, q, is convective heat transfer be-
tween the soil and the air. The term, q,, represents the
black body radiative loss of energy from the soil surface.
These soil surface energy fluxes are complex functions of
soil temperature, weather conditions, and site location.
Schroy [19] has previously presented methods for the com-
putation of q,, q., and qy,. For details of the soil temperature
model and the numerical solution, see Tung, Freeman,
and Schroy [18].

Essentially the same predicted concentration profiles
were found using the energy balance equation and either
the simplified or the complex material balance equations
for soil cores taken from Times Beach, Missouri. A model,
using the simplified material balance equation and en-
ergybalance equations, was used to predict the soil TCDD
profiles measured at Eglin Air Force Base in Florida.

EGLIN AIR FORCE BASE

In April of 1972, Dr. Alvin Young (USAF) established
several biodegradation plots at Eglin AFB [20]. The area
selected for the biodegradation plots was clean and had
not been sprayed with Agent Orange or other herbicides.
Table 1 presents the physical properties of the Eglin AFB
soil. Each plot consisted of three replicate trenches.
Trenches approximately 10 centimeters (4 to 5 inches)
deep were dug into the soil, and Agent Orange containing
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TABLE 1. SOIL PHYSICAL PROPERTIES USED FOR EGLIN AIR
FORCE BASE SIMULATIONS

. Reference

Property Units Value No., Page
Sand Content wt % 91.6 23,7
Silt Content wt % 4.0(1) 23,7
Clay Content wt % 44 23,7
Organic Matter

Content wt % 0.5 23,7

h - 56 23,7
Density glem? 1.6 22, 351
Heat Capacity kJ/kg/K 1.67 24, 351
Thermal

Conductivity kJ/m/K/s 2.68 x 103 24, 351
Void Fraction 0.3 25,15

Note: 1. Silt content includes the organic matter content of 0.5 percent.
2. Eglin AFB soil is classified as a sandy-loam.

40 ppb of TCDD was applied to the trench bottom. The ap-
plication loading was 950 ml of Agent Orange on an area of
0.930 square meters (10 square feet) or 0.1 ml Agent
Orange/cm? [21]. After the Agent Orange was applied, the
trenches were back filled with clean soil.

Samples were subsequently taken from the plots and an-
alyzed for TCDD by the Air Force. These samples showed
an apparent decrease in the total TCDD content of the soil
over time, and this is discussed below. In February of
1984, Dr. Young and a team from Monsanto took a set of
core samples from the biodegradation plots.

The cores taken by the Monsanto team were segmented
into approximately 2 centimeters increments and analyzed
for TCDD. The results of these analyses are given in Table
2.Cores 4 N and 5N were taken from two parallel trenches,
separated by a distance of 1 meter, in the “Non-amended
Biodegradation Plot.” The data for cores 4N and 5N are
plotted in Figures 2 and 3. As is readily apparent from both
Figures 2 and 3, the TCDD has moved upward through the
soil layer from the initial depth of approximately 10
centimeters.

Using the transport model previously presented in this
paper, a simulation of the TCDD movement was done.
The weather data used in this simulation are presented in
Table 3. The initial mass of TCDD was estimated by
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Figure 2. Simulation of Eglin AFB TCDD profile core 4N.
NONAMENDED BIODEGRADATION PLOT.

integrating the soil TCDD concentration profile in each
core. The total initial TCDD mass was assumed to have
been contained in a one centimeter increment of soil
buried at a depth of approximately 10 centimeters. The cal-
culated initial TCDD concentration profiles are shown in
Figures 4 and 5. The initial peak TCDD concentration of
core 4N was computed to be 2100 ppt(by wt) and 7160 ppt
(by wt) for core 5N.

The simulation was solved for a time span of 12 years.
The final peak concentration of TCDD was adjusted, by
varying the empirical equilibrium partition coefficient, K,
until the measured value was obtained. The equilibrium
partition coefficient, K, is an empirical parameter that de-
scribes the concentration relationship between the soil
and the adjacent air spaces (Equation 3). The spread of the
calculated concentration profile is compared to the mea-
sured data in Figures 2and 3. The model fits the data well.

The good agreement between the model and the data
suggests that all of the TCDD originally applied by Dr.
Young in 1972 is still contained in the biodegradation
plots. However, the TCDD is moving very slowly away
from the position where it was initially placed. The near

TABLE 2. MEASUREMENTS OF TCDD CONCENTRATION PROFILES IN EGLIN AFB BIODEGRADATION PLOTS

Core Increment
Centimeters

0.00-2.54
2.54-5.08
5.08-7.62
7.62-10.16
10.16-12.70
12.70-15.24
15.24-17.78
17.78-20.32
20.32-22.86
22.86-25.40
25.40-27.94
27.94-30.48
30.48-33.02
33.02-35.56
35.56-38.10
>38.10

TCDD Concentrations, ppt (wt)

Core 4N Core 5N
24, 27 29
57, 80 70
239, 250 346, 450
321, 310, 430 785, 860
68 582, 650
15,11 185, 200, 230, 240
5 73,120
*% 22
** 19
*k 8
ND (3) 8
ND (3) 3,3
3
ND (1)
2
ND (1)

Notes: 1. ND — None detected at a detection limit given in parenthesis as ppt by wt.

2. Analyses given for compacted sample cores, where:
Core 4N — compaction was 1.91 cm in 31.8 cm
Core 5N — compaction was 11.43 cm in 63.5 cm

**Analytical protocol failed (ie., poor recovery).

30 February, 1986
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Figure 3. Simulation of Eglin AFB TCDD profile core 5N. Nonamended
biodegradation plot.

symmetry of both the measured and calculated concentra-
tion profiles suggests that the rate of downward move-
ment is essentially equal to the rate of upward movement.
The good agreement with the data also implies that al-
though vapor transport may not be the only mechanism,
the model provides a good structural form to represent all
TCDD transport mechanisms.

The results of the Air Force and Monsanto analyses of
Eglin AFB soil are compared in Table 4. The analyses by
the Air Force shows an apparent decrease of TCDD con-
centration with time. Young and Amold [22] have re-
analyzed archived Air Force soil samples and found that
most of the originally applied TCDD could be recovered
using an exhaustive extraction procedure. Therefore, the
question of the fate of TCDD remained an open question
until the completion of this study.

In addition to the extraction problems found by Young
and Arnold, variations in initial TCDD loading are appar-
ent. The Monsanto cores from the same plot show a factor
of 3 variation in the average TCDD concentration. When
compared to the initial calculated TCDD concentration
and area loading, one of the Monsanto cores lies below and
one lies above the calculated average. The day 5 and day
414 Air Force data are three to four times greater than the
calculated initial TCDD levels. The day 513 and day 707
data are below calculated initial average TCDD concen-
tration and loading.
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Figure 4. Initial Eglin AFB TCDD profile core 4N. Nonamended bio-
degradation plot.

Some of the variation in the data appears due to the
difficulty of spreading 950 milliliters of Agent Orange
over 0.93 square meters of surface uniformly. The change
in concentration with time noted in the Air Force Data ap-
pears due to the variation in loading and to analytical prob-
lems, rather than any reduction in the level of TCDD with
time.

CONCLUSIONS

Based on the above analysis, the following conclusions

about the mobility of TCDD can be reached:

1. All of the TCDD buried in the biodegradation plots is
still contained in the soil.

2. The apparent biodegradation of TCDD, previously
reported by Young(20), can be explained by the varia-
tion in the initial loading of the biodegradation plots
and/or by analytical problems.

3. The transport of TCDD in a soil column can be mod-
eled by a temperature-driven diffusion process.

4. The rate of TCDD movement is very slow. The
TCDD in the Eglin AFB biodegradation plots has
moved only about 10 centimeters in 12 years.

ACKNOWLEDGMENT

The authors wish to thank Dr. Alvin Young for his gener-
ous assistance with this work. The authors also thank the

TABLE 3. WEATHER SERVICE DATA FOR EGLIN AIR FORCE BASE, FLORIDA
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NOMENCLATURE

a = Air-soil interfacial area per unit soil volume
C, = Concentration of TCDD in air

Cq = Concentration of TCDD in soil

C, = Heat capacity of soil

D,, = Diffusivity of TCDD in air

h = Hindrance factor, h = e/7

K Empirical equilibrium partitioning coefficient

between soil and air

k = Thermal conductivity of soil

L = Soil depth where temperature and concentration
does not change during a year

M, = Molecular weight of TCDD

Pe = Vapor pressure of TCDD

P’ = Partial pressure of TCDD in gas space

Py = Total barometric pressure

Qp = Black body radiation loss to the sky

Qe = Convective energy exchange between soil and
atmosphere

qr = Radiative energy received by soil from the sun

R = Volumetric rate of volatilization of TCDD into
air voids

T, = Soil temperature at a depth L

t = Time

Z = Depth into the ground

Greek Symbols

€ = Soil void fraction

Pmoar = Molar density of air in soil void space
pPon = Density of soil

T = Tortuosity factor, r = 2 for an average soil
] = Average diameter of soil particle
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Dissolution Rate Of Calcium Sulfite

Hemihydrate In Flue Gas Desulfurization

Processes

Philip C. Tseng and Gary T. Rochelle, Department of Chemical Engineering, The University of Texas at Austin,

The rate of calcium sulfite dissolution in slurry scrubbers and hold
tanks for flue gas desulfurization affects SO, absorption,
limestone utilization and sulfite oxidation. The dissolution rates of calcium
sulfite were measured by the pH-state method. A mass transfer model was
developed assuming that calcium sulfite particles behave as spheres in an
infinite stagnant solution. The model combined with the Bechtel-modified
Radian solution equilibrium program successfully predicts calcium sulfite
dissolution rates at pH 3.5 — 5.5, 23 and 55 °C, 0.001 — 0.3 M Ca*" and
2 — 25 mM dissolved sulfite. The effects of sulfate content in solids and
liquids and particle size/shape were also studied.

At conditions typical of flue gas desulfurization processes calcium
sulfite dissolution was controlled by mass transfer, not surface reaction
kinetics. Dissolution was fast at low pH and slowed near the equilibrium pH
determined by dissolved Ca™ and SO; concentrations in the aqueous
solutions, K, of the CaSQ; - I/2H,0 solids, and temperature. The presence
of dissolved Mg increased the equilibrium pH and enhanced the disolution
rate. The presence of dissolved sulfate reduced the dissolution rate and the
equilibrium pH. The effect of sulfate was not adequately described by the
mass transfer model.

Austin, TX 78712

INTRODUCTION

The objective of this work is to measure and model the dis-
solution rate of calcium sulfite in flue gas desulfurization
processes which absorb SO, by a slurry of lime or lime-
stone with simultaneous calcium sulfite/sulfate crystalli-
zation. Calcium sulfite dissolution can be important in
these processes because it affects the solution composition
and chemical equilibria in the scrubbing solution, and
therefore affects SO, absorption, sulfite oxidation, and
limestone dissolution [1]. Rates of both SO, absorption and
limestone dissolution are usually determined by mass
transfer with equilibrium acid/base reactions in the solu-
tion [2, 3, 4, 5, 6, 7, 8]. With low excess CaCO, or Ca(OH),
solids, as in low pH CaCOj; scrubbing or general Ca(OH),
scrubbing processes, CaSO, - 1/2H,0 will dissolve in the
scrubber with the stoichiometry [2]:

CaSOy + SO, + H,0 «—— Ca™ + 2 HSO;* (1)

Intentional sulfite oxidation has been used to increase
the SO, removal efficiency and to oxidize calcium sulfite
(CaS0, - 1/2H,0) to gypsum(CaSO, - 2H,0) which generally
consists of larger crystals, has less disposal volume and set-
tles faster [9, 10]. In forced oxidation of a bleed stream, or
in a second-stage scrubber loop where calcium sulfite/
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calcium sulfate has crystallized, sulfite oxidation can be
limited by calcium sulfite dissolution. Such operations re-
quire low pH to get calcium sulfite dissolution and subse-
quent oxidation. Erwin et al, [11] and Nurmi et al, [12]
modelled the oxidation of calcium sulfite slurries in aque-
ous solutions and indicated that CaSO, - 1/2H,0 dissolu-
tion is controlled by mass transfer whereas sulfite oxida-
tion is controlled by solution reaction kinetics.

The dissolution of ionic solids may be controlled either
by surface kinetics or by diffusion of ions [1, 13, 14, 15].
Chan [16] measured CaCO, dissolution of flue gas desul-
furization conditions using the pH-stat method, and mod-
eled the experimental data by a stagnant mass transfer
model with equilibrium acid/base reactions. That work
was extended by Toprac and Rochelle [17] who accounted
for the dependence of dissolution rates on particle size and
shape. Calcium sulfite dissolution is basically similar to
calcite dissolution, but the solids composition is usually a
mixture of calcium sulfite and calcium sulfate instead of
pure calcium sulfite, and the particles can be aggregates
of many small crystals. The shape of the crystals also varies
from platelet to rosette. Jones et al. [18] used X-ray, DSC,
and IR to confirm the formation of a solid solution of cal-
cium sulfate in CaSO, - 1/2H,0. Setoyamaet al. [19] found
that the solubility of calcium sulfate in CaSO, - 1/2H,0Oisa
function of temperature.

Environmental Progress (Vol. 5, No. 1)



The reported solubility (mg/l) of CaSO, - 1/2H,0 in
water is 43 (18°C, [20]) and 46.3 (30°C, [21;]). Lowell et al.
[22] reported in the Radian solution equilibrium program a
measured thermodynamic solubility product of CaSO; -
1/2H,0 as 8.4 X 10-8 M2, and indicated that there is little
change in solubility with temperature. Bechtel increased
the K, to 4.498 x 10~7 M2 to match field data [23]. Re-
cently Faist et al., [24] give an expression of CaSO; -
1/2H,0 solubility as a function of temperature:

Log K, = 838.3/T — 9.7572 (2)

Discrepancies in these results may have resulted from the
difficulties in controlling the dissolved sulfate concentra-
tion and the variation in solid sulfate content of the CaSO; «
1/2H,0 samples used in these experiments.

In this paper, the dissolution rates of CaSO; - 1/2H,0 at
conditions typical of flue gas desulfurization processes
were measured using the pH-stat method introduced by
Chan [16] and Prada [25]. A model was developed by using
mass transfer with equilibrium acid/base reactions similar
to Chan and Rochelle’s work for CaCO; dissolution [1].
This work is a part of an effort for overall scrubber model-
ing which includes rate models for SO, absorption, CaCO;
dissolution, sulfite oxidation, and calcium sulfite dissolu-
tion and crystallization [26, 27].

The calcium sulfite dissolution experiments were con-
ducted at pH 3.5 - 6,0.001 — 0.3 M Ca*™, 1 - 10 mM dis-
solved sulfite, 23 and 55°C, 0.3 - 0.9 eq/l ionic strength,
and 0 - 200% gypsum saturation. Three batches of CaSO; -
1/2H,0 seed crystals were used to study the effects of
particle size and shape. The effects of pH, sulfite, sulfate,
temperature and ionic strength were investigated and the
solubility product of CaSO, - 1/2H,0 was found to be a
function of temperature and the sulfate content in the
solids.

THEORY

Limestone and calcium sulfite dissolution can both be
modeled as steady-state mass transfer between the solid
surface and the bulk solution [1, 11, 26]. A steady-state so-
lution of the mass transfer model is obtained by assuming
spherical calcium sulfite particles in an infinite stagnant
solution, corresponding to a mass transfer coefficient
equal to the ratio of diffusivity to particle radius (D/r).

Effects of Solution Composition

The main feature of the mass transfer model is that
chemical equilibrium is maintained throughout the diffu-
sion path for all chemical species. H* diffuses through the
boundary layer from the bulk solution to the calcium
sulfite particle surface and the dissolved SO, /HSO;~ or
CaSO,° diffuses from the sulfite particle surface to the bulk
solution. The boundary conditions are the calcium sulfite
solubility product at the particle surface and the specified
composition of the bulk solution. Chemical equilibria,
ionic electroneutrality, and material balances are then
used to determine the concentrations of all chemical and
ionic species in the boundary layer.

This model utilizes pseudo-equilibrium constants de-
rived from the Bechtel-modified Radian solution equilib-
rium program, so that the equilibrium program needs to be
called only once during the calcium sulfite dissolution
modeling work. The effects of ion pairs are accounted for
by the pseudo-equilibrium constants, and there are no di-
rection pair equilibria. Therefore, solution of the mass dif-
fusion equations is greatly simplified.

(i) Solution Equilibria

In this work, the important solution equilibria for cal-

cium sulfite dissolution were:

HSO;- «—— H* + SOy 3)
HSO,- «——— H* + SO )
Environmental Progress (Vol. 5, No. 1)

H,0 —— H* + OH- )

Additional equilibria would need to be added to simulate
the effects of other buffers such as organic acids and
CO,/HCO;~.

Using the Bechtel-modified Radian equilibrium pro-
gram, the concentrations of various chemical species were
calculated. In order to perform the mass transfer calcula-
tion without manipulating ion pair equilibria, the follow-
ing pseudo-concentrations were defined:

(ii) Pseudo-Concentrations

[Ca™] =[Ca™] + [CaOH*] + [CaSO;°] + [CaSO,S]  (6)
[SOs"]' = [SO47] + [CaSO,°] + [MgSOy°] V)
[SOsT =[SO,7] + [CaSO,°] + [MgSO,°] + [NaSO,~] (8)
[OH-] = [OH-] + [CaOH'] + [MgOH"] 9)

The pseudo-concentrations for HSO;—, HSO,-, and H*
are equal to their true concentrations due to the absence or
the insignificance of ion pairs including these species.
(iii) Diffusion Coefficients:

Values of diffusion coefficients used in the model are
given in Table 1[I, 23]. At25°C and infinite dilution, ionic
diffusivities were calculated by:

D = RTA,/n{Fa)? (10)

where Fa is the Faraday number, n; is the charge on the j;,
ion, and X, is the equivalent ionic conductivity.

