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Editorial

Section 112: Hazardous Air Pollutants Clean Air Act

by J. A. Scher

The Clean Air Act of 1970 (amended in 1977)
enacted by the Congress of the United States
requires the Environmental Protection Agency to
develop a listing of hazardous air pollutants.
Section 112 of the Act, entitled “National
Emission Standards for Hazardous Air
Pollutants,” establishes the primary regulatory
framework for regulating hazardous air pollutant
emissions. Since the advent of the Clean Air Act
and Section 112, the EPA has listed seven
hazardous air pollutants and has promulgated
regulations for only the first five. The seven are as
follows:

® Mercury ¢ Benzene
¢ Beryllium ® Radionuclides
® Asbestos ® Inorganic Arsenic

® Vinyl Chloride

The Air Quality Task Force of AIChE has
identified the following six impediments to
effectively regulating hazardous air pollutants:

1. The definition of “Hazardous Pollutant”
results in an inherent difficulty in relating
statistical data on mortality to pollutant
concentrations for short and long term
effects.

2. Regulating some air pollutants to a point of
“ample margin of safety” may be synonymous
with zero emissions because of lack of
information on threshold levels.

3. Health effects and statistical data for
air pollutants are often inadequate to
generate or support standards.

4. There is almost total disregard of any
cost/benefit analysis in establishing
individual and “class” emission standards.
Although the cost/benefit concept is being
used by the EPA in other regulatory areas, it
is not allowed by the Clean Air Act.

5. The use of a national standard is often

too rigid because of regional and local
implications relative to both technical and
economic issues. .

6. There is a general lack of background
ambient air quality data on individual
pollutants to support either the need for or
the level of proposed standards.

The Air Quality Task Force of AIChE proposes

that certain modifications to the existing Section

112 of the Clean Air Act be made. These are:
Focus upon pollutants which have the
greatest potential for health hazard
reduction.

2. Create a rigorous scientific procedure
including peer review to develop the
necessary background data encompassing
health effects of individual pollutants.

3. Remove the “ample margin of safety”
clause and replace with words encompassing
procedures committed to a reasonable risk
assessment and risk management.

4. Consider the effects of standards setting
upon our industrial network and economic
climate as well as upon public health and
welfare.

The Air Quality Task Force of AIChE recognizes
that there are many complicating factors in
writing legislation and proposing regulations to
achieve air quality goals compatible with both
protection of public health and welfare and the
maintenance of the productive capacity of our
country. We believe that all of the deficiencies
should be addressed by Congress in order to
rectify the present regulatory problems.

J. A. "Coby" Scher is a member of the Advisory
board of Environmental Progress, and a past
Chairman of the Environmental Division of
AIChE. He is Vice President of Resource Engi-
neering Inc., Houston, TX.
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Environmental Shorts

More Groundwater Protection Needed, Monsanto Executive Says

Government at the local, state, and fed-
eral levels can strengthen existing pro-
grams to curb pollution of groundwater,
provided *‘we continue moving at a de-
liberate pace,’’ Harold J. Corbett, sen-
ior vice president of Monsanto Co. said
at the annual National Association of
Towns and Townships meeting in Sep-
tember. ““The country as a whole is
keenly aware of the importance of
| groundwater to our well-being, and we
are coming to grips with how to best
safeguard and manage it.”

Corbett stressed that ‘‘we are acting
on groundwater with sufficient time to
do the job thoughtfully and well,”” and
do not face the sort of emergency situa-

tion that prevailed on air and water pol-
lution in the late 1960’s.

Citing EPA estimates of high levels of
contamination on one percent of all
groundwater and three percent of
groundwater used for public drinking
supplies, he said ‘‘some communities
with particular grave groundwater pol-
lution problems have had to seek alter-
native sources of drinking water.”” He
described the federal laws and state pro-
grams now in place to protect ground-
water and maintained that, ‘‘much of in-
dustry’s consciousness. . .has been
raised on the groundwater issue.”” He
added that, ‘‘state and local govern-
ments should retain the primary respon-

sibility for developing groundwater
management programs,” using tech-
nical guidance and finding support from
the federal government.

**Clearly, we cannot simply write off
polluted groundwater that may be
needed for drinking or other high purity
uses. On the other hand, this nation can-
not afford nor would it make any sense,
to rigorously clean up every polluted
groundwater source, regardless of its
present or projected use. We have to set
priorities, and for groundwater, this
means considering uses and levels of
contamination in deciding where to con-
centrate our protection and cleanup ef-
forts.”” Corbett concluded.

Scientists Seek Clues to Glacial History in Antarctica

Scientists this month will start the most
intensive study yet of a mountainous re-
gion of Antarctica that holds clues to the
glacial history of that continent as well
as fossils of vertebrates that flourished
more than 240 million years ago.

The major scientific effort will con-
centrate on the Beardmore Glacier area
in the Transantarctic Mountains, mid-
way between McMurdo Station, the
principal U.S. scientific facility on the
continent, and the South Pole. Beard-
more, approximately 100 miles long and
between 15 and 30 miles wide, is one of
the glaciers draining the vast East Ant-
arctic Ice Sheet into the Ross Ice Shelf.
Because it lies near the center of the
continent and contains extensive ice-

free terrain with well-preserved glacial
deposits, the Beardmore Glacier area is
an important testing ground for oppos-
ing hypotheses of antarctic ice sheet be-
havior during global ice ages.

This project is one of approximately
87 scientific efforts in several disci-
plines to be undertaken by more than
300 researchers in Antarctica this sea-
son, the 30th consecutive year of U.S.
scientific activity there. The National
Science Foundation funds and coordi-
nates all U.S. activities on this conti-
nent.

The Beardmore project will be con-
ducted between mid-November and late
January, 1986, and participants will be
from 12 American universities and col-

leges, the U.S. Geological Survey and
New Zealand researchers. Dr. David H.
Elliot, a professor of geology at Ohio
State University and director of the
University’s Institute of Polar Studies,
will lead the U.S. contingency.

According to Dr. Elliot, *‘the history
of the growth and fluctuation of the
Antarctic Ice Sheets may have started
more than 30 million years ago. Our un-
derstanding of the timing and magnitude
of the fluctuations is rudimentary. One
of the objectives of studying glacial de-
posits is to try to establish more accu-
rately the growth and decay of the East
Antarctic Ice Sheet and the times at
which it may have covered the Trans-
antarctic Mountains.