Diffusivities at 55°C were estimated by the Stokes-
Einstein relationship:

Dyny/T; = Dyny/T,

(iv) Pseudo-Diffusivities:

To use the pseudo-concentrations in the solution equi-
librium program, pseudo-diffusivities have been defined
for all the pseudo chemical species defined above:

(11)

Dy = (3 DC)/E G (12)
which is summed over all species i containing component
j. For example, to calculate the pseudo-diffusivity for the
pseudo-species, Ca*, let j = Ca™ and i = Ca*™, CaOH",
CaSOy°, CaSO,°. The pseudo-diffusivities for HSO;,
HSO,-, and H" are set equal to their true diffusivities.
(v) Pseudo-Equilibrium Constants:

Based on the above pseudo-concentrations, the pseudo-
equilibrium constants were calculated as follows:

K, = [H*][OH-] (13)
Kuso,~ = ((H'[ [SO,"T')[HSO,"] (14)
Kusoy~ = [H'][SO;7T)[HSO,~] (15)
SK,, = (Kqp [Ca™]' [SO5TTM[Ca™] [SOs~*)  (16)
(vi) Diffusion Balances:
In general the flux of a component is given by:
Flux; = 2 Dy (J) - Oil)/® (17)

TABLE 1. DIFFUSIVITIES AT 25°C

Species D x 10~* (cm?/sec)
HSO,- 1.33
Sy 1.06
Ca™ 0.79
SOy 0.96
HSO;~ 1.33
OH- 5.24
H* 9.31
CaSOy° 0.53
MgSO;~° 0.53

February, 1986 35



The calcium sulfite dissolution flux is defined as the
sum of sulfite flux and bisulfite flux:

Dissolution Flux = D'y, (SO ], — [SO;7),)/8
+ Dusoy- ((HSO,-], — [HSO,~},)/8  (18)

where the subscripts i and b denote solid-liquid interface
and bulk solution respectively, and 8 is the boundary layer
thickness.

By the principle of electroneutrality, the net flux of
electric charge in the boundary layer is equal to zero:

2 Ca** flux + H' flux — 2 SO; flux — 2 SO, flux
— HSO,~ flux — HSO,~ flux — OH~ flux = 0 (19)

By stoichiometry the calcium flux must be equal to the
total flux of sulfite and sulfate from the solid:

Ca*™ flux = SO; flux + HSO;~ flux + SO, flux
+ HSO,~ flux (20)

By stoichiometry the ratio of the fluxes of total sulfite
and total sulfate must be the same as the composition of the
solid:

(SO;™ flux + HSO;~ flux)/(1 — Yso,)
= (SO, flux + HSO,~ flux)/Yso, (21)

where Y, is the mole fraction of sulfate in the calcium
sulfite solids.

(vii) Solution of the surface diffusion balances and
equilibria:

In the mass transfer model, there are eight unknowns in
the solution boundary layer surrounding the CaSO,
particle: [Ca™]', [SO;7]', [SOsT, [OH-], [HSO,],
[HSO;-], [H*] and the CaSO; dissolution flux. Material
and charge balances (Equations 18 to 21) and chemical
equilibria (Equations 13 to 15) were solved by iteration on
pH at the particle surface. Bulk pH was used as an initial
guess. The boundary condition from solubility was used to
check for convergence:

B. C. [Ca'] [SOsT = SK,, (22)

The product of the calculated pseudo-concentrations of
Ca**and SO;~ at the particle surface was compared with the
boundary condition. The guessed surface H* concentra-
tion was then reduced by a factor of 2 each time until the
difference changed sign. After bracketing the H* concen-
tration, a half-interval method was used to find the surface
H* concentration that satisfied the boundary condition.
Equation 18 was then used to calculate the product of
boundary layer thickness and calcium sulfite dissolution
flux. This quantity (DAC) is used in the next section to
give an effective product of the diffusion coefficient and
driving force.

Effect of Particle Size Distribution

The rate of dissolution of a single spherical particle can
be represented by the proportionality (Chan and Rochelle,
1981):

- dV/dt = Sh 7 d, (DAC)/ps, (23)

where Sh = k.d,/D. For small spherical particles in stag-
nant solution, assuming Sh is independent of d, and is ap-
proximately equal to 2 (Toprac, 1981), integrating the
above equation gives:

f = fraction remaining = V/V, = (1 — kt/d »)'> (24)

where k = 4 Sh D AC/p,,, = 8 D AC/p,,. The molar density of
calcium sulfite hemihydrate was taken to be 0.0194
gmol/cm?,

For polydisperse solids, the total fraction remaining, F,
can be determined by summing over the differential size
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distribution ¢ where ¢, is the fraction of total particle vol-
ume with initial diameter from d; to dy:

F = VIV, =3 ¢,(1 — kt/dd;. )™ (25)

EXPERIMENTAL

Dissolution Rate M

The calcium sulfite dissolution rate was determined by
the pH-stat method in an agitated reactor. The pH-stat ap-
paratus was the same as that used previously for measure-
ment of CaCO, dissolution [1] and sulfite oxidation [28].
The agitator speed was set at 720 rpm. The reactor was
sparged with N, before adding the calcium sulfite solids
and was blanketed with N, during the rate measurement.
The pH was automatically controlled to + 0.02 units by
titrating with 0.04 to 0.2 N HCI. Calcium sulfite dissolu-
tion rate was related to the titration rate by the stoichio-
metry:

CaSO0; - 1/2H,0 + H* — Ca*™ + HSO;~ + 1/2 H,0 (26)

The dissolution rate at high pH was corrected by a calibra-
tion of the SO;"/HSO;~ equilibrium.

The compositions of the aqueous solution simulate the
operating conditions of actual scrubber systems. Two
millimoles of CaSO; - 1/2H,0 solids were put in one liter of
solution at the beginning of each dissolution experiment.
Calcium sulfite sample 1 was used in most of the dissolu-
tion experiments. Samples 3 and 5 were used in some ex-
perimental runs to study the effect of solids variation. Dur-
ing a batch experiment the pH was constant, and both Ca™
and total dissolved sulfite concentration increased
slightly. After the addition of Na,SO,, the gas dispersion
tube was lifted to avoid stripping of SO,. Most of the exper-
iments were performed at room temperature, but some
runs were at 55°C to study the effect of temperature.

Synthesis and Characterization of Calcium Sulfite Samples

Three batches of CaSO, - 1/2H,0 samples were synthe-
sized in the laboratory by reacting solutions of CaCl, with
Na,S0,/Na,SO,. The solids were characterized by iodo-
metric titration, differential scanning calorimetry, X-ray
powder diffraction, infrared spectroscopy, scanning elec-
tron microscopy, BET surface area measurement, and
particle size analysis (Coulter Counter). Table 2 gives the
particle size distributions. The sulfate content of the
particles was found by IR analysis to be 3.4, 10.7, and 1.0
mole% for samples 1, 3, and 5, respectively. The samples
were agglomerates of crystallites typified by sample 1
(Figure 1). Additional detailed results are given in Tseng
[29] and Tseng and Rochelle [30].

E i | Rate C De ination

A typical dissolution experiment is shown in Figure 2.
The total fraction remaining, F, calculated from the vol-
ume of HCI added is given as a function of dimensionless
time, t/tyo, where ty, is the time required to dissolve 50% of
the CaSO, - 1/2H,0 solids. A calculated curve is also given
using the stagnant mass transfer model with the
polydisperse particle size distribution. As shown in Figure
2, the shape of the polydisperse stagnant mass transfer
model fits the experimental data very well.

The experimental rate constant, k, was determined by
using Equation 24 with the calculated and measured
values of F at kt;; and kt,;. For the typical experimental run
at pH 4.3, t;; = 10.1 minutes, t,; = 7.35 minutes. From
Equation 26 and the initial calcium sulfite particle size
distribution, the calculated kt;; = 160.6 X 10~# cm?, and
kt;s = 112.3 x 10-8 Therefore,

k = (ktss — ktgs)(tss — tys)
= 2.93 X 10-? cm?/sec (27)

Environmental Progress (Vol. 5, No. 1)



TABLE 2. CASO; - 1/2H,0 PARTICLE S1ZE DISTRIBUTIONS

Effective Diameter Volume % Between The Two Diameters

(pm) Sample 1 Sample 3 Sample 5
1.59
0 0 0
2.00
0.6 0.8 0
2.52
0.7 1.5 0
3.17
0.6 0.7 0
4.00
0.8 1.3 0
5.04
1.6 3.2 0
6.35
2.6 6.8 0
8.00
4.4 12.2 0.2
10.08
6.6 174 0.9
12.7
10.3 18.0 43
16.0
154 14.7 179
20.2
23.6 10.5 38.2
25.4
20.2 5.7 27.2
32.0
8.0 43 8.7
40.3
2.5 1.5 2.3
50.8
2.1 14 0.3
64.0

RESULTS AND DISCUSSION

The CaSO; - 1/2H,0 dissolution rates were measured
with various solution compositions, ionic strength, tem-
perature, gypsum saturation and seed crystals. The mass
transfer model accurately predicts the effects of all varia-
bles except for inhibition by dissolved sulfate.

The curves given in Figures 3 through 9 were calculated
by the mass transfer model with adjustment of the
Sherwood number and K, for each seed crystal (Table 3).
The observed values of Sh(3.4 to 4.0) are expected with the
particle size and shape observed. There is no evidence of
any effect of surface kinetics, even at conditions near equi-
librium pH, except in the presence of dissolved sulfate.

£
25#’683 060 1'8

Figure 1. SEM Photograph of Sample 1, at 600 X Magnification.
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Figure 2. Experimental Rate Constant Determination.

Effects of Particle Size/Shape and Sulfate Content in Solids

Three batches of CaSO; - 1/2H,0 samples with different
sulfate content and particle size/shape were used in a
series of dissolution experiments. As shown in Figure 3
the experimental data were best represented using a
Sherwood number of 3.4 with seed 1, 3.8 with seed 3, and
4.0 with seed 5. The stagnant mass transfer model with a
Sherwood number of 2 underpredicted the dissolution
rates due to the deviation of the calcium sulfite particle
size/shape from small diameter and smooth spheres.
Values of the Sherwood number calculated from Toprac’s
correlation [17] with limestone particles using average
particle sizes are 3.42, 2.78, and 3.61, respectively. Solids
with lower CaSO, content tend to have lower dissolution
rates with decreased equilibrium pH. The experimental
data were best represented by letting K, vary with sulfate
content (Table 3). The deduced values of K, are between
those used by Radian [22] and Bechtel [23].

Effects of Temperature

Higher temperature affects CaSO; - 1/2H,0 dissolution
rate by increasing diffusion coefficients and reducing
CaS0, - 1/2H,0 solubility (K,,). Figure 4 shows that at low
pH, mass transfer is important and calcium sulfite dis-
solves faster because of higher diffusivities. At high pH,

L L 1 T T T ]
Seed 3 -
= Sh=38 i
] Ksp= 3.40x 1077 M2 1
~
© = ~ = 9. —
= [ 7\ Ksp= 267x 10°TMZ 3
S [sh=2 )
2 Ksp=4.498x107"M2
38 I~ (Bechtel) T
f_}
2 10°F \\ g
S [ Seed 5 \
= L Sh=4.0 \ e
S L Kep=240x 107 M2 \
& |
IO-'O P T N NN VN WS N W
35 4.0 45

pH

Figure 3. Effects of Particle Size/Shape and Solid Sulfate Céntent on
CaSO; - 1/2H,0 Dissolution Rates and Equilibrium pH, 0.1 M CaCl,, 10mM
§*4, 23°C, Curves Calculated by The Mass Transfer Model.
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TABLE 3. ADJUSTED SH AND K, OF CaSO; - 1/2H;0 as A
FUNCTION OF SOLID SULFATE CONTENT AND TEMPERATURE

CaSO, - 112H,0

Seed Crystal Sample 1 Sample 2 Sample 3
Mole% CaSO, 34 10.7 1.0
K, at 23°C (M?) 267 X 107 3.40 x 107 240 x 107
K., at 55°C (M?) 112 x 10-" 144 x 10~ 1.01 x 10~
Sherwood No. 34 38 4.0

chemical equilibrium is important and the effect of the sol-
ubility product dominates, so that calcium sulfite has a
lower dissolution rate. The value of K, at 55°C for seed 1
was implied to be only 42% of that at 23°C, corresponding
to a heat of solution of —2.6 kcal/gmol (Table 3).

Effects of pH and Dissolved Sulfite

The effects of pH and total dissolved sulfite (S*4) on cal-
cium sulfite dissolution rate are shown in Figure 5. At low
pH, the pH has a strong and almost linear effect on dissolu-
tion rate, suggesting that H* diffusion determines the dis-
solution rate of calcium sulfite. At high pH, however, the
dissolved sulfite is significant because chemical equilib-
rium becomes important. The mass transfer model with
adjusted K,, values predicts the dissolution rates very
well.

Effects of Dissolved Sulfate

The presence of sulfate in the aqueous solution reduces
the CaSO; - 1/2H,0 dissolution rate. Figure 6 is a plot of
the experimental rate constant k versus sulfate concentra-
tionat pH 4.2, in a solution of 0.1 M CaCl,and 10mM S*™. It
shows that the presence of dissolved sulfate strongly in-
hibits the calcium sulfite dissolution rate.

In terms of the mass transfer model, dissolved sulfate ap-
pears to reduce the Sherwood number (Figure 6). Dis-
solved sulfate could shift Sh by essentially stopping disso-
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Figure 4. Effects of pH, Temperature and Sulfate on CaSO; - 1/2H,0 Dis-

solution, 0.1 M CaCl,, 10 mM S*4, Seed 1, Solid Curves Colculated Using
Sh =34,
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Figure 5. Effects of pH and S** on CaSO; - 1/2H,0 Dissolution, 0.1 M
CaCl,, 23°C, Seed 1, Curves Calculated Using K, = 2.67 x 10-7 M?,
Sh =34,

lution on certain crystal faces without affecting dissolution
of the other faces. Therefore the effective area is reduced,
but the dissolution rate is still controlled by mass transfer.

Figure 7 represents the experimental rate constantkas a
function of pH and dissolved sulfate concentration. The
presence of dissolved sulfate reduced calcium sulfite dis-
solution rate at both high pH and low pH. As shown previ-
ously in Figure 8, the presence of dissolved sulfate at high
temperature reduces CaSO; - 1/2H,0 dissolution rate in
the same manner as it does at room temperature. Therefore
the role of dissolved sulfate in calcium sulfite dissolution
is not strongly affected by the temperature change.

Effects of lonic Environment and Solution Composition

As shown in Figure 8, the dissolution rate of calcium
sulfite was measured in five different solution composi-
tions of the same ionic strength (0.3 eq/l). Dissolved Ca*™
has a strong effect on dissolution rate and equilibrium pH
because it directly determines the solubility product of
calcium sulfite in the aqueous solution. However, dis-
solved Mg*™ makes CaSO; - 1/2H,0 dissolve faster because
it forms an ion pair with SO;". The mass transfer model ac-
counts for this effect. The agreement of experimental and

l 1 1

T T 1 17

Lol
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10 100 500
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Figure 6. Effects of Sulfate on CaSO; - 1/2H,0 Dissolution, at pH 4.2, in
0.1 M CaCl, and 10 mM $** Solution, Seed 1.

Normalized Dissolution Rate
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Figure 7. Effects of pH and Sulfate on CaSO; - 1/2H,0 Dissolution, at
23°C, in 0.1 M CaCl, and 10 mM $*4 Solution, Seed 1.

calculated results indicates that Mg™ does not have addi-
tional effects on calcium sulfite dissolution, such as
reducing the rate of surface reaction by adsorption.

In Figure 9, the CaSO; - 1/2H,0 dissolution rates were
measured at a higher ionic strength (0.9 eq/l). The same ef-
fects of the dissolved Ca™ and Mg"™ were observed. The
mass transfer model predicts the dissolution rates fairly
well but the deviation of Mg*™ data suggests that some cor-
rection or modification of the diffusivities or equilibrium
constants in the solution equilibrium program may be nec-
essary at higher ionic strength.

NOMENCLATURE

C concentration (M)

D = diffusivity (cm?¥sec)
D’ = pseudo-diffusivity (cm¥sec)
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Figure 8. Effects of Ca**, and Mg"* on CaSO; - 1/2H,0 Dissolution, at 0.3
eq/l ionic strength (balance as Na* and CI-), 23°C, 10 mM §*4, Seed 1,
Curves Calculated Using K, = 2.67 x 10-7 M?, Sh = 3.4.
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Figure 9. Effects of Ca**, and Mg"" on CaSO; - 1/2H,0 Dissolution, at 0.9

eq/| ionic strength (balance as Na* and Cl-), 23°C, 10 mM $*, Seed 1,
Curves Calculated Using K, = 2.67 x 10-7 M?, Sh = 3.4,

Faraday constant = 23,062 (cal/volt-equiv)
equilibrium constant

solubility product (M?)

molarity (gmol/liter)

gas constant = 1.987 (cal/gmole-°K)
Sherwood number (k.d,/D)
pseudo-solubility product (M2)
temperature (°K)

volume of particle (cm?)

mole fraction of sulfate content
activity (gmole/liter)

particle diameter (cm)

rate constant (cm?/sec)

mass transfer coefficient (cm/sec)
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r radius (cm)

t time (sec)

A, equivalent ionic conductivity at infinite dilution
(cm? gmole-ohm)

n = viscosity (poise)

p = density (gram/cm?®)

Pm = molar density (gmol/cm?)