Dartmouth’s Thayer School Set to Open Major Academic Cold Region Center

Dartmouth College’s Thayer School of
Engineering will establish the nation’s
first major center for cold regions sci-
ence and engineering within an aca-
demic setting.

The Industry/University Center for
Cold Regions Science and Engineering
at the Thayer School is made possible
by a five-year, $250,000 grant from the
National Science Foundation and
nearly twice that amount in support
from industry, particularly oil compa-
nies interested in Arctic exploration.

*‘Once established, the new center
will constitute a unique organization
which will advance Arctic engineering
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and aid the economic development of
the country,”” Dr. Erland M. Schulson,
director of the new center said.

Recent U.S. Geological Survey esti-
mates indicate that the total undis-
covered domestic oil and gas reserves—
nearly 60 percent of the oil and 50 per-
cent of the gas,—may lie beneath ice-
encrusted waters off the Alaskan coast.
Blocking the way to much of those re-
sources are major obstacles such as the
icing of equipment and movement of
thick sheets of ice against off-shore
drilling rigs or ships.

Thayer School is particularly suited
for this kind of training and research,

Shulson said, ‘‘because of its tremen-
dous computing facilities, emphasis on
interdisciplinary engineering, and our
Ice Research Laboratory.’’ This labora-
tory, established with earlier grants
from the Department of Defense and
Mobil Corp., is equipped with four cold
rooms capable of operation at 50 de-
grees below zero and a specialized ma-
chine designed to test the strength and
brittleness of ice under pressure. More-
over, the new center will build on the
school’s working relationship with the
U.S. Army’s Cold Regions Research
and Engineering Laboratory (CRREL),
located near the Dartmouth campus.
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Call for Papers
Boston Summer 1986 AIChE Meeting
Environmental Division Program

Emerging Techniques for Heavy Metals Separation
Robert W. Peters, Chairman, School of Civil Engineer-
ing, Purdue University, West Lafayette, IN 47907;
(317) 494-2191. Mriganka M. Ghosh, Vice Chairman,
Department of Civil Engineering, Pennsylvania State
University, University Park, PA 16802.
Liquid Phase Oxidation of Organics from Hazardous
Wastewaters
Danny Reible, Dept. of Chemical Engineering, Louisi-
ana State University, Baton Rouge, LA 70803; (504)
. 388-1426.

Membrane Separation Processes for Pollution Control
D. Bhattacharyya, Dept. of Chemical Engineering,
University of Kentucky, Lexington, KY 40506; (606)
257-2794.

Chemical Engineering Fundamentals as Applied to the
Environment

L. J. Thibodeaux, Dept. of Chemical Engineering,
Louisiana State University, Baton Rouge, LA 70803;
(504) 388-1426.

Coal Tar Waste Sites: Treatment and Clean-up Needs
John C. Craun, Chairman, Reilly Tar & Chemical
Corp., 1500 South Tibbs Ave., Indianapolis, IN 46241;
(317) 247-8141. Geoffrey J. Filby, Vice Chairman,
Stone & Webster Engineering Corporation, P.O. Box
2325, Boston, MA 02107; (617) 589-7887.
Organo-Metallic and PCB Waste Contamination of New
England Waterways

Daniel K. Moon, Chemical Waste Management, Inc.,
Assembly Square Office Park, 5 Middlesex Ave.,
Somerville, MA 02145; (617) 623-5680.

Boston Harbor Clean-up

Alfred E. Peloquin, US EPA—Region 1, JFK Bldg.,
P.O. Box 8714, Boston, MA 02114; (617) 223-3909.
Control of Atmosphere Discharges from Coal
Gasification—Combined Cycle Systems

Neville Holt, Chairman, Electric Power Research Insti-
tute, 3412 Hillview Ave., P.O. Box 10412, Palo Alto,
CA 94303; (415) 855-2503. Peter Knox, Vice Chairman,
Ralph M. Parsons Co., 2712 Doresta San Marino, CA
91108; (818) 440-2889.

The New LUST Regulations—What They Mean to the
Chemical and Qil Terminal Industries

B. T. Delaney, Program Manager, CH2M Hill, 169
Ramapo Valley Rd., Oakland, NJ 07436; (201)
337-9200.

Air Toxics: Management Strategies and Technological
Solutions for New Section 112 Pollutants

William C. Zegel, President, Water and Air Research,
Inc., P.O. Box 1121, Gainesville, FL 32602; (909)
372-1500.

Pesticides and Groundwater Contamination

Anthony D. Cortese, Director, Tufts University Center

for Environmental Management, Graves House, 18
Latin Way, Medford, MA 02115;(617) 628-5000 X 3486.
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Risk Assessment and Management Applications at
Uncontrolled Hazardous Waste Sites

J. A. Scher, Vice President, Resource Engineering,
3000 Richmond Ave., Houston, TX 77098; (713)
520-9900.

Groundwater Protection—Waste Treatment Practices in
the Electronics Industry: Practical Aspects of Treatment
Paul Yaniga, Ground Water Technology, Routes 1 and
100, Chadds Ford, PA 19317; (215) 388-1466.
Groundwater Protection—Waste Treatment Practices in
the Electronics Industry: Fundamentals of Treatment
Technologies

William Tambo, Chairman, Director of Technical Ser-
vices, Wehran Engineering, 467 Lafayette Rd.,
Hampton, NH 03842; (603) 926-7887. Catherine N.
Lowery, Vice Chairman, Senior Engineer, Wehran En-
gineering, 467 Lafayette Rd., Hampton, NH 03842;
(603) 926-7887.

Institutional Barriers to Siting Central -
Regional/Hazardous Waste Treatment Facilities

B. T. Delaney, Program Manager, CH2M-Hill, 169
Ramapo Valley Rd., Oakland, NJ 07436; (201)
337-9200.

Advanced Technology Alternatives to Landfilling
Hazardous Waste

Harry M. Freeman, Chairman, Research Program
Manager, Hazardous Waste Engineering, US EPA Re-
search Lab, Cincinnati, OH 45268; (513) 684-7696.
B. T. Delaney, Vice Chairman, Program Manager,
CH2M-Hill, 169 Ramapo Valley Rd., Oakland, NJ
07436; (201) 337-9200.