¢ = volume fraction

[ 1 = concentration (M)

[ T = pseudo-concentration (M)

Superscripts

+ = positive charge

— = negative charge

o = ion pair, degrees

Subscripts

b = bulk solution

i = solid-liquid interface

o = initial state
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Biological Treatment of a Landfill Leachate

in Sequencing Batch Reactors

A landfill leachate is treated, after mixing with chemical manufacturing
wastewaters, by activated carbon adsorption. Biotreatment of the combined
wastewater in sequencing batch reactors (SBRs) reduced the carbon
requirement by 90%. Excellent treatment efficiency was consistently
achieved under a variety of operating conditions: wastewater TOC,
feed rate, hydraulic retention time, MLSS, organic loading, temperature,
and cycle time. The SBR performance was unaffected when wastewater
feeding was suspended during weekends and holidays. Results obtained in
1-L SBRs were reproduced in 12-L and 500-L units. The experimental data
served as the basis for design of a full-scale SBR-adsorption system. The
integrated wastewater treatment system would produce a better quality
effluent at a lower overall cost. Biodegradation rates for some of the more
persistent wastewater constituents were enhanced in batch bioreactors which
were supplemented with strains of bacteria isolated from the landfill site.

Wei-chi Ying, Robert R. Bonk, Vernon J. Lloyd, Stanley A. Sojka, Occidental Chemical Corporation,

Grand Island, NY 14072

The Hyde Park Landfill site is located in an industrial
complex in the extreme northwest corner of the Town of
Niagara, New York (Figure 1). The site is roughly triangu-
lar in shape and occupies approximately 6.1 hectares. The
Hyde Park Landfill was used from 1953 to 1975 as a dis-
posal site for an estimated 73000 metric tons of chemical
waste, including chlorinated organics. A compacted clay
cover was placed over the landfill in 1978, and a tile
leachate collection system was installed around the perim-
eter in 1979.

The leachate is collected in a sump, at the end of the tile
system, and is then pumped to a two-compartment lagoon.

Ontario

Niagara F|alls

North
Tonawanda

Figure 1. Location of the Hyde Park Landfill site.

Environmental Progress (Vol. 5, No. 1)

The contents of the first lagoon compartment are allowed
to separate, and the supematant overflows by gravity into
the second compartment. From here it is trucked to the
treatment facility at the nearby Niagara Plant. The
leachate production rate for the last three years averaged
about 230 cubic meters per week. Additional leachate col-
lection systems at Hyde Park and other sites will be con-
structed in the near future, and the total volume of
wastewaters to be treated will increase substantially.

At the treatment site, the trucked leachate is mixed with
plant wastewaters and is stored in four storage tanks, each
about 90 cubic meters in capacity. After pH adjustment,
sometimes necessary to insure that the pH of the plant dis-
charge is between 5.0 and 10.0, and settling of suspended
solids, the combined wastewater is pumped through an
on-line 50-micron bag filter, and the filtrate then is
treated in a two-stage activated carbon adsorption system.
In the first stage of treatment, the wastewater downflows
through two smaller adsorbers (900 kg of Calgon F-300
each) in series for removal of carry-over organic liquids.
Dissolved organic compounds are removed in the second
stage adsorption system consisting of three larger serial
adsorbers (9000 kg of Calgon Service carbon each). The
effluent, which meets the treatment criteria, is discharged
to a municipal sewer.

The present wastewater treatment by the conventional
adsorption technology, although producing a suitable
quality effluent, is not the best long-term solution. The
adsorption system would have to be substantially ex-
panded to handle the expected increase in wastewater
flowrate. The future carbon consumption rate would rise
accordingly; the cost forecast for carbon adsorption service
alone is about 21 million dollars over the next ten years.
Clearly there is a strong economic incentive to explore
other treatment technologies. The technical impetus de-
rives from the fact that the adsorptive capacity of carbon for
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any specific compound of concern is under-utilized due to
simultaneous adsorption of other compounds. Table 1
shows that cumulative loadings of five major leachate or-
ganic constituents at the end of an adsorption cycle were
far less than those estimated from the adsorptions iso-
therms for the same compounds in pure water. The fact
that the TOC and o-chlorobenzoic acid loadings were al-
most the same as the adsorptive capacities predicted by
the leachate isotherms indicates that the low bed utiliza-
tion rates were primarily the result of competitive adsorp-
tion rather than poor adsorber design and/or operational
problems. Any treatment technology capable of reducing
this competition could extend the adsorption service cycle
and would thus be worthwhile to pursue. Biodegradation
in sequencing batch reactors (SBRs) was selected as the
appropriate waste treatment process to reduce the future
carbon consumption rate of an expanded adsorption
system.

EXPERIMENTAL SECTION
Analytical Methods:

Extensive efforts were made in this investigation for the
identification of constituents in, and analysis of, raw, pre-
treated, SBR-treated, and carbon-adsorbed wastewater
samples. Measurements for parameters commonly used
for characterization of wastewater were made in accord-
ance with the methods given in the Standard Methods [1].
These parameters include: pH (Section 423), total organic
carbon (TOC, Section 505), biological oxygen demand
(BOD, 507), chemical oxygen demand (COD, 508 A), total
dissolved solids (TDS, 209 C), suspended solids (SS,
209 D), volatile suspended solids (VSS, 209 E), orthophos-
phate phosphorus (P-PO,, 424 F), acid-hydrolyzable phos-
phorus (acid-P, 424 B), total phosphorus (total-P, 424 C),
ammonia nitrogen (N-NH,, 417 B), nitrate nitrogen
(N-NO,, 418 B), nitrite nitrogen (N-NO,, 419), total
kjeldahl nitrogen (TKN, 420 B), dissolved oxygen (DO,
421 F), oxygen consumption rate(213 A), turbidity (214 A),
and settled sludge volume (213 B). Total organic halide
(TOX) was analyzed by a Dohrmann DX-20 TOX analyzer
using EPA Method 450.1. Concentrations for chlorendic
acid (HET acid), phenol, benzoic acid, and o-, m-,
p-chlorobenzoic acids (CBAs) were estimated by a high
performance liquid chromatography (HPLC) method,
with a Perkin-Elmer Model 3B, adapted for analysis of the
wastewater samples. The sample aliquot was acidified to
pH < 2 and then successively extracted three times with
methyl-t-butyl ether. The specific compounds in the ex-
tract were determined by HPLC on a Cg column (30 cm X
4.6 mm) using a 2 cc/min gradient elution solution initially

composed of 18% CH;CN in water containing 0.01% acetic
acid. Using a program gradient curve of 3 over a 40-minute
span, the solvent was changed to a final composition of
60% CH,CN in water also containing 0.01% acetic acid.
Detection was made at 214 nm, and the concentration was
estimated against a standardization curve prepared under
the same conditions.

Concentration of pollutants in raw leachate, and thus the
combined wastewater, fluctuated widely over the study
period; TOC had a range from 800 to 10000 mg/L, and SS
from 200 to 2000 mg/L. Table 1 presents the composition,
in terms of gross organic parameters (TOC and TOX) and
their major components, of various samples — raw
leachate, combined wastewater feed, and adsorber ef-
fluent taken during a carbon adsorption column study.
Characteristics of typical raw and pretreated (neutraliza-
tion, aeration, and sedimentation) leachates are shown in
Table 2

Activated Carbon Adsorption Isotherms:

Adsorption isotherm experiments were frequently con-
ducted for testing the adsorptive capacity of carbon for
TOC, TOX, and their major components. The conven-
tional EPA procedure [2] for carbon isotherm was em-
ployed. The Freundlich adsorption isotherm model was
utilized to correlate the adsorptive capacity (X/M, mg
adsorbed/g carbon) with the residual concentration (C,,

TABLE 2. CHARACTERISTICS OF TYPICAL RAW AND PRETREATED
HYDE PARK LEACHATES

Parameter® Raw leachate Pretreated leachate®
pH 4.3 75
TOC 3500 3200
COD 10040 9200
BOD 7500 7200
SS 900 80
VSS 300 40
TDS 25700 22400
P-PO, <1 <1
Acid-P 3 3
Total-P 131 92
N-NH, 150 130
TKN 180 160
N-NO, 20 20
N-NO, <5 <5

a. All values, except. pH are glven in mg/L
b. Pr of with NaOH to a pH of 7.5, two hours of aera-
tion, and two hours or longer of settling.

TABLE 1. ADSORPTIVE CAPACITIES OF CARBON FOR MAJOR LEACHATE CONSTITUENTS

Concentration Adsorptive capacity
(mg/L) (mg adsorbed/g carbon)
combined® pure®
raw waste adsorber® carbon® leachate?® compound
Concentration parameter leachate feed effluent loading isotherm isotherm
pH 53 5.5-6.4 5.5-6.4 5.5-6.4 4955 5.0-6.0
Phenol 981 780 ND, 41.0 74.9 166
Benzoic acid 830 910 0.8 48.0 74.1 171
o-chlorobenzoic acid 562 372 74 19.6 22.9 109
m-chlorobenzoic acid 61 120 ND,; 6.4 23.0 160
p-chlorobenzoic acid 40 80 ND,, 42 15.7 171
TOC 3080 2618 318 137 143
TOX 264 299 2.7 158 11.7
a. A ions for the adsorber feed during an adsorption service cycle.

b. Concentrations were measured at the end of an adsorption cycle.
c. Total removal of the compound at the end of an adsorption cycle.

d. Capacmes were eshmated at the feed concentration from the raw leachate isotherms.
from the pure compound isotherms.

e. ities were d at the feed
3 ND = not detected at a detection limit of x mg/L.
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mg/L) for the purpose of estimating the treatment capacity
of the adsorber at a given feed concentration. The isotherm
has the following form:

XM =k x Ciim

where k, and 1/n are constants ¢haracterizing the adsorp-
tion isotherm [3].

Feasibility Study:

Soon after the existing adsorption system was installed,
large populations of bacteria were found in the treated
effluent. Similar observations of bacterial growth in the
carbon adsorbers were reported [4]. The TOC, COD and
concentrations for some of their major components of a re-
frigerated raw leachate sample were found to decrease
over time. The rate of concentration reduction increased
when the sample was stored at room temperature. The
BOD to TOC ratios for several leachate and the combined
wastewater samples were all greater than 2, indicating that
the organic compounds in these samples were readily
biodegradable. Experiments on bio-utilization of specific
organic compounds by bacteria isolated from the Hyde
Park Landfill site were conducted at the University of
Michigan [5] and Battelle Columbus Laboratories [6).
Table 3 shows that several strains of bacteria present in the
landfill site were capable of metabolizing many of the
more persistent leachate constituents. Biological pro-
cesses were therefore evaluated for treating the combined
wastewater before entering the carbon adsorption system.

Figure 2 depicts the five sequential steps of the SBR
biotreatment process. The wastewater is fed, during FILL,
to a tank, which contains acclimated activated sludge from
the previous cycle. Aeration and mechanical mixing are
provided while feeding, or subsequently during REACT,
to enhance the rate of aerobic biodegradation. After the
mixed liquor is biologically stabilized, air and mixing are
stopped, and clarification takes place in the SETTLE
step. During DRAW, the clear supernatant is withdrawn
from the reactor for discharge or, if needed, additional
treatment. The IDLE period finally completes the SBR
cycle. The five SBR steps are often overlapped, and one or
two steps may be omitted in a particular treatment cycle.
The withdrawal of effluent may start as soon as a clear
zone of supernatant is formed, and the wastewater feeding
may begin immediately after the completion of the DRAW
step of the last SBR cycle [7]. Many combinations of feed-
ing, aeration, and mixing strategies are possible. The re-
quired nutrients are either supplemented to the feed or
added directly to the bioreactor. The sludge wasting is ac-
complished by removing a portion of the settled sludge in
the DRAW or IDLE step. The optimum SBR operating and

il SETTLE

Figure 2. 1l of SBR biotreatment technology.

cycle schedules must be experimentally established for a
wastewater to achieve the specific treatment objectives.
Examples of the SBR schedules employed in this investi-
gation are given in Table 4.

The SBR biotreatment is essentially a fill-and-draw ac-
tivated sludge process. Its operation and control for bench-
scale experiments are simple, and the requirements for
laboratory space and wastewater volumes are small. Rela-
tive to the continuous activated sludge process, better
comparative study is possible since more parallel SBR
units can be operated simultaneously using smaller tanks.
It is therefore often the process of choice for study of
wastewater treatability [8, 9]. The advantages of more com-
plete treatment [10], greater operational flexibility to ac-
commodate changing feed characteristics, intermittent
treatment [11], and single tank for biodegradation and
sludge separation make the SBR process an attractive tech-

nology for treating municipal and industrial wastewaters
[12-16].

Preliminary Biotreatment Results:

Initial study on SBR treatment of leachate was con-
ducted atthe University of Notre Dame. The results(Table
5) show that Hyde Park leachate was well treated in the
small (working volume = 2 L) SBRs. About 90% TOC re-
duction was achieved under a 24-hr cycle and 10-d hydrau-
lic retention time (HRT) schedule. Supplementation of a
strain of bacteria (SS3) isolated from the landfill site had
improved the treatment efficiency [17]. Nitrogen and
phosphate nutrients were not supplemented. The operat-
ing and cycle schedules are given in Table 4 (SBRs I thru
V).

TABLE 3. NUTRITIONAL VERSATILITY OF OCC BACTERIA ISOLATED FROM THE HYDE PARK LANDFILL SITE?

Organic carbon

source H1 H2 H3 H4 H5 H7 SS1 §S3
o-chlorotoluene +++b +++ +++ +++ +++ ++ +++ +++
m-chlorotoluene +++ +++ +++ +++ +++ - +4++ +++
3,4-dichlorotoluene +++ +++ +++ +++ +++ - +++ +++
2,6-dichlorotoluene +++ +++ +++ +++ +++ ++ +++ +++
Xylenes + + + + 4 + + +
Benzoic acid ++++ - ++++ ++++ ++++ - ++++ ++++
p-chlorobenzoic acid +++ ++ +++ +++ +++ + +++ +++
2,4-dichlorobenzoic acid +++ +++ +++ +++ +++ - +++ +++
2,4-dichlorophenoxyacetic acid ~ +++ ++ +++ +++ +++ + +++ +++
2,4-dichlorophenol + + == - + + + +
2,4,5-trichlorophenoxyacetic acid ++ + ++ ++ ++ + ++ ++

a. Observations were made after incubation at 25°C for 1 week. The bacteria were inoculated onto agar plates containing 300 mg/L of the specific compound as the sole source of

organic carbon.

b. Growth relative to that found in an agar plate containing glucose (++++) as the organic carbon source.

c. No growth,
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TABLE 4. EXAMPLES OF SBR OPERATING AND CYCLE SCHEDULES

Sequencing batch reactor

Operating schedule I I
Leachate feed diluted
Sterilization of feed 0 no
Bacterial supplementation S§S3¢

SBR cycle time, h

Working volume, L
Feeding, % working volume
HRT, d

MLSS, mg/L

~e——— g~

Time per SBR cycle, h

FILL (air & mixing)
REACT (air & mixing)
SETTLE

DRAW

IDLE

o~~~

a. The raw leachate was neutralized to pH of 7.5, filtered, and diluted to TOC about 2300 mg/L. N
b. The raw leachate was neutralized to pH of 7.5, aerated for two hours, and then settled for at least two hours. No dilution was made. A

TOC/N-NH/P-PO, ratio of 150/10/2.
c. The nutritional versatility of the OCC bacteria is given in Table 3.

Treatability Study:

Although good biotreatment results were obtained in
the Notre Dame study, long term SBR performance data
under a variety of conditions were necessary to design a
full-size SBR system. A comprehensive treatability study
was later conducted to: 1) Establish the best start-up pro-
cedure 2) Identify the nutrient requirements 3) Treat the
combined wastewater 4) Define the optimum strategies
for achieving the maximum TOC reduction under various
SBR operating and cycle schedules 5) Develop a proce-
dure for improving the performance of an upset SBR 6)
Qualify the sludge production rate and select a method for
its disposal 7) Verify the carbon saving due to biotreatment
of wastewater 8) Study the benefits of bacterial supple-
mentation. The treatability study was undertaken in sev-
eral experimental programs, from December 1982 through
March 1984, utilizing three sets of bioreactors: four 1-L,
four 12-L, and three 500-L. Table 6 presents the treata-
bility study programs and the associated specific objec-
tives. Table 7 outlines the routine maintenance, sampling,
and monitoring schedule for the SBRs.

RESULTS AND DISCUSSION

Start-Up Procedure:

The return activated sludge from a nearby POTW
(Wheatfield, NY) was used to seed the bioreactors for
treating Hyde Park leachate and the combined waste-

TABLE 5. PRELIMINARY RESULTS OF BIOTREATMENT OF HYDE
PARK LEACHATE?

OURe TOC
SBR® MLSS  unspiked spiked? feed effluent
sample (mg/L)  (mg O/g MLVSS-h) (mg/L)
I 3600 (31) 4.9(25) 26(25) 2300 260 (29)
11 (SS3) 3700 (31) 4.6 (22) 21(26) 2300 200 (31)
111 2800 (50) 5.1 (40) 48 (40) 2400 220 (48)
IV (SS3) 2700 (52) 5.7 (43) 52 (44) 2400 180 (48)

a. Values shown are average of the number of measurements indicated in the
parenthesis.

b. The experimental conditions are described in Table 4.

c. OUR = oxygen consumption rate in mg O,/L-h divided by the MLVSS of the test
sample.

d. OURs were measured two minutes after 20 l of diluted leachate (2000 mg TOC/L)
was spiked to the 2.0 mm Gilson Oxygraph cell.
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TABLE 6. EXPERIMENTAL PROGRAMS FOR THE SBR
TREATABILITY STUDY

Objectives

Tank/adsorber used

A

determine the nutrient (N
and P) requirements, com-
pare methods for wastewater
feed preparation, obtain per-
formance data for replicate
units, and study the effect of
feeding period

compare performance in
treating full strength leachate
with the combined waste,
simulate full size SBR opera-
tion, and develop procedure
for improving the perform-
ance of upset SBR

verify carbon savings, corre-
late carbon saving to
biotreatment performance,
select the best carbon, and
perform bioassay on raw and
treated leachates

determine the fate of volatile
constituents establish aera-
tion requirement for air-
stripping, and test air pollu-
tion control device

quantify sludge production
rate, characterize the precipi-
tation and biological sludges,
test sludge digestion, com-
paction, and dewatering
obtain performance data at
1-d, 1.7-d, 2-d, 5-d, and 10-d
HRT under the 24-h cycle;
operate the SBRs without
weekend feedings

obtain performance data un-
der 12-h and 24-h cycles; es-
tablish the optimum SBR
schedule

obtain performance data at
temperatures of 9, 12, 15, and
20°C, determine the maxi-
mum organic loading for
winter operation

study effects of bacterial sup-
plementation

four 1-L and
four 12-L SBRs

three 500-L and
four 12-L SBRs

three 500-L SBRs,
two 2.5-cm and two
7.5-cm adsorbers

two feed tanks,
three 500-L SBRs,
one vapor adsorber

two feed tanks,
three 500-L SBRs,
one 500-L digester

three 500-L, four
12-L, and four 1-L
SBRs

four 12-L SBRs

four 1-L SBRs

four 12-L and four
1-L SBRs

Environmental Progress (Vol. 5, No. 1)



TABLE 7. ROUTINE MAINTENANCE, SAMPLING, AND
MONITORING SCHEDULE FOR SBRs

Monday Tuesday Wednesday Thursday Friday

pH®

X x x x x
Turbidity X X X
TOC X X X X X
Settled sludge X x
volume
Mixed liquor x/x X
SS/VSS
Sludge wasting® x x
Effluent x/x x
SS/VSS
N-NH, X X
N-NO,/N-NO, X X
P-PO, X X

a. Acid or base was used to maintain pH within 7.0-7.5 after REACT
b. The volume of the settled sludge to be wasted each time, VW (L):

VW = VT x (MLSS1 — MLSS2)(MLSS1 x TMV/SV)

where, VT ~ working volume (L), after FILL,
TMV - the sample volume used in measuring the settled sludge volume,
SV - settled sludge volume after two hours of settling,
MLSS1 — mixed liquor suspended solids (mg/L) before wasting,
MLSS2 ~ the MLSS to be maintained in the reactor.
Tapwater was used for making up the settled sludge volume wasted.

water. The SBRs, with more than half of the desired work-
ing volume filled with dilute POTW sludge (to MLSS =
6000 mg/L), were fed, over four days, at an increasing per
cycle volume of wastewater to 10% of the reactor working
volume (after FILL), i.e. 10-d HRT. The amount of
effluent discharged was about 50% of the feeding until the
full SBR working volume was attained. When treating a
3000 mg TOC/L leachate using a 10-d HRT and 24-hr cycle
schedule, the effluent TOC was found to increase gradu-
ally to about 180 mg/L. No mass die-off of the seed sludge
was observed, and the effluent SS was consistently less
than 100 mg/L. Successful start-ups were accomplished
without the use of any supplementary sources of organic
carbon.

SBR Feed Preparation:

The feed preparation procedure was established in a
series of experiments to compare the performance in
treating two types of leachate feed — one prepared by neu-
tralization (to pH = 7.5) and filtration, as practiced in the
Notre Dame study, and the other by neutralization, oxida-
tion by aeration (2 hr), and sedimentation (2 hr or longer).
More complete reductions in TOC and its components, as
well as greater MLVSS/MLSS ratios were achieved in the
1-L SBRs receiving the oxidized feed. The pretreatment
procedure of neutralization, aeration, and sedimentation
was employed to provide feed for the SBRs in all
treatability programs. The wastewater feeds for the 1-L
SBRs were prepared in 4-L beakers, and the feeds for the

12-L and 500-L SBRs were prepared in two large tanks
(500 and 2000 L).

SBR Performances:

The nutrient requirements were determined utilizing
the smaller (1-L and 12-L) SBRs operating at a 24-hr cycle
schedule. The effects of nitrogen supplementation in the
forms of N-NH, and N-NO, [18] can be seen from the re-
sults given in Table 8. The leachate feeds to SBRs II and
III were respectively supplemented with sodium nitrate
and ammonium hydroxide to a TOC/N-NH, or N-NO, ratio
of 15, as established in a separate series of experiments.
Since Hyde Park leachate is deficient in orthophosphate
(Table 2), phosphoric acid was added to all feeds to pro-
vide a 30 mg/L of P-PO, for bacterial growth [19]. A 75-ml
aliquot of pretreated leachate was fed to the SBRs four
times in six hours; aeration and mixing were provided be-
tween the batch feedings. The results obtained from the
2.5-d HRT SBRs showed that both forms of nitrogen addi-
tion had improved the treatment efficiency. Although ni-
trate was an effective nitrogen source, ammonia was used
in the subsequent treatability programs since it also neu-
tralized the naturally acidic leachate and the combined
wastewater. Results for SBR IV, which was operated simi-
larly as SBR III but at 9°C, showed that excellent treatment
was also accomplished ata lower temperature expected for
the winter operation.

The optimum nutrient supplementation for the leachate
was validated by the results of the 12-L SBRs, as shown in
Table 9. SBR 1V, with a nitrogen and phosphate supple-
mented feed (TOC/N-NH/P-PO, ratio of 150/10/2), accom-
plished the best tréatment of the high TOC (8135 mg/L)
leachate. Supplementing only N produced almost the
same results as adding both N and P, indicating that the
total-P in the leachate (Table 2) was available for bacterial
synthesis. It is important to note that the high TOC
leachate was very well treated in these SBRs. Aeration and
mixing were provided during the 4-hr FILL period to ac-
celerate the biodegradation process. The high MLSS of
10000 mg/L was at least partially responsible for the excel-
lent SBR performances. A reactor with a MLSS of 5000
mg/L had failed early in this study program. All SBRs oper-
ated at a MLSS from 8000 to 13000 mg/L achieved at least
90% reduction in TOC and COD. Another important ad-
vantage of having established a wide range of acceptable
MLSS is that the excess biological sludge can be wasted
periodically at the operator’s convenience.

Nitrification and denitrification were observed in a
single SBR with no aeration during the last two hours of
REACT. The SBR treatment can thus accomplish nitrogen
removal as well [20]. The treatment efficiency was not ad-
versely affected with up to 150 mg/L of N-NH, in the
mixed liquor at the end of REACT.

TABLE 8. RESULTS OF BIOTREATMENT OF LEACHATE IN 1-L SBRs?

SBR® HET

sample TOC TOX acid
(

Feed 1800 205 110

I effluent 283 126 84

(no nitrogen)

II effluent 164 91 80

(nitrate)

III effluent 152 95 76

(ammonia, 20°C)

IV effluent 155 88 69

(ammonia, 9°C)

a. Samples were taken at the end of the program.

Benzoic
Phenol acid 0-CBA m-CBA  p-CBA
mg/L )

436 708 227 62 74
13 28 98 26 21

3 12 3 6 15

4 12 1 5 17

3 11 1 <3 13

b. 24-h SBR cycle, HRT = 2.5 d (four 10% batch feedings in 6-h aerated FILL), MLSS = 10000 mg/L, working volume = 750 ml.
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The second portion of Table 9 data show results ob-
tained at much higher hydraulic loadings; SBR B was oper-
ated ata 1.7-d HRT (24-hr cycle and 60% feeding) and SBR
III at a 1-d HRT (12-hr cycle and 50% feeding). Good per-
formances were achieved, using again the high MLSS for
reducing the food to biomass ratio, the F/M, in the SBRs
and a lower feed rate for distributing the organic loading
evenly over the 6-hr FILL period. Aeration and mixing
were also provided to these highly loaded SBRs during
FILL.

The 500-L. SBRs were utilized for simulating full scale
treatment of leachate alone, and of the combined
wastewater. They provided data on long-term treatment
performance, under various operating conditions, fate of
volatile compounds, and production and disposal of
sludges. The feed was prepared by neutralization, aera-
tion, nitrogen supplementation, and sedimentation in a
2000-L tank. Table 10 presents the results of the pilot-scale
SBR biotreatment with two HRTs (2 and 5d) and two
MLSSs (5000 and 10000 mg/L). The better performance of
SBR Brelative to SBR A demonstrated again the advantage
of the high MLSS. The low quality of the effluent from
SBR C indicated that it was overloaded ata HRT of 2 days.
After reducing the per cycle volume of feeding to 20%, the
SBR C performance gradually improved, and in two weeks
its effluent was almost the same as SBR B. Table 10 also
shows that aquatic toxicity of the leachate feed, as mea-
sured by the Beckman Microtox bioassay method, was vir-

tually all removed after the SBR treatment and that the tox-
icity reduction was consistent with the effluent quality
[21].

The following observations were made during the treat-
ability study:

¢ Upto 15% variations in the effluent TOC, COD and SS
were observed for the replicated SBRs. Hyde Park
leachate was well treated either alone or combined with
other Niagara Plant wastewaters. The treatment perform-
ances were almost identical for the three sizes of SBRs
when they were operated under the same conditions. It
thus established the validity of using the smaller (1-L and
12-L) units for treatability study. Virtually the same per-
formances were obtained for SBRs with several FILL peri-
ods — batch feed, 2, 4, and 6 hr. The complex nature of the
high TOC wastewater had diminished the effects of FILL
period [22, 23].

¢ Insufficient dissolved oxygen in the mixed liquor was
the major cause of low (<85%) TOC removal. To treat a
2000 mg TOC/L wastewater, about 150 mg DO/L-h of oxy-
gen transfer capability should be provided to the SBR
operating at a HRT of 1.5 d and a MLSS of 10000 mg/L.
The oxygenation rate may be gradually reduced during the
REACT period to satisfy only the cell respiration oxygen
utilization rate (OUR) of less than 4 mg DO/g MLVSS-h.
With at least 1 mg/L of DO during the REACT period,
TOC and COD reductions were more than 90% for the

TABLE 9. RESULTS OF BIOTREATMENT OF LEACHATE IN 12-L. SBRs?

SBR® HET

sample TOC TOX acid
(

Feed 8135 780 435

I effluent 603 320 240

(noN & P)

II effluent 393 270 239

(ammonia)

I1I effluent 595 330 273

(phosphate)

IV effluent 409 240 238

(N & P)

SBR sample®

Feed 1784 210 135

B effluent 219 98 115

(24-h, 60% feed)

III effluent 256 98 90

(12-h, 50% feed)

a. Samples were taken at the end of the program.

b. 24-h SBR cycle, HRT = 10 d (10% feeding over 4-h FILL),

MLSS = 10000 mg/L, working volume = 10 L.

c. MLSS = 10000 mg/L, FILL period = 6 h, working volume = 10 L.

TABLE 10. RESULTS OF BIOTREATMENT OF LEACHATE IN 500-L SBRs?

HET
SBR® TOC COD TOX SS acid
sample ( mg/L
Feed 2000 5300 325 260
A effluent 140 510 110 114 170
B effluent 120 400 105 100 150
C effluent 536 1700 235 400 175

a. Samples were taken at the end of the program.
b. The experimental conditions are described in Table 4.

Benzoic
Phenol acid o-CBA m-CBA  p-CBA
mg/L. )
1650 2475 840 240 285
16 43 158 <9 23
<2 21 3 <4 33
16 47 127 <4 45
<1 7 3 <2 6
390 590 220 60 70
6 11 2 9 14
7 8 34 T 12
Benzoic Microtox®
Phenol acid 0-CBA m-CBA p-CBA toxicity
) (EC20)
530 730 350 110 110 1.7%
6 6 12 25 3 41.9%
1 2 2 3 2 68.0%
12 6 20 25 3 9.3%

c. Average of three observations. EC20s (% dilution of test sample which would cause 20% corrected light reduction) are shown, since EC50s for the efluent samples (A, B and C)

cannot be calculated as a result of SBR biotreatment.
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SBRs operated at a F/M as high as 0.2 mg TOC/mg MLSS-d
(MLSS = 10000 mg/L).

¢ Cloudy effluents (SS > 250 mg/L), due to large popula-
tions of dispersed and/or filamentous bacteria, were ob-
served several times during this study. They were caused
by excessive organic loading, short REACT period, low
DO, nutrient deficiency, and accumulation of toxic com-
pounds [22-26]. After correcting these causes, the SBR
treatment performance slowly improved. Effluent SS was
less than 100 mg/L except when the feed TOC was higher
than 3000 mg/L.

© The SBR performance was nearly unchanged when the
feeding was suspended on holidays, Saturday and/or Sun-
day. The REACT period for the four 1-L. SBRs was ex-
tended over the weekend, with either continuous or inter-
mittent aeration and mixing during the extra time period.
This resulted in slightly lower efluent TOC, more com-
plete nitrification and/or denitrification. Normal cyclic
operation was resumed from Monday through Friday, and
the same performance as the 7 days-a-week SBRs was then
observed. The ability to operate the SBRs in this manner is
significant since the existing adsorption system is oper-
ated five days a week.

Volatile Compounds:

Many aromatic and straight-chain chlorinated hydrocar-
bons were present in leachate and the combined
wastewater. Their concentrations were typically less than
5 mg/L, except for chlorotoluenes which occasionally ap-
proached 40 mg/L. Air stripping was found to be the pre-
dominant mechanism for their removals in the aerobic
SBR treatment system [27]. About 99% of the volatile con-
stituents, which altogether accounted for about 5% of
wastewater TOC, were air-stripped from the feed tank dur-
ing pretreatment, and the rest were removed from the
SBRs during aerated FILL and/or REACT. These com-
pounds were easily separated from the air by carbon ad-
sorption. With a vapor phase carbon adsorber installed for
treating the exhaust gases, no air pollution would result
from the SBR biotreatment system.

Sludge Disposal:

Depending on the wastewater characteristics, 200 to
2000 mg of pretreatment sludge per liter of feed were pro-
duced by neutralization, aeration, and sedimentation. It
was mainly ferric hydroxide which included adsorbed or-
ganic compounds. As much as 62% of HET acid in the raw
wastewater was removed by iron precipitation; other con-
stituents were removed to lesser extents. The sludge was
well compacted in the feed tank, to 7% solids, and easily
dewatered by either vacuum or press filtration, to more
than 30% solids. It was periodically removed from the feed
tank.

Biomass yield was estimated at 0.64 mg/mg feed TOC
for SBR A of Table 4. At a higher MLSS, biological yield
was smaller [28]. For example, the apparent yield for the
1-L SBRs (feed TOC = 3000 mg/L, MLSS = 10000 mg/L,
HRT = 10 d, working volume = 750 ml) was about 0.2.
The initial MLSS settling rate was estimated at 3 cm/min.
The wasted biological sludge from the high MLSS SBRs
was already aerobically stabilized, and no significant vol-
ume reduction was observed after 10 days of aerobic diges-
tion. The settled sludge contained about 3.5% solids, and
the dewatered sludge had about 30% solids.

Carbon Saving:

Figure 3 shows the capacity for the persistent HET acid
was significantly increased after the leachate was biolog-
ically treated in the SBRs. The improvement was actually
higher than that indicated by the isotherms, as shown by

Environmental Progress (Vol. 5, No. 1)

1000
- ADSORBENT - CALGON SERVICE CARBON

- Initial Concentration - 300 mg/L

: PH - 6.2 No Buffer

I +:Het acid in raw leachate

x:Het acid in SBR-treated leachate

X/M, mg/g CARBON
z
8
B

-
(=]

2 ek

1000

1 10 100
RESIDUAL CONCENTRATION , mg/L

Figure 3. Freundlich adsorption isotherms for HET acid in raw and SBR-
treated leachate samples.

the fast-rising X/Ms measured at higher residual concen-
trations (Css). The carbon capacity for HET acid (pk,s = 2.6
and 4.8) was higher at an acidic pH. In the unbuffered iso-
therm experiment, pH was found to increase with the car-
bon dose, and thus resulted in reduced observed capacity
atthe lower C;s[29]. Table 11 demonstrates that the carbon
capacity for TOC in the SBR-treated leachate was about
the same as in the raw leachate and that the capacity for
TOX was much greater after biotreatment. The results are
shown for five different types of activated carbon — three
virgin and two reactivated carbons. Since the SBR
biotreatment could easily accomplish 90% reduction of
TOC in the combined wastewater, the carbon exhaustion
rate of the existing adsorber would be reduced by at least
90% if the SBR system is installed before the adsorption
system. Table 12 presents the expected saving in the fu-
ture wastewater treatment cost with the SBR biotreatment;
Figure 4 depicts the process schematic for the integrated
SBR-adsorption treatment of the combined wastewater.
Including the anticipated wastewaters from other sources,
substantially greater cost saving would be possible.

Bacterial Supplementation:

Twice a week for three months, two strains of OCC bac-
teria (H4 and SS3) and two commercial bacterial cultures
were supplemented to the 1-L and 12-L SBRs, operated at
a F/M from 0.05 to 0.2 mg TOC/mg MLSS-d. No signifi-
cant differences were observed in the performances of
these units compared to that of the control (no supplemen-

TABLE 11. ADSORPTIVE CAPACITIES OF CARBON FOR TOC AND
TOX IN RAW AND SBR-TREATED LEACHATE SAMPLES?