Emerging Biological Treatment Processes for Leachate
Treatment Including Genetic Engineering Issues
Stanley A. Sojka, Chairman, Manager—Special Envi-
ronmental Programs, Occidental Chemical Corp., Oc-
cidental Chemical Ctr., 360 Rainbow Blvd. South, Box
728, Niagara Falls, NY 14302; (716) 286-3084. Don
Michelson, Vice Chairman, Dept. of Chemical Engi-
neering, Virginia Tech, Blacksburg, VA 24061; (703)
961-5157.

Environmental Audits in the Light of Bopal

Ladd Greeno, Chairman, Arthur D. Little, Inc., 20
Acorn Rd., Cambridge, MA 02140; (617) 864-5770. Jo-
seph J. Cramer, Vice Chairman, Stone & Webster En-
gineering Corp., P.O. Box 2325, Boston, MA 02107;
(617) 589-2785.

Geotextiles, Membranes, and Other Barriers:
Compatibility Issues

Mary Ann Curran, US EPA, 26 West St. Clair, Cincin-
nati, OH 45268; (513) 684-7836.

Evaluation of New and Innovative Waste Treatment
Facilities
Edward D. Schroeder, Dept. of Civil Engineering, Uni-
versity of California—Davis, Davis, CA 95616; (916)
752-6757.
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University Graduate Research in Environmental Control
Fundamentals

Robert L. Irvine, Chairman, Dept. of Civil Engineer-
ing, University of Notre Dame, Notre Dame, IN 46556;
(219) 239-6306. Richard D. Siegel, Vice Chairman, Sen-
ior Environmental Consultant, Environmental Re-
search & Technology, 696 Virginia Rd., Concord, MA
01742; (617) 369-8910. B. Tod Delaney, Vice Chair-
man, Program Manager, CH2M-Hill, 169 Ramapo Val-
ley Rd., Oakland, NJ, 07436; (201) 337-9200.

Multimedia Environmental Issues

James J. McKeown, Chairman, National Council for
Air & Stream Improvement, Tufts University,
Medford, MA 02155; (617) 381-3254. Robert L. Irvine,
Vice Chairman, Dept. of Civil Engineering, University
of Notre Dame, Notre Dame, IN 46556;(219) 239-6306.

Process Modification for Waste Minimization and
Managing Environmental Risk

Robert W. Rittmeyer, Chairman, Manager—Environ-
mental Process Engineering, ERT, Inc., Porter Bldg.,
10th Floor, 501 Grant St., Pittsburgh, PA 15219; (412)
261-2910.

High Strength Waste Treatment Options

Peter Daley, Director of Research and Development,
Chemical Waste Management, Inc., 150 W, 137th St.,
Riverdale, IL 60627; (312) 841-8360.

Where Do We Stand on Superfund?

C. J. Touhill, Baker/TSA Division, Michael Baker, Jr.,
Inc., 4301 Dutch Ridge Rd., Beaver, PA 15009; (412)
495-7711.

The New CERCLA Regulations
William Wallace, CH2M-Hill, 1500-114th Ave., S.E..
Bellevue, WA, 98004; (206) 453-5000.

Acid Rain: What Does Science Tell Us?

Thomas F. Lavery, Chairman, Vice President, Envi-
ronmental Research & Technology. Inc., 696 Virginia
Rd., Concord, MA 01742; (617) 369-8910. Richard D.
Siegel, Vice Chairman, Senior Environmental Consul-
tant, Environmental Research & Technology, Inc., 696
Virginia Rd., Concord, MA 01742; (617) 369-8910.

Chlorinated Organic Air Emissions

Robert E. Kenson, Chairman, Met-Pro Corp., Systems
Division, 160 Cassell Rd., Box 144, Harleysville, PA
19438; (215) 723-6751. Paul F. Fennely, Vice Chairman,

Environmental Research & Technology, Inc., 696
Virginia Rd., Concord, MA 01742; (617) 369-8910.
How Close to Refineries and Process Plants in Light of
Today’s Environmental Regulation

J. A. Scher, Vice President, Resource Engineering,
Inc., 3000 Richmond Ave., Houston, TX 77098:; (713)
520-9900.

Managing Toxic Chemical Exposure at New/Existing
Specialty Chemical Plants

Ed Siskin, Chairman, Vice President, Stone & Webster
Engineering Corp., One Penn Plaza, 250 West 34th St.,
New York, NY 10019; (212) 290-6252. Joseph J.
Cramer, Vice Chairman, Stone & Webster Engineering
Corp., P.O. Box 2325, Boston, MA 02107; (617)
589-2785.

Characterization and Control of Toxic Air Emissions at
Uncontrolled Hazardous Waste Sites

A. H. Wehe, 11117 Woodmont Dr., Raleigh, NC 27612;
(919) 847-4372.

State Mandated Site Assessments Prior to Land
Transfer: Massachusetts Superlien and New Jersey’s
ECRA—A Vision of Things to Come

William A. Duvell, Chairman, Senior Program Mana-
ger, ERT, Inc., 696 Virginia Rd., Concord, MA 01742;
(617) 639-8910. B. Tod Delaney, Vice Chairman, Pro-
gram Manager, CH2M-Hill, 169 Ramapo Valley Rd.,
Oakland, NJ 07436; (201) 337-9200.

Practical Aspects of Risk Management

Ed Martin, Chairman, Hazardous Materials Control
Research Institute, 9300 Columbia Blvd., Silver
Spring, MD 20910; (301) 587-9390. B. T. Delaney, Vice
Chairman, Program Manager, CH2M-Hill, 169 Ramapo
Valley Rd., Oakland, NJ 07436; (201) 337-9200.
Treatment of Power Plant Wastewaters

B. M. Kim, Chairman, General Electric Co., Corporate
R&D, Schenectady, NY 12301; (S18) 385-8824.
Winston Chow, Vice Chairman, EPRI, 3412 Hillview
Ave., P.O. Box 10412, Palo Alto, CA 94303; (415)
855-2868.

General Papers on Wastewater Treatement

Harry E. Bostian, Chairman, Wastewater Research Di-
vision, US EPA, 26 West St. Clair St., Cincinnati, OH
45268;(513) 684-7613. Robert W. Coughlin, Vice Chair-
man, Department of Chemical Engineering, University
of Connecticut, Storrs, CT 06268; (203) 486-4489.