Raw leachate® SBR-treated
leachate®

Activated carbon TOC TOX TOC TOX

type (mg adsorbed/g carbon)
Calgon F-300 133 11.7 152 127
Calgon Service carbon 979 88 113 75.9
Carborundum 30 173 196 268 172
ICI Hydrodarco 3000 103 115 878 838
Laboratory reactivated 148 183 115 91.6

spent Calgon Service carbon

a. Ad i ities were d from the Freundlich adsorption isotherms.
b. Raw leachate: TOC = 3080 mg/L, TOX = 264 mg/L, pH = 5.3. The TOC capacities
were estimated at TOC = 1500 mg/L, and the TOX capacities were estimated at TOX =
125 mg/L.

c. SBR-treated leachate: TOC = 400 mg/L, TOX = 334 mg/L, pH = 6.8. (The raw
leachate had a TOC of 8100 mg/L and a TOX of 780 mg/L). The TOC capacities were
estimated at TOC = 300 mg/L, and the TOX capacities were estimated at TOX = 125
mg/L.
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TABLE 12. SAVING IN WASTEWATER TREATMENT COST WITH SBR BIOTREATMENT

TOC? Carbon” Carbon®
Flowrate loading usage saving Cost Saving!
Time Period (m¥/d) ( kg/d ) $/d $1000/yr
Jan. 1985 95 142 991 892 1475 538
July 1985 295 215 1442 1298 2146 783
Jan. 1986 250 202 1361 1225 2025 739
July 1986 144 170 1170 1053 1742 636
Jan. 1987 144 170 1170 1053 1742 636
July 1987 144 170 1170 1053 1742 636
Jan. 1988 to 1995 144 170 1170 1053 1742 636
10-year Average Saving $643,600/year
a. The first 68 m¥d at 1700 mg TOC/L; the next 45 m¥d at 1000 mg TOC/L; the rest at 300 mg TOC/L.
b. 12 g/L for the first 68 m%d; 6.6 g/L for the next 45 m%d; 1.8 g/L for the rest.
c. 90% reduction in carbon exhaustion rate after biotreatment.
d. $1.65/kg carbon. All costs are in 1984 U.S. dollars.
SBR treatment system — design TOC loading = 181 kg/d
average TOC loading = 173 kg/d $/year
1. Carbon saving 643,600
2. Operating labor, misc. costs? ( 0
3. Maintenance?® ( 50,000 )
4. Electrical power® ( 18,000 )
5. Sludge disposal® ( 21,300 )
6. Analytical® ( 23,000 )
7. Nutrients and chemicals? ( 4,600 )
Net Saving $526,700/year

a. Cost over the ded adsorpti i qui

b. $0.06/kWh.

d in the near future.

c. Total sludge production rate — 1.02 g/g TOC; dewatered sludge — 30% solid, disposal costs — $0.10/kg.

d. Supplementing NH, and H,PO, to a TOC/N-NH/P-POj ratio of 150/10/2.

tation [30]. It was possible that the excellent treatment per-
formance obtained in all units had already included
‘benefits found in the preliminary study [17], since the
wastewater feed contained many strains of bacteria shown
in Table 3. Five OCC mutant bacteria, derived from the
HS5 isolate by chemical mutagenesis using nitric acid [31],
were later supplemented to 1-L electrolytical respirome-
ter (O-1 E/BOD Model 2-302) bottles. Using these auto-
mated batch reactors, improvements due to bacterial sup-
plementation were observed as evidenced by the
cumulative oxygen uptake curve [32] (Figure 5), and the
composition of samples taken two weeks after the test run
(Table 13). Supplementation of the right kinds of bacteria

V. (RS — R
Lime/Alum —-— ey

NHy/POy —-—-—-—-— ]
|

LEACHATE AND
OTHER
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|

was shown to have enhanced biodegradation rates for
many of the more persistent wastewater constituents. Its
potential in improving the performance of an over-loaded
biological treatment system is thus indicated.

SUMMARY

Approximately 73000 metric tons of chemical waste are
contained in the Hyde Park Landfill site. Leachate is col-
lected, trucked to a nearby chemical manufacturing plant,
and then treated with plant wastewaters by activated car-
bon adsorption. The leachate which accounts for about
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Figure 5. Cumulati ygen uptake curves for E/BOD reactors.

60% of the combined wastewater volume but more than
80% of the total organic loading to the existing adsorption
system, was found to be easily biodegraded. Excellent
treatment of leachate and the combined wastewater was
consistently accomplished in sequencing batch reactors
(SBRs) which were operated under a variety of operating
conditions: wastewater TOC, feed rate, variations of aera-
tion and mixing strategies, hydraulic retention time, mixed
liquor suspended solids concentration, organic loading,
temperature, and cycle time. The SBR treatment perform-
ance was unaffected when wastewater feeding was sus-
pended during weekends and holidays. Results obtained
in the small bench-scale SBRs were reproduced in the
pilot-scale units. An analysis of process economics indi-
cated that significant cost saving was possible, in meeting
the future wastewater treatment requirements, if SBR
biotreatment is implemented before the carbon adsorp-
tion. The integrated wastewater treatment system would
produce a better quality effluent at a lower overall cost. A
full scale SBR-adsorption system has been designed for
treating the combined wastewater. Biodegradation rates
for some of the more persistent wastewater constituents
were enhanced in batch reactors which were supple-
mented with strains of bacteria isolated from the landfill
site.
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An Alternative RBC Design-Second Order

Kinetics

An alternative design method was used employing 2nd order kinetics
and good engineering practice to specify a RBC process for secondary
treatment.

The kinetics of the RBC process had previously been shown to follow
a second order rate expression when the disappearance of soluble
biochemical oxygen demand (sBOD) is correlated with time (2). This
relationship was combined with other RBC process limitations to
design an RBC system based on achieving final effluent sBOD
requirements of less than 10 mg/L of soluble BOD (sBOD). This
alternative design approach can be used
to determine:

¢ The number of shafts
e The number of stages

¢ The shafts in each stage
e The sBOD in each stage

¢ The effect on performance by diurnal variations in flow
from 50 to 200% of design flow
® When oxygen transfer governs the kinetics
This paper demonstrates the technique employed to design the RBC
plant using second order kinetics and the rationale behind each step
in the design process.

Edward J. Opatken, Land Pollution Control Division, U.S. E.P.A. Office of Research & Development, Hazardous Waste
Engineering Research Laboratory, Cincinnati, Ohio

INTRODUCTION

The design of rotating biological contactor (RBC) systems
for municipal wastewater treatment is normally based on
empirical curves developed by the various manufacturers.
The user communities have relied heavily upon the RBC
manufacturers to provide design assistance and to specify
the number of RBC units required, as well as their arrange-
ment into stages and trains. The users normally include a
performance clause in their specifications to provide the
necessary insurance that the process will produce the de-
sired effluent quality at the specified design flow. A
manufacturer’s empirical curves were used to predict both
interstage and final effluent quality at 10 RBC facilities,
and the predicted results were considerably different from
the actual results. A second order kinetic evaluation was
also performed and the predicted results were in close
agreement with the actual results. This paper presents an
alternative design method using second order kinetics and
good engineering practices to specify a RBC process for
secondary treatment.

The kinetics of the RBC process have been shown to fol-
low a second order rate expression when the disappear-
ance of soluble biochemical oxygen demand (sBOD) is
correlated with time [2]. This relationship can then be
combined with other RBC process limitations to design
RBC systems based on achieving final effluent sBOD re-
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quirements. This alternative design approach can be used
to determine:

¢ The number of shafts

e The number of stages

e The shafts in each stage

e The sBOD in each stage

e The effect on performance by diurnal variations in

flow from 50 to 200% of design flow

e When oxygen transfer governs the kinetics

This paper will demonstrate the technique employed to
design an RBC plant using second order kinetics and the
rationale behind each step in the design process.

PLANT CONDITIONS—ASSUMED

Design flow = 10 million gallons per day (mgd)
(38,000 m?¥d)
Diurnal variation = 50 to 20% of design flow
Influent characteristics

TBOD = 120 mg/L

sBOD = 60 mg/L

TSS = 120 mg/LL

VSS = 72 mg/L

k = 0.083 L/mg - h [from reference 2]
Requirements: Final effluent = 12 mg/L sBOD = 24
mg/L. TBOD
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Step 1 Determine the Number of Shafts in the First Stage

To avoid organic overloads and possible nuisance
growths and/or shaft overloads a design limitation of 2.5
Ibs sBOD/1000 sq ft (12 g sBOD/m?) [3] is a recommended
condition in the Design Information Document. By ap-
plying this limitation the number of shafts required in the
first stage can be estimated.

60 mg sBOD/L = 60 lbs/10% Ibs x 8.3 lbs/gal x 107 gal/d
= 5000 lbs sBOD/d

(60 mg sBOD/L x g/1000 mg X kg/1000g x 1000 L/m? X
38,000 m*d = 2300 kg sBOD/d)

Since the standard first stage shafts usually have 100,000
sq ft (9300 m?) each shaft can handle

100,000 sq ft x 2.51bs/d - k sq ft = 250 Ibs sBOD/d - shaft
(9300 m? x 12 g sBOD/d - m? = 110 kg sBOD/d - shaft)

5000 1bs sBOD/d + 250 Ibs sBOD/d - shafts = 20 shafts in
first stage
(2300 kg sBOD/d + 110 kg sBOd/d - shaft = 20 shafts)

A RBC design standard set by the manufacturers is a vol-
ume to surface ratio of 0.12 gal/sq ft(4.9 L/m?) or a 12000 gal
(45 m3) volume for a 100,000 sq ft (9300 m2) RBC. Based on
this design standard, the residence time in the first stage
is calculated as follows:

10 MGD = 420,000 gal/h
(38,000 m?/d = 1600 m%h)

12000 gal/shaft x 20 shafts/first stage + 420,000 gal/h =
0.57h in first stage =~ 34 min

(45 m¥shaft x 20 shafts/first stage + 1600 m¥%h = 0.57 h
in first stage = 34 min)

To simulate a completely mixed condition, each stage
should have an assumed minimum residence time of 15
minutes. The 34 minutes of residence time calculated for
the first stage is considerably greater than the 15 minute
limitation and is satisfactory for this application.

Step 2 Determine the Concentration of sBOD in the First Stage

The Levenspiel equation [4] is used to determine the
concentration of sBOD in the first stage and is repre-
sented by the following equation for second order kinetics.

_1+ V1+4Etclm
2 kt

C =

where
C, = concentration of sBOD in the first stage
k = second order reaction rate constant, 0.083
L/mg - h
residence time in first stage, 0.57h
concentration of sBOD entering the first
stage, 60 mg/L

-1 + /T ¥ 4(.083 L/mg) (.57h) (60 mg/L)
2 (.083 L/mg - h) (57h)
C, = 26 mg/L sBOD

Check the adequacy of oxygen transfer in the first stage
using 40 mg O,/h - sq ft (0.43 g O,/h + m?) [3] as the maxi-
mum oxygen transfer rate for a RBC containing 100,000 sq
ft (9300 m?) of plastic media and rotating at 1.6 rpm.

AC = 60-26 = 34 mg sBOD/L removed = 34 mgO,/L
transferred

O = 10,000,000 gal/d x 3.8 Ligal + 24h/d = 1,600,000
L/h

t
Cin

I

C =

1,600,000 L/h - + 20 shafts = 80,000 L/h - shaft

34 mg sBOD/L x 80,000 L/h - shaft + 100,000 sq ft/shaft
(9300 m¥shaft) = 27 mg O,/h - sq ft (0.29 gOy/h - m?)
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27 mg Oyh - sq ft < 40 mgO,/h - sq ft
(0.29 gO,/h - m? < 0.43 gO,/h - m?)

Therefore the first stage can adequately transfer the oxy-
gen, and the system is reaction rate limited. If the oxygen
transfer rate is greater than 40 mg/O,h - sq ft (0.43
g0,/h - m?) then the concentration is determined by the ox-
ygen transfer rate. An example of an oxygen limiting condi-
tion, that is used to determine the stage concentration, is
shown on pages 53 and 54.

Step 3 Determine the Number of Shafts in the Second Stage

Again applying the 2.5 Ibs sBOD/1000 sq ft (12 g
sBOD/m?) limitation, determine the minimum number of
shafts required in the second stage.

26 mg sBOD/L ~ 26 lbs/10° 1bs x 8.3 lbs/gal x 107 gal/d
= 2200 lbs sBOD/d

(26 mg sBOD/L x 38 x 10° L/d x kg/10¢ mg = 1000 kg
sBOD/d)

Therefore, the number of shafts required are:

2200 lbs sBOD/d + 250 lbs sBOD/d - shaft = 8.8 = 9
shafts
(1000 kg sBOD/d + 110 kg sBOD/d - shaft =~ 9 shafts)

Another design feature endorsed by the Design Infor-
mation on Rotating Biological Contactors [3] is positive
flow control to each contractor for proper distribution of
primary effluent to each RBC. If nine RBC are used in the
second stage another series of flow monitors and controls
will be required to again control the flow to each of the 9
shafts to insure equal distribution. By adding another
shaft, thus employing 10 shafts in the second stage, the
flow from 2 RBC in the first stage can be directed to each
RBC in the second thus eliminating the need to monitor
and control the flow into the second stage. Therefore 10
contactors will be employed in the second stage.

Check retention time in the second stage using 10 RBC’s
to determine if 15 minutes residence time is provided to
simulate a completely mixed system.

V = 12000 gal/shaft x 10 shafts = 120,000 gal
(V = 45 m¥shaft x 10 shafts = 450 m3)
t = V/Q = 120,000 gal/420,000 gal/h = 0.29h = 17 min
(t = VIQ = 450 m® + 1600 m%h = 0.29h)
The hydraulic residence time in the second stage exceeds

the 15 minutes limitation by 2 minutes, thus 10 shafts are
adequate for treatment in the second stage.

Step 4 Determine the concentration of SBOD in the Second Stage
-1+ V1 + 4(.083 L/mg - h) (.29h) (26 mg/L)
2 (.083 L/mg - h) (.29h)
C, = 18 mg/L. sBOD
Check adequacy of O, transfer in second stage
AC = 26-18 = 8 mg/L of sBOD = 8 mgQO,/L transferred

Q =107 gal/d = 1.6 x 10° L/h - 10 shafts ~ 160,000 L/h -
shaft to second stage
(Q = 1600 m*h + 10 shafts = 160 m%h - shaft in second
stage)
8 mg O,/L x 160,000 L/h - shaft + 100,000 sq ft (9300
m?shaft) = 13 mg Oy/h - sq ft (0.14 g Oy/h - m?»
13 mg Oy/h - sq ft < 40 mg O,/h - sq ft
(0.14 mg Oyh - m? < 0.43 g O,/h - m?)

therefore the oxygen transfer is well within the capability

of the 10 contactors and the second stage is reaction rate
limited.

C, =
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Step 5 Determine the Number of Shafts in the Third Stage

Since the residence time in the second stage is 17 min-
utes, or only 2 minutes more than the minimum 15 min-
utes, then the third stage will also consist of 10 shafts
which will again allow us to omit flow control equipment.
The flow from each RBC in the second stage will be di-
rected to a RBC in the third stage, thus maintaining proper
flow distribution in the third stage.

Step 6 Determine the Concentration in the Third Stage

Calculate the concentration of sBOD in the third stage.
Employ 10 shafts in the third stage with a residence time of
0.29 h and an influent of 18 mg/L of sBOD.

-1 + VT + 4 (083 mg - h) (29h) (18 mgL)
2 (.083 Limg - b) (29h)

C; = 14 mg/L of sBOD
Check oxygen transfer in the third stage
AC = 18-14 = 4 mg/L O, transferred

4 mg O,/L x 160,000 L/h - shaft + shaft/100,000 sq ft
(9300 m?) = 6.4 mg Oy/h - sq ft (0.069 g Oy/h - m?)

6.4 mg O,/h - sq ft << 40 mg O,/h - sq ft
(0.069 g Oy/h - m? << 0.43 g O/h - m?)

The capability of the contactor to transfer oxygen is more
than six times its requirement in the third stage. To offset
this excess oxygen transfer capability, it is proposed that
the effluent from every two contactors in stage two be
combined and directed to one contactor in stage three that
is modified to contain the same volume as two standard
RBC tanks. That is, a contactor with 100,000 sq ft (9300 m?)
is set in a 24000 gal (90 m?) tank in lieu of two contactors
with 100,000 sq ft (9300 m2) each set in two tanks which
contain 12000 gallons (45 m3) each. This approach will re-
duce the contactors in stage three from 10 to 5. Savings will
be achieved in capital expenditures by eliminating 5
contactors valued at $40,000 each or $200,000. Further
operating savings will be obtained by cutting the power re-
quirements in half for the third stage by eliminating half
the contactors that would normally be specified and sav-
ing more than $9,000/yr in electrical power costs.

C; =

Step 7 Determine the Number of Shafts in Stage Four

Only 5 shafts will be specified for stage four. The same
analyses that was used to specify 5 contactors in stage three
also applies to stage four. Each contactor sets inside a tank
that contains twice the standard volume [24000 gal (90 m?)
in lieu of 12,000 gal (45 m?)] to maintain an adequate mix
time of 0.29h or 17 minutes and a controlled flow by di-
recting the flow from each RBC in stage three toan RBC in
stage four.

Step 8 Cal

The calculation of the concentration in stage four again
uses a residence time of 0.29h with an influent concentra-
tion of 14 mg/L.

_ =1+ +/1 + 4(.083 L/mg/h) (.29h) (14 mg/L)
2 (.083 L/mg - h) (.29h)

C, = 11 mg/L of sBOD

The final effluent concentration is estimated at 11
mg/L of sBOD or an assumed TBOD level of 22 mg/L.
Forty shafts are required to treat 10 MGD (38,000 m?/d) to a
level below 25 mg/L of TBOD. The arrangement consists
of 20 shafts in the first stage, followed by 10 shafts in the
second stage and 5 shafts each in the third and fourth

late the C

ation of Stage Four

C,
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stages. However the tankage in the third and fourth stages
equal the tankage in the second stage as well as the same
hydraulic residence time.

Diurnal Variation

The effect of changing conditions, such as flow can be
analyzed by the second order rate expression or by oxygen
transfer if this factor becomes the limiting condition. We
assumed an increase in flow of about twice the design
flow for diurnal variation and, vice versa, we assumed a
drop in the flow of half design flow because of diurnal
variation. This differential increase or decrease in flow
can be taken into consideration by a kinetic analyses. The
overall daily effluent is calculated to determine if the
final effluent quality is being compromised by relying
upon average conditions to specify equipment require-
ments without any consideration for diurnal variations.

The analysis for determining the effect of a diurnal flow
variation between 50 and 200% of design flow is based on
a second order rate expression to calculate the effluent
quality.

With a 200% increase in flow, the reaction time will be
reduced to 50% of the residence time at design flow. Con-
versely the reduction of flow at 50% of design will double
the residence time in each stage. The diurnal effects of
flow variation on residence time are shown in Table 1.

The reaction times are then inserted into the 2nd order
rate expression to determine the concentrations in each of
the four stages for both low flow and high flow condi-
tions. The reaction rate constant remains at 0.083 L/mg - h
and the initial concentration is assumed at the same level,
60 mg/L of sBOD.

An example for determining the concentration of sBOD
in stage one with a flow of 200% of design flow is shown
below

-1+ VT + 4 ktCo
O s Y= T 20
2 kt
where
k =0.083L/mg-h
Co = 60 mg sBOD/L
t = .28h at 200% design flow
C = -1 + /1 + 4(.083) (.28) (60)
L=

5(,083) (28)
C,; = 34 mg/L of sBOD

Past work has shown that the RBC are capable of
transferring a maximum of 40 mg Oy/h - sq ft(0.43 g O,/h *
m?). This limitation on oxygen transfer needs to be as-
sessed to insure that the process remains only kinetically
limited during the periods of high diurnal flow.

An example of the calculation to determine whether the
process is kinetically limited or oxygen transfer limited is
again illustrated below:

(60 mg/L — 34 mg/L) = 26 mg/L of sBOD removed or O,
transferred

26 mg/L x 3.8 L/gal x 12000 gal/0.28h + 100,000 sq ft =
42 mgOy/h - sq ft
(26 g/md X 45 m¥0.28h + 9300 m? = 0.45 g Oy/h - m?)

TABLE 1. EFFECT OF DIURNAL FLOW ON RESIDENCE TIME

Time in Stage  Design flow  50% Design  200% Design
t, h 57 1.14 28
t;, h 28 57 14
t;, h 28 57 14
ty, h .28 .57 14
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Since the oxygen requirement is 42 mg/h - sq ft(0.45 g O,/h
- m?) and a RBC can only transfer 40 mg O,/h - sq ft(0.43 g

Oy/h - m?) the process is assumed to be oxygen transfer lim-

ift(;d and the concentration in the first stage is calculated as
ollows:

40 mg/h - sq ft x 100,000 sq ft x .28h/12000 gal x
gal/3.8L = 24 mg/L of O,

60 mg/L — 24 mg/L, = 36 mg/L of sBOD which is the esti-
mated concentration in the first stage which is
controlled by oxygen transfer.

Using the concentration in stage one as the influent to
stage two, calculate the concentration in stage two using
the 2nd order rate equation.

-1+ VI +4kgC,
C, =
2k,
c. = ~L+ VI 47083)(14) (36)
= 2(.083) (14)
C, = 27 mg/L

AC = 36-27 = 9 mg/L of sBOD removed or O,
transferred

Since the residence time in stage two is only half the resi-
dence time in stage one, arecheck of the O, transfer limita-
tion is required.

9 mgO,/L X 3.8 L/gal x 12000 gal/.14h + 100,000 sq ft =
29 mgO,/h - sq ft
(9 g O,/L x 45 m%0.14h + 9300 m? = 0.31 g O,/h - m?)

which is below the 40 mg O,/h - sq ft(0.43 g O,/h - m?) that
the contactor is capable of transferring; therefore the sec-
ond stage is reaction rate limited and the concentration is
calculated by the second order rate expression.

Since the residence time in stages three and four equals
the residnce time in stage two and the concentration in
stage two is greater than the concentrations in stages three
and four, the oxygen transfer rate or the sBOD removal rate
in stages three and four will be less than stage two and will
be chemical reaction rate limited. The concentrations for
stages three and four can be calculated by the 2nd order
rate expression and it will not be necessary to check for ox-
ygen transfer limitation because the influent concentra-
tion in stages three and four are less than stage two.

The results are shown in Table 2 for the 50% and 200% of
design flow and also for the combined analyses involving
both O, transfer and kinetics as the limiting factor.

If these results are weighted over 24 hours, the mean
sBOD of final effluent is conservatively estimated by as-
suming that both high and low flows occurs for 6 hours
and design flow occurs for 12 hours.

(12 x 11) + (6 x 6.5) + (6 x 18)
Cetf = 24

= 12 mg/L sBOD = 24 mg/L of TBOD

TABLE 2. CONCENTRATIONS AT DIURNAL FLOW CONDITIONS

200% Design  200% Design*
50% (kinetically O, & kinetically
Design Design limited) limited
C,, mg/L 60 60 60 60
C,, mg/LL 26 20 34 36
C,, mg/L, 18 12 26 27
C;, mg/LL 14 8.5 21 22
C,, mg/L 11 6.5 17 18
* Predicted concentrations
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The overall effect of diurnal variation is to increase the
final effluent quality from 11 to 12 mg sBOD/L or from 22
to 24 mg TBOD/L which remains below the desired level
of 25 mg/L of TBOD.

SUMMARY

The 2nd order design method specified a total of 40
contactors arranged into 20 contactors in the first stage,
followed by 10 contactors in the second stage and 5
contactors with twice the hydraulic volume in the third
and fourth stage.

The 2nd order approach for designing RBC systems em-
ploys chemical kinetics good engineering practice and
operational simplicity to design a cost effective RBC
process.

o The kinetics governed the number of contactors and

stages.

o The organic loading limitation governed the number
of contactors in the first stage.

¢ Good engineering practice was applied by designing
below the recommended organic loading of 2.5
Ibs/d - k sq ft (12 g/d - m?) to avoid nuisance growths;
and by employing a minimum 15 minute hydraulic
residence time in each stage to achieve completely
mixed conditions.

e Operational simplicity was applied by using
controlled flows into the first stage and then speci-
fying the number of contactors in succeeding stages
to insure equal hydraulic residence time without
using flow monitors and controllers.

e Costeffectiveness was achieved by removing halfthe
contactors in the final two stages, while maintaining
the tankage and hydraulic residence time to achieve
the required reaction kinetics.

MANUFACTURERS DESIGN METHOD

The design of the RBC facility using second order kinet-
ics can be compared with a method outlined in a Design
Manual [5]. A RBC facility was designed with the Design
Manual using the identical plant conditions that were
specified for the illustrative example using second order
kinetics.

The design curve displayed in Figure C-1b showing the
effluent soluble BOD at various hydralic loadings was
used to determine the surface area requirements. To
achieve a sBOD level of 12 mg/L. with an influent con-
taining 60 mg/L requires a hydraulic loading below 3.5
gpd/sq ft (140 L/d - m?).

10,000,000 gal/d + 3.5 gal/d - sq ft = 2,900,000 sq ft
(38 x 108 L/d + 140 L/d - m? = 270,000 m?)

150* 1004 804 60%  50° 454 402 354

25

20 0h

“
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EFFLUENT SOLUBLE BOD, mg/

WASTEWATER TEMPERATURE > 55°F

4 INFLUENT SOLUBLE BOD, mg/!

T T T T T T T

0 1 2 3 4 s s 7. 8 9
HYDRAULIC LOADING, gal/day/ft

Figure 1. Domestic wastewater BOD removal.
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Since there are 100,000 sq ft (9300 m?) per contactor, the
total number of contactors required to treat 10 MGD
(38,000 m?d is obtained as follows:

2,900,000 sq ft + 100,000 sq ft/contactor = 29 contactors
(270,000 m? + 9300 m?/shaft = 29 shafts)

The shafts required in the first stage are determined by
using the Design Manual’s recommended loading rate of 4
Ibs sSBOD/d - k sq ft (20 g sSBOD/d - m?) (5)

60 mg/L = 60 1bs sBOD/10¢ Ibs % 8.3 Ibs/gal x 10¢ gal/d
= 5000 1bs/d
(60 mg/L. = 60 g/m® x 38,000 m¥d = 2300 kg/d)

5000 lbs/d + 4 lbs/d - k sq ft = 1,250 k sq ft = 13
contactors

(2300 kg/d x 1000 g/kg +~ 20 g sBOD/d - m? + 9300
m?¥shaft = 13 shafts)

Table C-2 in the Design Manual recommends two or
three stages when the design effluent lies between 10 and
15 mg/L of sBOD.

The use of 13 shafts in the first stage leaves 16 shafts for
the following two stages. The second stage limitation
specified by the Design Manual required that the surface
area be at least 50% of the surface area of the first stage.
This condition is met if the remaining 16 contactors are
equally divided between the second and third stage.

Overall the Design Manual would specify 13 contactors
in the first stage followed by 8 contactors each in the sec-
ond and third stages.

Diurnal Variation

The daily efluent quality that must be produced by the
RBC process is governed by the diurnal variation that was
specified for this illustrative example. The low flow con-
dition produces an effluent with a concentration that is
below the lower limit on the design curve in Figure C-1B.
The lowest concentration is 5 mg/L and this value used to
calculate the daily efluent quality.

At 200% of design flow the hydraulic loading rises to 7.0
gal/d - sq ft (280 L/d - m?). The effluent concentration at
this hydraulic loading is beyond the limits of the design
curve displayed in C-1B. The maximum hydraulic loading
that can be used with an influent of 60 mg/L is 5.0 gal/d - sq
ft (200 L/d - m?) At this hydraulic loading the effluent con-
centration is 25 mg/L. Assuming the hydraulic loading rate
at 200% of design flow is 5.0 gal/d - sq £t (200 L/d - m?) then
the hydraulic loading at design flow is 2.5 gal/d - sq ft (100
L/d - m?). At 2.5 gal/d - sq ft (100 L/d - m?) the effluent con-
centration is 7 mg/L. The hydraulic loading at low How
conditions is 1.2 gal/d - sq ft (49 L/d - m?); the predicted
effluent remains at the minimum level of 5 mg/L. which
corresponds to the lower limit displayed in curve C-1B.

The daily efluent quality is calculated by assuming 6
hours of operation at 50% and 200% of design flow and 12
hours at design flow. The daily effluent quality based on
these conditions is calculated as follows:

Cer = (6h x 5 mg/L) + (12h X 7 mg/L)
+ (6h x 25 mg/L)/24h = 11 mg/L

TaBLE C-2 (5)
RECOMMENDED PROCESS STAGING FOR MAXIMUM SURFACE
AREA EFFECTIVENESS

Design Effluent Recommended Minimum

sBOD, mg/L No. of Stages
<10 3or4
10-15 2o0r3
15-25 lor2
>25 1
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The surface area, or the number of contactors required to
achieve this level of treatment is then calculated by using
the hydraulic loading of 2.5 gal/d - sq ft at design flow.

10,000,000 gal/d + 2.5 gal/d - sq ft = 4,000,000 sq ft =40
contactors
(38 x 10¢ L/d + 100 L/d - m?* = 380,000 m? =~ 40
contactors)

Forty contactors are required to achieve a final effluent
quality of 11 mg/L of sBOD with diumal flow variation
that range from 50 to 200% of design flow by using the De-
sign Manual and keeping the conditions within the limits
shown on the design curve (Figure C-1B). The results on
the total number of contactors yield the same outcome re-
gardless if 2nd order kinetics or the Design Manual is used
to specify the number of contactors.

The first stage surface area requirements can be esti-
mated by using the curve displayed in Figure C-2B of the
Design Manual. The overall soluble BOD loading is calcu-
lated as follows:

60 mg/L =~ 601bs/10%1bs x 8.3/gal x 108 gal/d + 4,000k sq
ft = 1.2 Ibs sSBOD/ - k sq ft

(60 mg/L. x 38 x 108 L/d X m*/1000L + 380,000m> =6 ¢
sBOD/d - m?)

A minimum of 30% of the total media area is needed in
the first stage or at least 12 contactors. Table C-2 in the
Design Manual recommended that two or three stages be
used to achieve a final effluent between 10 and 15 mg/L.
In this case two stages would be specified with 20
shafts/stage to provide positive flow control and keep the
number of contactors at a minimum.

A comparison of two design methods is displayed in
Table 3.

TABLE 3. COMPARISON OF DESIGN METHODS

Second Order Envirex

Flow, mgd 10 10
Diurnal flow variation, % 50-200 50-200
Influent sBOD, mg/L 60 60
Contactors 40 40
Stages, no. 4 2
Hydraulic loading, gpd/sf 2.5 (100) 2.5 (100)

(L/d - m?)
1st stage organic loading, 2.5 2.5

Ibs/d - ksf

(g/d - m?) (12) (12)
Effluent at design flow, mg/L 11 7
Effluent at 50% flow, mg/L. 6.5 <5
Effluent at 200% flow, mg/L 18 25
Daily effluent, mg/L, 12 11
Overall residence time, h (min) 1.44(86) 1.44(86)
1st stage residence time, h (min) 57(34) 57(34)
2nd stage residence time, h (min) 29(17) .57(34)
3rd stage residence time, h (min) 29(17) —
4th stage residence time, h (min) 29(17) —
Average flow operation

Influent, mg/L 60 60

1st stage concentration, mg/L 26 25

2nd stage concentration, mg/L. 18 7

3rd stage concentration, mg/L 14

4th stage concentration, mg/L 11
50% flow operation

Influent 60 60

1st stage concentration, mg/L 20 7

2nd stage concentration, mg/L 12 <5

3rd stage concentration, mg/L 85

4th stage concentration, mg/L 6.5
200% flow operation

Influent 60 60

1st stage concentration, mg/L 36 indeterminate

2nd stage concentration, mg/L, 27 25

3rd stage concentration, mg/L 22

4th stage concentration, mg/L 18
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SUMMARY

The 2nd order kinetic design method was used to illus-
trate a design approach for specifying and arranging RBC.
It provides the designer with a comprehensive analyses of
the RBC process. By analyzing the average conditions and
the expected overloads, such as the effect of effluent qual-
ity by diurnal flow variation, the designer has a better un-
derstanding of the capability of the process. These analy-
ses can then be incorporated into the operating document
which will enable operators to better understand the limits
of the process and to seek remedies whenever conditions
fall outside the limits.
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The Effect of Magnesium-Based Additives
on Particulate Emissions from Qil-Fired

Power Plants

Detailed experimental results of a wide research program carried out at the
University of Seville, Spain.

L. Salvador-Martinez, V. Cortés-Galeano, E. Sinchez-Peiia, and P. Garcia-Caballero, University of Seville, Spain

The lack of information regarding the characteristics of
particulate emissions from heavy fuel-oil combustion in
large boilers has, in the last few years, sparked off an inves-
tigation into their genesis and nature. Moreover, particu-
late regulations are being imposed in many countries, re-
stricting emissions from oil units which usually lack
air-pollution control devices [1]. The need to understand
the factors influencing the load and composition of partic-
ulates in flue gases is of the utmost importance if we are to
comply with emissions standards.

Research has mainly been directed to determining com-
pound forms [2, 3, 4], to investigating the distribution and
mean diameter of particles [5, 6], to assessing the effect of
combustion modification [7], and to identifying relevant
fuel-oil properties [8, 9, 10, 11] etc. . . . To summarize, par-
ticulates produced by heavy fuel-oil combustion belong to
three types: smoke (submicron carbon particles), ceno-
spheres (non-volatile carbonaceous residue of spray drop-
lets), and ash residue (mostly sulfates in the soluble phase
and oxides in the insoluble one). Combustion conditions
(excess air, flue-gas recirculation) mostly affect the first
two categories, while the third is related to ash content in
the fuel. Asphaltenes, Conradson carbon residue, and sul-
fur seem to be the main characteristics of residual fuel oil
which affect total particulate emissions. There has been a
growing tendency in the last few years to use magnesium-
based additives in oil-fired boilers for a number of rea-
sons: to control high-temperature corrosion of metal sur-
faces; to reduce acid-smut emissions; to protect the “cold
end” of the boiler; and to permit reduced flue-gas exit
temperature. Both “front-end” additives (injected with the
fuel or as slurries in the combustion chamber) and “back-
end” additives (powder which is usually, although not al-
ways, injected upstream of the air heaters) have an effect
on the amount and composition of particulate-matter emis-
sions. This effect is derived not only from the increased
amount of un-converted and converted additives present,
but also from the possible interaction with other conver-
sions taking place in the boiler. In any case, the impor-
tance of evaluating the influence of magnesium-oxide
treatment in emission is evident.

To improve present knowledge of characteristics of par-
ticulate emissions from large-size boilers, in particular the
role played by magnesium-oxide slurries, research was
carried out with the following main objectives in mind:

e To identify the elementary chemical composition of

emissions from a large boiler burning heavy fuel-oil

e To define the differences caused by the use of MgO
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slurries regarding both quantity and characteristics
of emissions

e To study the boiler’s transient response to sudden
changes in additive dosage

The use of different fuel-oil during the experiments has

given cause to discuss the following aspects:

e Thejoint presence of carbon and sulfur in particulate
matter

e The influence of certain characteristics of fuel-oil in
emissions

EXPERIMENTAL
Test Boiler

The oil-fired power plant used in this study was of the
pressurized type, built in 1972 and initially rated at 778 t/h
of steam continuous duty at a pressure of 170 kg/cm? and
temperature of 540°C (1004°F) with rotary air preheaters.
During this research study, maximum load levels were
kept constant and excess oxygen ranged from 1 to 1.5%
volume.

Emissions tests were carried out in unusual blowing
conditions designed to continuously sweep the whole
boiler. Thus, results obtained concerning flue-gas partic-
ulate loading are not representative of normal operating
blowing intensity.

Additive

A magnesium oxide-based additive (minimum 92% wt.
MgO, mean diameter 10 pm, specific surface 20 g/m?) was
injected as a water slurry (9% wt.) into the combustion
chamber of the boiler. Two dosages were tested: 20 kg/h
and 53 kg/h.
The history of additive use, which is important as re-
gards our conclusions as to transient responses, was as
follows:
e An additive injection several months prior to cases 1
and 2 (see Table 2):

e 2.5 months without any additive injections between
cases 3-4 and case 5.

e Seven days of additive use between cases 6 and 7.

Particulate Sampling

Flue-gas particulate sampling was carried out iso-
kinetically in the circular stack of the boiler using two
10-cm (4 in.) ports at 90°. According to the Environmental
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Protection Agency’s published methodology, ten points
were located in the same circular section. They were used
to establish velocity and temperature profiles and also to
collect samples. A modified EPA method 17 sampling
train was used; an in-stack stainless steel filter holder,
suitable for a 55-mm ultrapure Whatman QM-A quartz
filter, was placed after a standard hook-type stainless steel
nozzle with a diameter which was chosen according to
stream conditions. Time was allowed for the filter holder
to heat up to stack temperature before sampling.