Conferences

December 16-18, 1985 University of Wisconsin

Leaking Underground Storage Tanks (LUST) will
probably be the number one environmental problem for
the remainder of the 1980°s. The University of
Wisconsin is offering a seminar which will deal with:
Legal liabilities; How to detect tank failures; Ways to
avoid future tank leakage problems. Contact Professor
John T. Quigley, Department of Engineering Profes-
sional Development, University of Wisconsin, 432
North Lake Street, Madison, WI 53706.
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January 16 & 17, 1986 ASME

The American Society of Mechanical Engineers will
sponsor a workshop on the regulation of underground
storage tanks in Washington, DC. The meeting will fo-
cus on leak detection methods and technologies, draw-
ing speakers from government and industry. The work-
shop is cosponsored by the American Institute of
Chemical Engineers and the American Academy of En-
vironmental Engineers. Contact ASME, 1825 K St.
NW, Washington, DC 20006.
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WASHINGTON ENVIRONMENTAL

NEWSLETTER

SUPERFUND — WHERE IT’S AT

Technically the taxing authority under the superfund bill expired on September 30th. The program at EPA will
continue on a smaller scale until the House passes its version of the bill and conferees reconcile differences with
the Senate. That may be a long time coming, primarily because of the Senate’s inclusion of an excise tax on all
industries to finance the superfund program. Proponents of the tax argue that it is not intended to be a value
added tax, while opponents claim that it is a VAT in everything but name. At the very end of debate on the bill,
the Senate did adopt, by voice vote, a nonbinding resolution, sponsored by Senator Jesse Helms, stating that
*‘the committee on conference. . . should report legislation containing a reliable financing mechanism for the
superfund program which does not include the VAT."’ The House Ways and Means Committee has given no
clear signal as to whether it will go along with the Senate’s taxing proposal, maintain the current system of
combining feedstock taxes and general revenues, or adopt a waste-end tax.

AMENDMENTS OF INTEREST

Also of interest is the fact that the Senate adopted an amendment by Senator Frank Lautenberg which would
mandate inventories of hazardous chemicals at each plant site, reporting of releases, and community right-to-
know programs.

Another controversial section of the bill as reported out by the Environment and Public Works Committee,
included a pilot program for victim’s compensation. That section was deleted by a vote of 49 to 45.

INCLUSION OF R&D IN SUPERFUND

In the House, an amendment was offered by Representative Torricelli (D-NJ) supported by Reps. Volkmer,
Scheuer, Fuqua, Lujan and Schneider, that would authorize a program of research, development and demon-
stration for innovative or experimental treatment technologies for use in remedial actions. Basically, the
amendment states that since the number of hazardous substance facilities requiring clean-up will increase sub-
stantially, EPA’s practice of relying on removal and containment measures will not permanently reduce the risk
of release of hazardous substances into the environment. The use of treatment technologies which permanently
alter the composition of such wastes can provide significantly greater protection to the environment and public
health. Stating that various regulatory factors often limit the ability of alternative and innovative treatment
technologies to demonstrate the utility and cost-efficiency of technologies to reduce the toxicity, volume or
mobility of hazardous wastes, the amendment goes on to propose a sustained program of research and develop-
ment for alternative and innovative technologies to accomplish these objectives. In effect this amendment
would change Title I of CERCLA by adding a new section (116) *‘ Alternative or Innovative Treatment Technol-
ogy Research, Evaluation and Demonstration Program.”’

EPA’s Administrator would be charged to authorize and carry out the program and conduct a technology trans-
fer program, including the development, collection, evaluation, coordination and dissemination of information
related to alternative and innovative technologies. This program would be funded in the amount of no more than
25 million dollars for fiscal years '86, '87, ’88, '89 and 1990. It is expected that the committee on Public Works
will adopt this amendment when it is marked up during the week of October 18th. For more detailed information
you may contact AIChE’s Washington office.

OPPORTUNITIES FOR RETIRED CHEMICAL ENGINEERS IN COMMUNITY WORK

The Washington office of AIChE has been working closely with EPA on its ‘‘Guidelines for Community Emer-
gency Response.” Since the technical knowledge of Chemical Engineer’s is viewed as an integral part in this
planning, there is an exceptional opportunity for Local Sections and retired Chemical Engineer’s to participate
and provide a real service to their communities. AIChE’s Government Programs Steering Committee is work-
ing on a set of guidelines for community interaction, and retired AIChE members are urged to contact Marty
Siegel at the Washington office.

This material was prepared by AIChE’s Washington Representative Martin Siegel ® Houston & Associates,
Inc., Suite 804, 1901 L Street, N.W., Washington, D.C. 20036. Tel. (202) 223-0650
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1984 Survey of Research on Environmental
Pollution—Its Sources, Fate, Effects, and

Control

A report of a 1984 survey of environmentally related research and/or design
projects in progress at U.S. colleges and universities and industry.

I. Atly Jefcoat, Associate Professor of Chemical Engineering, The University of Alabama, P.O. Box G, University, AL
35486

INTRODUCTION

The Environmental Research Committee of the AIChE,
a joint committee of the AIChE Environmental Division
and the AIChE Research Committee, conducted a survey
in 1973 of environmentally related research and/or design
projects in progress at U.S. colleges and universities. Be-
cause of the large number of chemical engineers involved
with and concerned about environmental projects, the En-
vironmental Research Committee in 1983 decided to
update the earlier survey and extend it to include indus-
trial research. Of interest was how the research effort had
changed or shifted from 1973 and what were the perceived
environmental research and design needs of the respond-
ents. A revised version of the 1973 questionnaire was
mailed in December 1984, with the responses collected
until March 1985. This paper summarizes the results of the
1984 survey.

The complete report with appendices has been
submitted to the U.S. Environmental Protection Agency to
make it available through NTIS.

SURVEY METHOD

A survey by mail was chosen in 1973 and again in 1984
because of the time and expense of any other survey
method. It was recognized that mail surveys have two ma-
jor problems. One is the lack of two-way communication
and the other is a limited or low response. It was also rec-
ognized that other organizations had attempted to define
environmental research needs (e.g.,, WPCF Wastewater
Research Needs 1984), and that these efforts might inhibit
the response. To help offset these problems, limited tele-
phone follow-up was used for the 1984 survey.