Differences in stack velocity and particulate loading
were observed in both sampling diameters in preliminary
tests. In order to minimize total sampling times, which is
particularly interesting in transient-response research,
simultaneous particulate collecting was done by means of
two identical units running independently. The weighing
for total particulate and analytical determinations was
done separately for the material on each filter, and aver-
age values for these were calculated.

Analytical Procedures

The elementary analysis of particulates. The samples

were analyzed following a procedure used by the
Brookhaven National Laboratory [10] which carries out
species separation on the basis of water solubility. How-
ever, only four elements, Mg, V, Fe, and Na, were deemed
necessary for this study. Concentrations in both soluble
and insoluble phases were determined. According to pre-
vious studies made by Henry and Knapp [2], water-soluble
compounds of the above mentioned elements have been
assumed to be sulfates, while those in the insoluble phase
have been considered to be oxides. Insoluble carbon and
insoluble sulfur were determined by means of a LECO
unit, model CS$-244.

The microscopic examination of particles. An HITACHI
HHS-2R scanning electron microscope was used to ob-
serve the samples. This device was provided with an
EDAX dispersive energy X-ray analyzer.

Fuel Analysis. Fuel samples were taken during the test

periods. Sulfur was measured by combustion analysis ac-
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cording to ASTM D. 1552; asphaltenes were determined
following IP 143; and Conradson carbon was determined
from Ramsbottom (ASTM D. 524). Metals of interest were
analyzed by atomic absorption spectrometry. Figure 1
shows the values obtained for sulfur, asphaltenes, carbon
and vanadium; Table 1 lists the concentrations of Na, Mg,
Fe, and V in the fuels burned.

RESULTS AND DISCUSSION
Additive Effects

Tables 2 and 3 show the chemical composition of
particles emitted in two groups of four cases; the main dif-
ferences are due to the various fuel oils burned and to the
use or not of the additive in different dosages. Less atten-
tion, however, was paid to excess combustion air and fuel-
oil atomization temperature in relation to other operating
conditions. Cases 3, 4, 6, and 8 correspond to situations
that are practically permanent after changes have been
made in additive injections. In all the cases, the data
shown are taken from an average of at least four samples.

Due to the above-mentioned reasons, the results
showed a marked difference between the experiments in
Tables 2 and 3. For type A fuel oils without additive (cases
3 and 4), emissions are reduced by 17% when excess oxy-
gen is increased by 0.5%. Using 20 kg/h of additive (cases 1
and 3), total emissions are increased by about 24%. The in-
soluble fraction, which is more than 70% of the total, is
made up mainly of unbumed carbon (up to 85%), the rest
being almost completely sulfur. The carbon contentis very
sensitive to the amount of excess oxygen. The soluble frac-
tion presents greater differences in composition in cases
with and without additives. In particular, in those cases
with additive injection, magnesium sulfate takes up about
32% of the water soluble phase. Vanadium compounds,
taken to be VOSO,, are also important in this phase,
reaching 15% without the use of the additive.

When type A and type C fuel oils are burned and there is
a large additive dosage (53 kg/h), higher emissions which
always exceed 400 kg/h are observed (see Table 3).

This increase between cases 7 and 6 is almost com-
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Figure 1. Main characteristics of burned fuel oils.
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TABLE 1. METALS IN FUEL OILS BURNED

Fuel Oil Type A, A, B Cy C,
Na, ppm 46.6 42.3 67.0 56.6 43.6
Mg, ppm 5.0 49 3.3 3.0 2.0
Fe, ppm 14.0 10.7 14 2.3 1.6
V, ppm 118 136 98 110 104

pletely due to unburned carbon and cannot be explained
only by the changing of fuel oils. We should consider the
possible influence of an undetected operating problem
during the experiments.

The insoluble fraction (70% without additives) goes up
by 10% when MgO is introduced. As pointed out before,
there exists a very high percentage of unburned material:
90% with additive and 85% without.

This reduction, which is caused by the presence of MgO
and other unidentified compounds in the insoluble
phase, is not real in absolute terms. For the same fuel oil,
the amount of unburned carbon is slightly higher when the
additive is injected. From the above result, therefore, it
could be seen that there might be some type of interfer-
ence between the combustion process and the additive.

Nevertheless, it may not be concluded that this substan-
tial increase in the soluble fraction is a result of the addi-
tive injection (53 kg MgO/hr), which is partially converted
into sulfate inside the plant. This salt does exceed 40% of
the soluble phase (cases 6 and 7), but it is obvious that the
suppression of the additive does indeed favor the emission
of unidentified soluble compounds, and in noticeable
proportions, too.

In short, the additive gives rise to an increase (of about
20%) in emission levels in the cases of fuel oil A-20 kg/hr
and fuel oils B/C-53 kg/hr. This amount results from sev-
eral opposed effects:

e Higher emissions of soluble and insoluble magne-

sium derivatives.

e Higher emissions of unburned material.

e Lower emissions of other soluble compounds.

These effects are illustrated in Table 4, where case 5’
corresponds to a sample taken four hours after starting ad-
ditive injection and case 7' corresponds to a sample col-
lected 6.5 hours after cut-off.

Observations made with the scanning electron micro-
scope have shown the almost exclusive presence of ceno-
spheres with diameters between 10 and 100x (Figure 2).
Their aspect is normal, i.e., a solid skeletal particle, full of
void spaces, resulting from the vaporization of volatile
components and incomplete burning of highly carbona-
ceous residue. The elementary composition, as given by
the EDAX, shows the presence of carbon, sulfur, and, toa
lesser extent, vanadium in the cenospheres.

Samples obtained during additive periods show a very
small number of additive particles (of a mean diameter of
15-201), whose outer layers are composed of magnesium
sulfate. These particles (Figures 3 and 4) show a compact
surface of reaction product. Should this layer develop
controlling diffusional resistance, the resulting shrinking-
core reaction model might explain the observed conver-
sion levels (see next paragraph).

Tronsient Resp

The results considered in preceding paragraphs were
obtained while the boiler was kept in steady operating
conditions, especially regarding additive injection in the
combustion chamber. In order to evaluate the effects pro-
duced on the quantity and characteristics of emissions by a
sudden disturbance of additive conditions, the evolutions
of several relevant parameters were studied in two experi-

to Step Ch in Additive Injection
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ments of step changes in dose from 0 to 53 kg MgO per hour
and vice versa.

Curve 1 in Figure 5 shows the evolution of total magne-
sium (as soluble sulfate and insoluble oxide) emissions in
particulate form after the step input, which is equivalent to
31.8 kg Mg per hour.

The additive injection took place 2.5 months after the
last cut-off. Curve 2 in Figure 5 represents the response of
soluble magnesium (magnesium sulfate produced by reac-
tion between the additive and SO;) expressed as a percent-
age of total particulates.

The additive effects concerning conversion into MgSO,
are fast. The mean residence time for this compound is
about 2 hours, while for total magnesium it is 5 hours. The
steeper slope of curve 1, compared with that of curve 2 par-
ticularly aftert = 6 + 8 hours, shows a relative reduction in
the conversion degree with proximity to steady state. This
fact may be explained by an initial accumulation of the ad-
ditive in the boiler’s surface which is later swept out by
blowing, thus having longer permanence times. Near
steady state, the additive accumulation rate is stabilized
and the mean residence time in the boiler reaches a mini-
mum. The values for steady state show that about a third of
the magnesium injected as additive (31.8 kg/h) remains in
the boiler; the rest is emitted in particulate form. The con-
version observed is 33% (mol).

Curve 1 and 2 in Figure 6 show the evolution of both pa-
rameters (total as soluble magnesium) after the cut-off of
additive injection, for t = 0 after a 7-day additive period.
The mean residence times for total magnesium are now
shorter(down to 1.5 hours) and the response curve for solu-
ble magnesium is much more damped. The faster response
for total magnesium could be explained by boiler accumu-
lation; indeed, this fact should produce a damping effectin
start-ups and the opposite in shut-downs. The slow evolu-
tion of the soluble fraction would be caused by a sequen-
tial out-flow (by means of blowing operations) of magne-
sium coming from the boiler’s surfaces which are exposed
to flue gases; in this case, residence times should be
longer, thus allowing a higher conversion into sulfate.

As a direct result, it must be admitted that the effects of
SO, on the flue gases by the retained additive last for sev-
eral days, and the internal layers of additive will go on pro-
tecting the surfaces against corrosion for even longer peri-
ods (probably months).

Figure 7 shows the boiler’s response regarding total par-
ticulate emission to additive cut-off at t = 0 after a 7-day
additive period. Concentrations have been referred in re-
lation to their initial value, C,, before the disturbance in-
put. Continuous blowing of the boiler (over a period of
about two hours) produces fluctuations in the emissions
level. The boiler’s response time, with reference to this
variable, may be estimated about 20 and 22 hours; from
this value, therefore, an important degree of back-mixing
and accumulation in the plant may be concluded.

As stated, the additive contributes up to 20% of total
emissions. The direct responsibility for converted and un-
converted derivatives may be calculated at 50% of this
figure.
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TABLE 4. EFFECTS OF ADDITIVE INJECTION ON PARTICULATE EMISSIONS

Case 5 5 7 7
Additive No Yes (1) Yes No (2)
Kg/h Kg/h Kg/h Kgh
Particulate Emissions 500 586 696 607
Water Insoluble 351.7 454.5 560.2 495.3
C 325.7 3974 472.7 463.6
S 19.1 23.1 28.9 27.5
Mg as MgO 0.8 84 13.9 14
Others 6.1 25.6 44.7 2.8
Water Soluble 148.3 121.5 135.8 101.4
Mg as MgSo, 1.8 38.1 62.9 20.0
Others 146.5 83.4 72.9 814

(1) 4 hrs after starting up
(2) 6.5 hrs after cutting off

The Carbon/Insoluble Sulfur Ratio

Table 5 lists the mean values of the unbumed carbon/
insoluble sulfur ratio (w/w) in particulates. The figures for
cases 5-8 are slightly higher than those for experiments

Figure 2. Cenospheres.

20 microns

Figure 3. Additive particles whose outer layers are composed of magne-
sium sulfate.

Environmental Progress (Vol. 5, No. 1)

1-4. Within the latter group, testing with 1.5% excess oxy-
gen gives the smallest values; this could show a differen-
tial increase in the combustion rate of carbon with respect
to sulfur. With available data, it cannot be concluded that
additive injection produces a substantial modification in
the ratio.

The Effects of the Fuel Oil

Figure 8 shows total emissions (kg/hr) vs. asphaltenes
plus Conradson carbon residue for fuel oils burned (with
the exception of case 7), for the previously mentioned rea-
sons. Our research was directed mainly to investigating
additive effects, so no special attention was paid to the fuel
oils used. This explains why only limited conclusions can
be reached. According to Goldstein and Siegmund [9], a
relative proportionality between total emissions and both
fuel parameters may be observed for the experiments done
without additive and with 1.5% excess oxygen.

From the above-mentioned graph, one may also deduce
that it becomes necessary to reduce the asphaltenes +
Conradson content in the fuel by at least 1% to keep the
emissions constant when using additive (20 kg MgO/hr).
This is true only if the excess oxygen is increased simulta-

Figure 4. Additive particles.
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neously by 0.5% (A,-1% without additive as against
A,-1.5% with additive). If the excess oxygen is to be re-
duced from 1.5% to 1.0% and the emissions are to be kept
constant after using the additive, then the asphaltenes +
Conradson content must be decreased by 2% (C,-1.5%
without additive as against A,-1% with additive).

The C/S correlation for particulates is shown against
asphaltenes + Conradson/sulfur (wt./wt.) in fuel oil. This
is, to a certain extent, inexact, as it would be more correct to

62 February, 1986

use the amount of sulfur that is really present in the
asphaltenes + Conradson; the rest, in the volatile frac-
tions, is easily transformed into SO, and SO;. In spite of
what has been said above, the slope of the graph is about 3.
Precise knowledge of the sulfur distribution might allow
conclusions to be reached concerning preferential enrich-
ments derived from the combustion process.

Bachman and Siegmund’s correlation [10] gives values
for the fuel oils burned that differ from those obtained

Environmental Progress (Vol. 5, No. 1)
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Figure 8. Particulate emissions as function of fuel asphaltenes plus

d

carbon

through experiments. It must be realized that the interfer-
ence caused by the additives in the mechanisms generat-
ing sulfur derivatives (second term in the correlation) and
unburned carbon (third term) are of a type that require
stipulating new parameters if the principles inspiring this
correlation are deemed valid.

Research is currently being carried out along these lines

Environmental Progress (Vol. 5, No. 1)

at the Dept. of Chemical Engineering of the University of
Seville.

CONCLUSIONS

1. The injection of MgO water slurries into the combus-
tion chamber of a boiler causes an increase in emission lev-
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els of about 20% when the additive rate is 53 kg MgO/hr ~ ACKNOWLEDGMENTS

and the fuel oil burned is 3.0% sulfur, and 17% asphaltenes
+ Conradson. The same value was found for 20 kg MgO/hr
and 2.8% sulfur, 13% asphaltenes + Conradson fuel oil.

2. Additive use produces:

e Higher emissions of soluble and insoluble magne-

sium derivatives

e Slightly higher emissions of unburmed material

® Lower emissions of other soluble compounds

3. Should the outer layer of magnesium sulfur in addi-
tive particles develop a controlling diffusional resistance
to further reaction, the resulting shrinking-core reaction
model might explain the observed conversion levels.

4. The study of the boiler’s transient response to step
changes in additive dosage shows that, after starting injec-
tion, accumulation of the additive takes place on the boil-
er’s surface, thus giving a damped response to input.

This accumulation produces a faster response after the
additive is cut off.

5. The values for steady state show that about one third
of the magnesium injected as additive (31.8 kg/h) remains
in the boiler; the rest being emitted in particulate form.

For those fuel oils tested (with the exception of type B),
with or without the use of additive, the following correla-
tion may be applied to carbon (C) and insoluble sulfur (S)
in particulates:

S(%) = 0.05 C (%) + 0.86
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Electricidad S.A., for their kind permission to publish this
study and gratefully acknowledge E. Catala, J. M. Sosa, A.
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Health Risk Comparison Between
Groundwater Transport Models and Field

Data

The potential of ground water contamination is one of
the major concerns over land disposal of hazardous waste.

Risk assessment requires information on groundwater concentrations
of contaminants at the exposure location. Results are presented
of case studies comparing health risk assessment and
plume delineation based on state-of-the-modeling and monitoring data.

Seong T. Hwang, Office of Research and Development, U.S. EPA, Washington, D.C. 20460

Proper management of solid and hazardous waste should
provide acceptable levels of human exposure to toxic
waste constituents released from disposal, treatment and
storage facilities into ground water. Frequent findings of
ground water contamination underscore the ability to con-
duct an adequate assessment of migration potentials of
contaminants as well as their harmful effects on human
health as a consequence of drinking the contaminated
water. To overcome the weakness in the present state-of-
the-art technique for conducting such assessment, current
regulatory approaches to waste management tend to em-
phasize control technology for waste containment, moni-
toring to detect contamination, and the alternate method of
setting contaminant limitations based on consideration of
short and long-term human health effects. There is a more
recent Congressional mandate (such as 1984
reauthorization of the Resource Conservation and Recov-
ery Act) totally devoted to waste characterization for the
purpose of banning toxic waste from disposal.

Despite these different conceptual approaches to waste
management, the basic need for predicting contaminant
migration has not diminished, but seems to be ever
growing. This is because exposure to contaminants that
have migrated or have potential to migrate needs to be as-
sessed for sound risk assessment, regardless of the concep-
tual approaches used.

This paper will present the methodologies that have
been used in conducting exposure assessments for sites
where ground water monitoring data show contamination,
and also where no field data are available. Ground water
monitoring data and transport models were used to deter-
mine the levels of contaminant concentrations in ground
water. Models used range from computerized models to
simple analytical models[3,4,6,7,8,9, 11, 13]. The paper
also presents the results of health risk assessment for pro-
tection of human health from carcinogenic and noncarcin-
ogenic effects based on the exposure assessments.

GENERAL METHODOLOGY

Assessing exposure to contaminants in ground water im-
pacted by waste facilities is a stepwise process which may
involve the following steps: (1) site characterization for
collecting relevant site-specific information, (2) collec-
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tion of available monitoring data, and (3) estimating con-
centrations at the points of exposure.

Monitoring data from the point of exposure should be
used wherever available for estimating the potential in-
takes of waste constituents. Since the concentrations in the
plume will be steadily changing, the concentrations moni-
tored at a well location are transient in nature. If the site is
releasing contaminants continuously, the plume dimen-
sions will grow, thereby increasing the concentrations at
the exposure point until steady-state concentrations are
attained.

Since monitoring data could be a measurement of dy-
namically changing plume dimensions, it is appropriate to
ascertain that the data represent steady state conditions at
the time of sampling. Unacceptable exposures, as indica-
ted by the monitoring data, should trigger further investi-
gation or some sort of corrective action for steadily growing
plumes, unless remedial measures have been completed
at the site. The monitored concentrations below an accept-
able exposure level do not always guarantee future safety
in protecting public health and the environment from ex-
posure to contaminants being released, until no further
growth in plume dimensions can be ascertained.

Monitoring data obtained from a facility operating over
an extended period of time may correspond to steady-state
concentrations. In such cases, any significant increase in
concentration in the future may be unlikely. Models can
be used to simulate the conditions existing in the ground
water environment, estimating transient and steady state
concentrations which may be attained.

The concentration at an exposure point determined from
monitoring data, or calculated from transport modeling can
be used to estimate the health effects on a short- or long-
term basis. A compilation of health effect data is available
which are derived from the weight of evidence on
carcinogenic effects, and short-term and chronic
noncarcinogenic effects.

One type of health effect model expresses the
carcinogenic effect as a linear relationship between dose
and effect, called the potency factor K(mg/kg - day)-!,
while noncarcinogenic effect data are used to derive ac-
ceptable daily intake (ADI, mg/day) dose below which no
adverse noncarcinogenic health effects can be observed.
Because of difference in body weight between an adult

Environmental Progress (Vol. 5, No. 1)



and a child, a 70 kg adult will require a higher ADI than a
10 kg child.

The risk(R) associated with the intake of contaminants in
normal 2 L/day of drinking water over a lifetime can be ob-
tained by

R=1-¢*

where D is the daily intake of a contaminant present in
drinking water per unit weight of human body (mg/kg -
day). When the cancer risk is less than 103, this formula
can be approximated by R = K - D.

ASSESSMENT USING MONITORING DATA

The data obtained from ground water monitoring wells
can be effectively used to conduct health risk assessment.
The concentration level will be different depending upon
the location of monitoring wells in relation to waste treat-
ment, storage and disposal facilities where contaminant
migration occurs. The concentration should be evaluated
to determine if the level is acceptable to prevent the
carcinogenic and noncarcinogenic health effects.

As indicated previously, the concentration variation is a
dynamic process being affected by hydrogeologic condi-
tions under which contaminant transport occurs, and
chemical and physical properties of the contaminants. The
concentrations are also changing in time and space unless
steady state conditions are reached. This consideration
should be important in making conclusions on health ef-
fect consequences based on monitoring data. The results
based on transport modeling will be helpful in deter-
mining the degree of variation in health risk assessment
over a time period of interest.

ASSESSMENT USING MATHEMATICAL MODELING

Although the usefulness of mathematical modeling as an
important tool in predicting contaminant migration in
ground water has long been recognized, reluctance on its
use relates to the depth of understanding of fundamental
processes that control fate and transport, and legimate con-
fusion stemming from “too many” available models that
can be found in the literature.

Before resorting to mathematical modeling, it is critical
to define the objective of using it. This process is impor-
tant in selecting appropriate models among various mod-
els available in the literature, as well as in defining the
significance of assigned values for chemical, physical and
hydrogeologic parameters that affect transport processes.
The objective could be one or more of the following:

1. To compare monitoring data with calculated results.

2. To estimate the dynamic nature of monitored plumes.

3. To estimate concentration levels in the absence of
monitoring data.

4. To compare the results of different models.

5. To compare the results based on different parameter
values.

Whatever the resulting solutions of the models may be,
the starting equation describing the fate and transport of
contaminant in ground water is obtained by writing a ma-
terial balance around an infinitesimal flow element in
the aquifer. For steady flow through a uniform aquifer me-
dium, the partial differential equation takes the form

aC 3*C 8*C
Regr=Dege * Dy
9°C aC
+D, - V———kRC (1)

where C = concentration of a contaminant at a ground
water location x(cm), y(cm) and z(cm), g/cm?; V = seepage
velocity, cm/s, which can be obtained by dividing Darcy’s
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velocity by porosity €; R, = retardation factor: D, D,, D, =
effective diffusion coefficients in x, y and z directions, re-
spectively, cm?/s, which are normally expressed by the re-
lationships D, = @,V,D, = &,Vand D, = a,V, where arep-
resents dispersivity in the respective direction; ¢ = time in
sec., and k = biodegradation constant, 1/s.

Different models result not only because Equation (1) is
solved analytically or numerically, but also because it is
solved under the assumption of one, two or three dimen-
sional transport problems depending upon the simplica-
tion needed. There are also numerous computer codes,
some being proprietary, simulating ground water transport
by numerically solving Equation (1) coupled with flow
equations and appropriate boundary conditions [6, 7, 9]. A
computer code in the public domain makes use of a tech-
nique tracking particles initially placed in grid cells [9].
Also many of the analytical solutions have been docu-
mented [4, 8, 13, 15].

Since one or two dimensional solutions are often
unrealistic for three dimensional aquifer problems, a few
three dimensional solutions which can be easily used in
exposure assessment are presented herein. Because of
space limitation, the technique of numerical solution is not
explained in this paper.

The analytical solution to the three dimensional trans-
port model Equation (1) under the condition of a continu-
ous point source discharge is taken from Turner’s solution
[12], and takes the following form:

Vx

Cno 2D,
Cx, ,Z58) = ———e———e "
K 4meRVD,D,
UR
{ e_ﬁ”—erfc( Ut+—_RLR)
V4R,R,t
UR
+e P erde( LR
where V4RD;t
; ; D, |, D, , 4D, L
Rl=x‘+T)”—yl+ﬁ:—z‘;U=V<l+—V§" )

The expression for steady state concentration can be easily
obtained from Equation (2) by letting ¢ —> =, and using erf
(0) = 0.

The release from land disposal facilities does not in gen-
eral approximate the point source assumption, unless it oc-
curs in a form of leakage through a punctured hole in con-
taining liners. Leakage from underground storage tanks
may often resemble point source release. Since the release
from land disposal facilities impacts ground water from an
area on the top of flowing water rather than in a form of
point source release, Equation (1) can be solved with the
following boundary and initial conditions:

1. C = C,(background concentration) at t = 0,z >0, and
all xand y

.58 chma =8
9z

3.VC—eDz£=Matz=0,
02

A A B B

s o — — — [ - —
g STS3 T SVS3
where H = aquifer depth, M = rate of contaminant release
per unitarea, g/lcm? - s, and A and B are the dimensions of a
disposal facility in the direction and cross-direction of
ground water flow. See Figure 1 for an idealized sketch
showing a plane source on the groundwater surface, and
waste cells from which leakage occurs.
The solution to Equation (1) with the three boundary
and initial conditions given above are

February, 1986 67



l.ﬂ.ll.Wt..m_A

Unsaturated zone

1y

[]

&L '

() X
g, ——

[
Top of Aquifer or Water Table
.

s
e
.
-

Bottom of Aquifer

Figure 1. Idealized sketch of a horizontal plane source and waste cell ar-
rangement approximating the source.
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V*=V/Ry; D.* = D,/Ry; D,*, D.* = D, [Ry; tq = length of
source discharge time in seconds; H = depth of aquifer in
cm; and the other symbols have the same meaning as in
Equation (1). Equation (3) can also be integrated over the
aquifer depth to obtain the vertically averaged concentra-
tions in the aquifer over its depth.

The integration in Equation (3) with respect to release
time ¢, is necessary because contaminants being released
are assumed to reach ground water continuously. The inte-
gration should be performed numerically from the start to
cessation of contaminant release to ground water because
no closed form integration is possible.

The analytical or numerical solutions can be used to esti-
mate the concentration level at the point of exposure or to
establish plume isopleths under dynamic or steady state
conditions. Health risk assessment can be performed
based on the calculated results or monitoring data.

EXAMPLE ASSESSMENT
Use of Monitoring Data

After an extensive search for candidate sites with good
plume delineation, five sites were selected for health risk
assessment evaluation. The criteria for selection included
the analysis of ground water contaminants for which appli-
cable unit risk (UCR) and ADI values were available. The
sites selected after this initial screening were also sub-
jected to modeling if adequate site characterization data
were available for determination of transient behavior of
the plume and steady-state concentrations. The concentra-
tion values were determined in the immediate vicinity of
the facility and at a distance away from the source, within
the property boundary.

The sites extensively monitored by the U.S. Geological
Survey (USGS) were also investigated for possible use in
the health risk assessment. Out of about seven sites inves-
tigated, only two sites have been selected for evaluation.
This determination was made because the other sites ei-
ther do not have ground water contaminants for which the
UCR or ADI values have been determined, or the plume
delineation is not adequate.

Table 1 summarizes an evaluation of exposure to
contaminants monitored at the waste boundary and ap-
proximately 100 feet away from the migration side of the
waste boundary. Alternate waste management boundaries
other than the 100 feet distance or the waste boundary can
be chosen as favored by the availability of monitoring data.
EPA’s UCR values given in units of (mg/kg - day), ~' are ob-
tained mostly from the animal dose-response experiments
that are used in determining the risks associated with ex-

TABLE 1. SUMMARY OF HEALTH RISk EVALUATION FOR SITES WITH GOOD MONITORING DATA

Exposure Ratio for

Noncarcinogens
Concentration (ug/L) Upper Bound (Exposure/ADI)
S ——— Cancer Risk
at 100 ft from at 100 ft from 100 ft from
Waste at Waste UCR¢ ADIf Waste Waste at Waste
Site No. Contaminants Boundary  Boundary (mg/kg - day)~' (mg/day) Boundary Boundary  Boundary
]a Naphthalene 650 1630 18 0.07 0.18
PHA 1170 1800 18 0.13 0.2
20 Chromium 24 41 0.028
(Hexavalent
Cadmium 6900 7.8 0.785°
3 Arsenic 623000 15 1
Phenol 60 7
4 1,2-Dichlorobenzene 16000 6.3 5.14
Chlorobenzene 1100 1 2.9
Toluene 2300 30 0.15
Xylene 1900 160 0.02
5. Phenol 8 28 7 0.002 0.008
Pentachlorophenol 57 3400 2.1 0.054 32

a: Data from Reference 1 and private communication with Bedient.
b: Data from South Farmingdale-Massapequa, N.Y. are used for evaluation (10).

c: The risk calculated by R = 1 — exp(~7.8(6900/1000)(2)(1/70)) = 0.785 where a daily water intake rate of 2 L/day, and the weight of a human body of 70 kg are assumed.

d: Exposure/ADI = (16 mg/L - 2 L/day)/6.3 mg/day = 5.1
e: The source of data is Reference (16).
f: The source of data is Reference (17).
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posure to carcinogenic contaminants. There is a column in
the table, showing the estimated carcinogenic risk for
drinking 2 L/day of water contaminated at the correspond-
ing concentrations. According to the definition of UCR,
the risk level shown represents the upper bound estimate.
An upper bound estimate of risk of 0.028, for example,
means that upon lifetime exposure to 2 liters of water per
day, a person experiences an increased.maximum risk of
developing cancer in a probability of 28 in 1000. This level
of risk used in this example represents very unacceptable
risk, considering that current EPA’s strategy is more in line
with keeping the risk level at in between 10—* — 10-7 with
a particular level to be based on site-specific characteris-
tics including population distribution.

Use of Mathematical Models

Three sites with partially documented and undocu-
mented contaminant plumes were selected for modeling.
The movement of a contaminant plume was simulated
with a two-dimensional finite element code. The three di-
mensional analytical models are also employed for com-
parison purposes. The comparison will be presented later.
For the example simulation, the amount of leachate en-
tering ground water was set at 1.0 mg/L of a contaminant,
which forms one of the boundary conditions. Site charac-
terization data were collected for the three sites. One of the
criteria for selection was the presence of tight geologic for-
mations affecting leachate and ground water flow. This is
because geologic formations of the sites with monitoring
data showing contamination are relatively all loose with
high values of hydraulic conductivity.

Site 6 is a landfill located in northeast glaciated terrain.
The cross-section of the site shows fill, silt, clay, loam, and
dolomite materials in layers. The simulation for this site
was performed for both high- and low-permeability sce-
narios. Site 7 is a landfill covering approximately 300
acres, which has been in operation since 1977. The facility
is underlain by chalk. Two types of clay were identified at
the site. Site 8 is located in the Basin and Range
physiographic province, and is characterized by a thick,
unsaturated layer and infrequent precipitation. Although
the site appears to be in a zero recharge zone, the ground
water generally flows at the rate of 2 to 4 ft/day within the
aquifer.

The principal model input parameters in this simulation
were hydraulic conductivity (or seepage velocity), size of
the facility, and duration of the facility’s operation. Addi-
tional information was obtained from the water table con-
tour maps and from characterization data relating to the ge-
ologic setting of the sites.

Table 2 is a summary of some of the results obtained
from the numerical modeling of the three sites. The hy-
draulic conductivity rate used for site 6 was obtained from
existing data, and ranges from 10-* to 8.5 ft/day. The hy-
draulic conductivity for site 7 ranges from 1.7 X 10~4to 1.7
% 10-* f/day; and that for site 8 is 8.7 ft/day. The longitudi-
nal dispersivity values used for Sites 6, 7, and 8 are 300 cm,
450 cm, and 75 cm, respectively. The results shown in
Table 2 are based on the lateral dispersivity, which is 1/10

of the longitudinal dispersivity. The retardation factor
used is 2 for all sites. Grid spacing was used to divide the
study area into 288, 462, and 1000 elements, respectively.

Sites 7 and 8 were selected from the facilities for which
site characterization information was sufficient for nu-
merical modeling, and which also had low hydraulic con-
ductivity. For this reason, the time-of-travel, defined as
the time required for water to travel the 100-ft distance
from the edge of the waste discharge area along a ground
water flowline, is very large for the sites represented in
Table 2. The results indicate that for site 6, the plume at
the 100-ft distance closely approximates the steady state
concentrations in about 100 years, but for sites 7 and 8, the
concentrations are seen to be far from reaching steady-
state values in 100 years.

The last column in Table 2 tabulates the risks associated
with drinking ground water containing the contaminant at
a 100-ft distance under steady state conditions. The table
indicates that, when the conditions are such that steady-
state is very slowly reached, the exposure assessment
based on estimation or monitoring data in the early stage of
plume development will lead to an inadequate assessment
for the purposes of protecting public health in the future.
In computing the upper bound estimates of risk from the
data in Table 2, a UCR value of 0.052 (mg/kg - day)~',
which is a value for benzene, was used.

Additional computer runs were made for Site 7 using
longitudinal dispersivity values of 150 cm and 1,500 cm,
and the transverse dispersivities at 10% of the longitudinal
dispersivity as some have suggested. The results showed
that higher longitudinal dispersivities resulted in higher
concentrations at each point during unsteady-state plume
development. The simulation was run for up to 10,000
years. The trend indicates that the steady state concentra-
tions increase at greater longitudinal dispersivities.

LIMITATIONS OF ASSESSMENT METHODS

The use of monitoring data would render the results of
health risk assessment more factual than the use of mathe-
matical modeling because actual data would be less sub-
ject to uncertainty normally considered present in the esti-
mation. However, the drawbacks associated with the use
of monitoring include: 1) Protection of future health risks
can not be ascertained if the assessment is solely based on
monitoring data, since the plume behavior is a dynamic
process until it reaches a steady state condition; 2) The
wide-ranging variability in ground water monitoring data
may result in a large confidence interval, making it
difficult to distinguish the increase in concentration from
the background, and hence to determine the extent of con-
tamination; and 3) Extensive monitoring is costly com-
pared with the effective use of modeling technique in
combination with monitoring effort.

The uncertainty problem associated with the use of
monitoring data is not necessarily resolved by the use of
modeling. This is not only because models have variations
in describing the fate and transport process, but also be-
cause there are a number of chemical and physical parame-
ters needed in the modeling process, that are poorly

TABLE 2. RESULTS OF NUMERICAL MODELING FOR PARTIALLY DOCUMENTED AND UNDOCUMENTED PLUMES

Time (yrs)
Concentrations (mg/L) at 100 ft Risks for
to reach steady
at 20 yrs at 100 yrs steady-state steady-state of travel concentrations
Site 6 0.38 0.5 0.53 1,200 1-10 8 x 104
Site 7 0.023 0.69 >10,000 1,200 1.0 x 10-8
Site 8 1.5 x 10-" 1 >14,000 7,000 1.5 x 10-2
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Figure 2. Comparison of plume concentrations (mg/l).

defined. To illustrate the point, analytical and numerical
solutions are applied to draw plume isopleths for the iden-
tical transport problem. The numerical model used is the
computer code developed by the U.S. Geological Survey
(USGS), which is available for use to the public [9] Figure
2 compares their results obtained using different
dispersivity correlations reported in the literature
[2, 5, 11, 14] with plume data as found for a creosote dis-
posal site in Conroe, Texas [1].

The principal parameter values used in the simulation
were as follows: the average seepage velocity at 9.5 x 10-*
cm/s; the source width and length at 3,048 c¢m and 6,098
cm, respectively, lasting for 7,300 days (1952-1972) with
the concentration evaluated at ¢t = 10,950 days
(1952-1982); aquifer depth at 300 cm; the contaminant con-
centration C = 7.5 X 10~* g/cm? in leachate flowing at a
rate of 28.9° cm?¥s; and dispersivities. Since the
dispersivity values were the most elusive of all of the input
parameters, several dispersivity correlations were tried.
These included both fixed values and scale-dependent
values which become asymtotic at great distances from the
source [1, 2, 8]. The lateral dispersivity calculated at 1/10
and 1/3 of the longitudinal value was tried.

In this particular example, the use of a, = 3000 and a; =
1,000 most closely matches the experimental data. The lat-
eral dispersivity at 1/10 of longitudinal dispersivity was
used in the USGS model. The use of the same ratio (1/10)
for lateral dispersivity in the area source analytical model
[Equation (3)] results in plumes that are somewhat more
elongated. The reason for this discrepancy cannot be ex-
plained at this time. The use of scale-dependent
dispersivities in the area source model results in plume
isopleths showing higher concentrations at the location
immediately downstream from the source than in the
groundwater directly below the source. The concentra-
tions shown for the point source model are those ata depth
of 100 cm below the water table. Applicability of the
dispersivity ratio used for this example to other
hydrogeologic settings is not known.

Correlations for dispersivity by Guven et al., Gelhar
et al., Yeh, and Hamilton et al. were applied for compara-
tive purposes [2, 5, 11, 13]. As can be noted, difficulty in
defining dispersivities makes the sophisticated mathe-
matical exercise often than not fruitless in obtaining relia-
ble estimated results.

CONCLUSIONS

Techniques of performing assessments of health risk
from intake of ground water impacted by waste disposal fa-
cilities are presented. The assessment consists of using

70 February, 1986

monitored plume data, fate and transport modeling, or
combination of both for exposure assessment, and of using
health effect data for carcinogens and noncarcinogens for
health risk assessment.

Despite uncertain parameters, particularly values for
dispersivities, the fate and transport models are an impor-
tant tool in supporting the health risk assessment which is
based on monitoring data or conducted in the absence of
such data. Though there are many analytical and numer-
ical simulation techniques available at present, the relia-
bility of such models cannot be adequately tested because
of the inability to define the dispersion parameter for
model validation.
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