The Committee completely redrafted the 1973 ques-
tionnaire to reflect the recent changes in the AIChE Envi-
ronmental Division from specific media to cross-cutting
programs. Emphasis was placed on research by chemical
engineers or research applying chemical engineering
principles. A section was added on research and design
needs. A packet was mailed on December 5, 1984 to the
Chemical Engineering Department Chairman at each of
the 161 colleges and universities on the National AIChE
mailing list. A response was requested by February 1,
1985. Each packet contained a cover letter explaining the
purpose of the survey, a form for the university or college
contact person, and a number of research project forms.
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Each investigator was asked to classify his research project
using 12 categories.

A similar packet with the same response date was mailed
to 230 companies. The difference was that the packet
mailed to industry separated the research and design
needs from the project form. This was done to encourage
practicing engineers to submit their perception of the re-
search and design needs in environmental pollution con-
trol when they could not, for one reason or another, submit
project information. The list of companies was compiled
from C&E News” top chemical companies and a list used in
1982 by the National AIChE office for a hazardous waste
study. The packet was mailed to either the chief executive
officer, president, vice-president, an environmental af-
fairs officer, or an AIChE Research Committee contact
person.

Before the survey mailings, a packet was sent to three
universities and one company to test the questionnaire
forms for any unforeseen difficulties. Each university had
to be contacted by telephone whereas the company re-
sponded within two weeks with completed forms. No
problems with the forms were uncovered. This test mail-
ing, however, did show the importance of personal con-
tact. The industrial company contact had been aware of
and supportive of the project.

A packet containing the industrial questionnaire and a
letter of explanation was sent to the American Petroleum
Institute, National Agricultural Chemist’s Association, Na-
tional Petroleum Refiners Association, Chemical Manu-
facturer’s Association, and the Dyes Environmental and
Toxicological Organization. The purpose was to increase
the industrial response by soliciting their support in the
event that they received an inquiry from one of their
members.

SURVEY RESPONSE AND DISCUSSION

The colleges and universities responding to the 1984
survey are shown in Table 1 along with their responses.
Follow-up telephone calls were made to 15 universities
that received the forms, but who failed to respond by Feb-
ruary 1, 1985. Of these, only one could complete the forms
within the allowed time period. This gave a total of 58
schools responding out of the 161 schools receiving the
questionnaire. From these 58 schools, 48 were engaged in
150 research projects. The 1973 survey questionnaire was
mailed to 130 schools with 75 responding. Of these 75,
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TABLE 1. UNIVERSITIES RESPONDING TO THE 1984 SURVEY OF
RESEARCH ON ENVIRONMENTAL POLLUTION — ITS SOURCES,
FATE, EFFECTS AND CONTROL

University Response
University of Akron 1 Project
University of Alabama 1 Project
University of Alberta 1 Project
University of Arizona 2 Projects
Auburn University No Current Projects
University of Calgary 1 Project
University of California/Berkeley 3 Projects

California Institute of Technology
Clemson University
Cleveland State University

University of Colorado
Colorado State University

No Current Projects
No Current Projects
2 Projects

No Current Projects
18 Projects

University of Connecticut 1 Project
Comell University 3 Projects
University of Florida 3 Projects
Georgia Institute of Technology 2 Projects
University of Idaho 1 Project
University of lowa 1 Project
Kansas State University 1 Project
University of Kentucky 6 Projects

Lafayette College

No Current Projects

Laval University 1 Project
Louisiana State University 11 Projects
Louisville Speed Scientific School 3 Projects
McGill University 4 Projects
McMaster University 4 Projects
University of Massachusetts 6 Projects
Michigan State University 1 Project
Michigan Technological Univ. 7 Project

Mississippi State University

No Current Projects

TABLE 2. COMPANIES RESPONDING TO THE 1984 SURVEY OF
RESEARCH OF ENVIRONMENTAL POLLUTION — ITS SOURCES,
FATE, EFFECTS AND CONTROL

Industry

Response

Air Products & Chemicals, Inc.
Allied Chemical Company
American Brands

American Home Products Corp.
Amoco

ASARCO, Inc.

Badgers Engineers Inc.

The Boeing Company
Bristol-Myers Company

Carus Chemical

Champion International Corpora-
tion

Cosden Oil & Chemical Company

Crompton & Knowles

Dow Chemical Company

Dundee Cement Company

E. L. DuPont de Nemours & Com-

pany
El Paso Natural Gas Company
Embhart Corporation
Ethyl Corporation
Fluor Power Service Corporation

Gas Research Institute

W. R. Grace & Co.

Great Lakes Chemical Corpora-
tion

Hercules Incorporated

Inland Steel Company

Marathon Petroleum

Mobil Qil Company (Res. & Dev.)

Monsanto Company

Occidental Chemical Corporation

Olin Corporation

Ralph M. Parsons Corporation
Phillips Chemical Company
Schering-Plough Company
Shell Development Company
Stauffer Chemical Co.

Texaco

Waste Management, Inc.
Zimpro Inc.

Research & Design Needs
Research & Design Needs
Declined to Participate
Declined to Participate
Research & Design Needs
Research & Design Needs
1 Project

6 Projects

No Current Projects

2 Projects

No Current Projects

No Current Projects
Research & Design Needs
Research & Design Needs
No Research Activity
Declined to Participate

No Research Activity
No Current Projects
No Current Projects
6 Projects

Research & Design Needs
Declined to Participate
Research & Design Needs

1 Project

6 Projects

No Current Projects
Research & Design Needs
4 Projects

2 Projects

2 Projects

No Current Projects

No Research Activity
Research & Design Needs
3 Projects

No Current Projects
Telephone Response

2 Projects

Declined to Participate

University of Missouri/Columbia 4 Projects
Montana State University 1 Project
University of Nebraska No Current Projects
University of New Brunswick 1 Project
New Jersey Inst. of Tech. 6 Projects
University of Notre Dame 1 Project
Ohio State University 6 Projects
Ohio University 2 Projects
Oklahoma State University 3 Projects
The Inst. of Paper Chemistry 1 Project
Pennsylvania State University 2 Projects
University of Pittsburgh 1 Project
Princeton University 2 Projects
Purdue University 8 Projects
University of Rochester 2 Projects

Rose-Hulman Inst. of Technology
Rutgers-The State University
Syracuse University

No Current Projects
10 Projects
Will Respond Later

Texas Tech University 4 Projects
University of Toledo 2 Projects
University of Toronto 3 Projects
University of Tulsa 1 Project
University of Utah 1 Project
University of Washington/Seattle 1 Project
Washington State 1 Project

University/Pullman
Washington University/St. Louis
Wayne State University
University of Western Ontario

No Current Projects
2 Projects
1 Project

only 44 had significant project activity with a total of 361
projects.

Although the number of schools responding with project
information is about the same, there are significant differ-
ences between the above results for 1973 and 1984. The
most obvious is the number of projects. The number of ac-
tive environmentally related research projects reported in
1973 was more than twice the number reported in 1984.
This decline in the number of projects could be attributed
to sampling bias, a maturing of the environmental research
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effort, or limited availability of research monies from all
sources. For example, the impact of newly enacted pollu-
tion control regulations in the early 1970’s was significant
in the 1973 survey. In responding to the need to limit emis-
sions and effluents, industry sponsored a number of short
term structured research projects. That short term demand
is no longer evident in 1984.

Another significant difference is the population of
schools responding. Only 14 of the 44 schools with projects
in 1973 responded with projects in 1984. No Canadian
schools responded in 1973 while 6 responded with proj-
ects in 1984. This could reflect a shift in interest or person-
nel, or both.

Of the 230 companies contacted, 38 companies provided
awritten response with 11 of them involved in 33 research
projects as shown in Table 2. The distribution of the indus-
trial and university response by project category is shown
in Table 3. A number of the packets(16) mailed to industry
were returned unopened. In each case the CEO prior to
1984 had left the company. The first 6 returned like this
were remailed to the current CEQ; still, no response was
received. The low response from industry can be attrib-
uted to a number of factors: (1) poor economic times; (2)
lack of interest or understanding; (3) tired of so many ques-
tionnaires; (4) the “plain brown envelope” used to mail the
packet; (5) the questionnaires did not reach the right peo-
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TABLE 3. TOTAL NUMBER OF RESEARCH PROJECTS BY PROJECT
CATEGORIES

Industry University
(no. projects) (no. projects) Total %

1. Pollution source 1 29 30
identification/

characterization

2. Water, air, 15 45 60
thermal, and noise

pollution control

technologies

3. Solid/hazardous 6 10 16 8.7
waste handling,

treatment, storage

and disposal

4. Waste 4 6 10 5.4
recycling/reuse

5. Manufacturing 1 5 6 3.3
process changes to

eliminate/reduce

waste discharges

6. Economic im- 0 3 3 1.6
pacts and cost anal-

yses of pollu-

tion/pollution

control

7. Legal and policy 1 1 2 1.1
research related to

technological op-

tions

8. Pollution control 0 T 7 3.8
strategies (e.g. in

different mediaand

different environ-

ments)

9. Chemical and bi- 0 27 27
ological effects and

interactions/ envi-

ronmental model-

ing

10. Detection, mea- 1 10 11 6.0
surement and

analytical methods

11. Global environ- 0 2 2 11
mental problems

such as the CO,

greenhouse effect

or acid rain

12. Other 4 5 9 49

Project Category

164

32.8

14.7

183 99.8%

ple; (6) no environmental research projects; (7) a belief that
there are no environmental research needs; (8) insuffi-
cient time to respond or respond fully, and many others.
Some of these reasons are speculation, some from the re-
sponses, and some from telephone contact. Most often, it
was a corporate policy not to participate in these types of
activities.

From the information shown in Table 3 pollution control
technology is receiving the most effort with about 30% of
the projects. No thermal or noise pollution control projects
were reported. The split between water and air projects
was about 2:1. This is the same ratio of effort reported in
1973. Solid waste projects were about 9% of the effort in
the 1973 survey results and 9% in 1984. Some investigators
gave both water pollution control technology and solid
waste treatment as the primary objective of their research,
thus, there is some crossover between the water projects
and the solid waste projects. Although only one category
was used in compiling the statistics, an attempt was made
to choose the category most closely aligned with the proj-
ect based on the information provided.

The next major category of effort was Pollution Source
Identification/Characterization with about 16%. This was
not identified in the 1973 survey.
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Category 9 — Chemical and Biological Effects and
Interactions/Environmental Modeling, is receiving the
third largest effort with about 15%. The modeling aspect of
this category is in agreement with the third major effort
identified in the 1973 survey, while in 1973 chemical and
biological effects were among those receiving the least ef-
fort. This shift is in agreement with the change in emphasis
to specific pollutants and the generally held belief that
there may not be a threshold for carcinogenic effects.

If Category 10 — Detection, Measurement and Analyt-
ical Methods, is combined with Category 12 — Other, then
about 11% of the 1984 effort is in this area. The Other cate-
gory is mainly physical/chemical property data. In the
1973 survey, the topics of these two categories were con-
sidered together. With this combination the ranking of this
effort is in agreement with the 1973 results.

In 1973, legal, economic, and health aspects were
receiving the least emphasis. In 1984, this still holds true
for the legal and economic categories (6 and 7). This is
somewhat surprising based on the emphasis placed on
economics in chemical engineering curricula. However,
this may be due to the perspective of those completing the
forms rather than an accurate reflection of budgeted
efforts.

Inadvertently, the project form mailed to the universi-
ties was missing Category 11 — Global Environmental
Problems such as the CO, Greenhouse Effect or Acid Rain.
Even with this omission it was still surprising that only one
project was identified as having its major objective di-
rectly dealing with the acid rain problem. Certainly, those
projects involved in the control of SOy and NOy are related
to acid rain, even if the control of acid rain was not their
primary objective. It could be that either acid rain research
efforts do not involve chemical engineers and chemical
engineering principles, those involved in this research did
not respond to the questionnaire, or very little is being
done on this topic. Most probably, it was alack of response.

The environmental process design needs and the envi-
ronmental research needs identified and ranked first,
second and third by the 1984 survey respondents are sum-
marized in Table 4. In the areas of most reported activity
(categories 2, 3, and 9) industry respondents identified as
many or more design needs as did the university respond-
ents. University respondents identified far more research
needs than did industry respondents in most categories.
The needs were grouped according to the categories used
for projects. This was a subjective judgment of the Com-
mittee and may not accurately reflect the choice that the
respondent would have made. In most cases the needs
were categorized according to the respondent’s primary
and secondary categories for his project. The one deviation
from this was that needs dealing with models were classed
in Category 9 — Chemical and Biological Effects and
Interactions/Environmental Modeling.

The ranking given by the percentage response for the
top four research and design needs shown in Table 4 are:
(1) Category 2 — Pollution Control Technology, 33%; (2)
Category 9 — Chemical and Biological Effects/Modeling,
22%:; (3) Category 10 — Measurement Methods, 15%, and
(4) Category 3 — Solid Waste, 11%. This ranking is in
agreement with that based on the percentage of the project
activity efforts reported in the 1973 and 1984 surveys.
Thus, the relative importance and interest in these catego-
ries has remained about the same over the past decade.

No industrial respondent identified a need in Category
6 — Economic Impacts and Cost Analyses of
Pollution/Pollution Control. This resulted in the lowest
ranking for economic studiges, which was preceded by Cat-
egory 8 — Strategies, Category 1 — Pollution Source, Cate-
gory 11 — Global, and Category 7 — Legal. All five of
these categories combined had less than 6% of the
identified needs.
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TABLE 4. SUMMARY OF THE CATEGORIES OF RESEARCH AND DESIGN NEEDS AS PERCEIVED BY INDUSTRIAL AND UNIVERSITY

RESPONDENTS
Industrial University
- - Total
Research Design Research Design
Category Rank*: 1 23 1 23 123 1 23 No. %
1. Pollution Source Identification/ - -2 - - 1 2 - - - 5 1.1
Characterization
2. Water, Air, Thermal and Noise 11 10 6 9108 18 17 13 25119 147 33.0
Pollution Control Technologies
3. Solid/Hazardous Waste Han- 1 23 5 36 5 65 2 65 49 11.0
dling, Treatment, Storage & Dis-
posal
4. Waste Recycling/Reuse 111 1 1- 11 - 2 3- 12 2.7
5. Manufacturing Process Changes 1 5- 5 31 2 51 5 43 35 78
to Eliminate/Reduce Waste Dis-
charge
6. Economic Impacts and Cost Anal- - - - - - - 11 - -1 3 0.7
yses of Pollution/Pollution Con-
trol
7. Legal and Policy Research - 32 - .- 112 - - 9 2.0
Related to Technological Options
8. Pollution Control Strategies (e.g. - 1- - - -3 - - -1 5 1.1
diff. mediaand diff. environments
9. Chemical and Biological Effects 5 22 - -2 42 22 13 4 31 96 21.5
and Interactions/Environmental
Modeling
10. Detection, Measurement and 1 14 - 1- 16 16 12 6 72 66 14.8
Analytical Methods
11. Global Environmental Prob- - -1 - -1 - -5 - - 7 1.6
lems (CO, Greenhouse Effect or
Acid Rain)
12. Other {physical properties, - - 2 2 - 4 1 2 1 -- 12 2.7
database, training)
446 99.5

*Respondents ranked their top three research and design needs.

A comparison of the active projects with the identified
research and design needs indicates that the match be-
tween project effort and perceived needs is fairly good for
most of the categories as shown in Figure 1. Notable ex-
ceptions are in Categories 1, 9, and 10. In Category 1, the
project effort far exceeds the perceived needs. This sug-
gests that the major sources of pollution have either been
addressed and characterized or that they are in progress. A
greater effort is suggested for Categories 9 and 10 (effects,
modeling, and measurement) which is consistent with the
definition of ultimate impact of emissions and effluents
on the environment in general and people specifically.

The industrial participants were asked to provide their
opinion of how the total environmental research effort
should be divided among various categories and pollutant
media. Their perceptions are shown in Tables 5 and 6. The
greatest efforts are perceived to be transport and fate
(16%), health effects (18%), and pollutant control technol-
ogy (23%). Chemical engineers are expected to provide
significant research efforts in transport and fate (17%) and
pollutant control technology (32%). Our expected research
effort in health effects (4%) ranks near the bottom. The dis-
tribution of effort by pollutant medium has a perceived
need of almost one-to-one for the major environmental
acts. If these concerns are grouped by medium, then the
overall effort needed is perceived to be 4:1:1 for water, air,
and solid waste, respectively. Although drinking water
cleanup is ranked lower than the others, water quality is
definitely the top concemn of the respondents.

Table 7 contains a comparison of the 1973 reported proj-
ect funding for universities with the university reported
project funding for 1984. The total project funding of $16
million is the same for both surveys. When the number of
active projects reported in each survey is considered with
the inflation rate, the average cost for an environmental
research project has remained about the same (in 1984 dol-
lars, about $100K/project).
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TABLE 5. INDUSTRIAL PERCEPTION OF THE DISTRIBUTION OF
ENVIRONMENTAL RESEARCH EFFORTS

Percent of Research

Effort
Category Total By Ch.E's
A. Health effect of pollutants 18 4
B. Environmental Impacts 10 5
C. Mechanisms of pollutant for- 5 9
mation
D. Environmental transport and 16 17
fate of pollutants
E. Measurement of pollutants 7 11
released from industrial
processes
F. Research on measurement/ 8 3
analytical methodology
G. Pollutant control technology 23 32
H. Environmental reclamation 9 13
and/or correction of past im-
proper practices
0. Other 4 6

TABLE 6. INDUSTRIAL PERCEPTION OF THE DESIRED
DISTRIBUTION OF RESEARCH EFFORT BY POLLUTANT MEDIUM

Category Overall Effort, %
A. Air (Clean Air Act) 23
B. Surface Water (Clean Water Act) 18
C. Groundwater 23
D. Drinking water cleanup (SDWA) 11
E. Solid waste (RCRA, CERCLA) 20
F. Intermedia (i.e., interaction be- 5

tween air and water pollution

The breakdown of the funding sources for the 1984 sur-
vey was: $12 million from government agencies, $2 mil-
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Figure 1. Percentage distribution of effort for active projects and perceived needs by project category.

lion from industrial sources, $1 million from the universi-
ties, and $1 million from other sources. Of the $12 million
from government agencies, $4 million was from EPA.
Thus, EPA is providing 30% of the funds from government
sources for environmental research reported in the 1984
survey, or 25% of the total reported funds.

CONCLUSIONS

Based on the project information received, the
identified research and design needs submitted, and ob-
servations made during this study, several conclusions
have been made.

o There has been a dramatic decrease in environmental
research activity involving chemical engineering
principles over the past decade as measured by the
number of active projects reported in the two surveys.

¢ Research on pollution control technology is the area
with the greatest perceived need and the greatest cur-
rent effort.

¢ Water pollution control projects outnumber air pollu-
tion control projects by a factor of 2:1.

e The lowest emphasis is on legal and economic
problems.

® Greater emphasis should be placed on chemical and
biological effects and interactions, environmental
modeling, pollutant detection, measurement and an-
alytical methods.

If future surveys of this type are made, it is recom-
mended that a special effort be made to obtain a larger re-
sponse for environmental research and design needs from
those active in plant design, operation, and maintenance.
The people involved in these areas may not be involved in
research and may not be aware of the survey without a spe-
cial effort. In addition, the data gathering approach for this
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type of data could be improved by starting from existing
databases (e.g., EPA, DOE, DOD, and SSIE) of ongoing
research and then use these data to select candidate
schools and companies for the follow-up survey. This
would result in the survey being a validating tool for the
data gleaned from the funding agency lists.

LIMITATIONS

The use of the results of the 1984 Environmental Re-
search Survey presented in this paper and the complete re-
port should be made with caution. The low project re-
sponse from industry makes the use of this information
qualitative at best. Many schools and industries known to
be engaged in environmental research failed to respond;
therefore, their input is missing. The groupings of the re-
search and design needs were made by the Committee and
may not accurately reflect the respondent’s choice or
intention.
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TABLE 7. COMPARISON OF 1973 REPORTED FUNDING LEVELS WITH 1984 REPORTED FUNDING LEVELS FOR UNIVERSITY PROJECTS

1973 University Project Category Funding 1984 University Project Category Funding
I. Water Pollution -A-Measurement methods $ 694,473 1. Pollution source identification/
B-Abatement & controls 2,914,257 characterization $ 3,168,345
C-Legal and economic
aspects 561,000 2. Water, air, thermal, and noise
D-Predictive modeling 2,908,011 pollution control technologies 3,844,142
E-Effect on health and
vegetation 952,449 - 3. Solid/hazardous waste handling,
F-Misc. (surveys, training, treatment, storage and disposal 1,014,961
materials studies) 2,113,300
IL Air Pollution -A-Measurement methods 1,000,700 4. Waste recycling/reuse 230,246
B-Abatement & controls 1,102,245 5. Manufacturing process changes to
C-Legal and economic eliminate/reduce waste discharges 1,016,500
aspects 11,000
D-Predictive modeling 79,850 6. Economic impacts and cost analyses
E-Effect on health and of pollution/pollution control 1,346,000
vegetation 101,800
F-Misc. (surveys, training, 7. Legal and policy research related to
materials studies) 396,900 technological options 18,000
II1. Solids Waste -A-Measurement methods 1,000 8. Pollution control strategies (e.g. in
B-Abatement & controls 501,270 different media and different
C-Legal and economic environments 842,714
aspects —_—
D-Predictive modeling —— 9. Chemical and biological effects and
E-Effect on health and interactions/environmental modeling 3,227,231
vegetation 81,500
F-Misc. (surveys, training, 10. Detection, measurement and
materials studies) 274,000 analytical methods 1,052,598
IV. Noise Pollution 170,000 11. Global environmental problems such
as the CO, greenhouse effect or acid —_
V. Graduate Training 351,000 rain
VI. Air/Water/Solids Pollution Interaction 1,583,000 12. Other (phys. properties, databases, 673,359
_— training) _
TOTAL  $ 15,797,755 TOTAL  $ 16,434,096
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cal feedstock.
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Combined SO/NQO. Removal from Flue Gas

Detailed discussion of a new regenerative fluidized-bed process developed
by the Pittsburgh Energy Technology Center.

James T. Yeh, Richard J. Demski, Joseph P. Strakey, and James L. Joubert,
Dept. of Energy, Pittsburgh Energy Technology Center, Pittsburgh, Pa. 15236

Development of a regenerative fluidized-bed process for
simultaneous removal of SO, and NO, from flue gas has
been underway at the Pittsburgh Energy Technology Cen-
ter (PETC) since the late 1960’s. In 1970, McCreaet al. [1]
reported on the bench-scale evaluation of SO, removal
using copper-impregnated alumina spheres and presented
preliminary design criteria for a process to be used to treat
flue gases from a 1000-MW utility boiler burning a
3%-sulfur coal. A copper-impregnated UOP alumina sorb-
ent, containing 6.3 wt.% Cu, was tested over 200 cycles of
SO, absorption and regeneration with CH, in a fixed-bed
bench-scale reactor. No deterioration of the physical or
chemical properties of the sorbent was observed during
these tests.

Fluidized-bed testing(at PETC) of the same sorbent ma-
terial was begun in 1975 using a 6-inch (15.2-¢cm)-diameter
reactor, and the initial results were reported by Strakey et
al. [2]. The tests were conducted with the combustion
products of natural gas, spiked with SO,. The SO, removal
was measured as a function of solids feed rate, bed height
(18 inches and 36 inches; 0.457 m and 0.914 m), and bed
temperature (662°F and 750°F or 350°C and 400°C); 75
absorption-regeneration cycles were completed. During
several eycles, ammonia was injected for the simultaneous
removal of NO,.

The results of this study were sufficiently promising to
merit continued development of the process. In addition
to a continuing evaluation of repeated sorption/regenera-
tion cycles on sorbent activity, the test program included
the following: a determination of the effect of NHy/NO,
mole ratio on simultaneous removal of SO, and NO; mea-
surement of ammonia “slip” (unreacted ammonia); in situ
measurements of sorbent attrition occurring in the
fluidized bed; and an evaluation of the effect of fly ash
addition on reactor performance. The results of these suc-
cessful tests were reported at the 1982 Summer National
Meeting of the AIChE in Cleveland, Ohio [3].

Based on the results of the previous research, a3 ft4inch
X 4 ft 0 inch cross-section X 12 ft0inch(1.016 m x 1.219 m
cross-section X 3.658 m) high fluidized-bed absorber was
designed, fabricated, and installed in a 500 1b/hr (2.268
kg/h) pulverized-coal-fired combustion test facility. A 2 ft
6 inch (0.762 m) diameter x 26 ft 0 inch (0.66 m) high re-
generator was also constructed to regenerate the spent
sorbent from the absorber. The results of tests conducted
in this facility are discussed in this report.

DESCRIPTION OF PROCESS

The SO, and O, in the Hue gas react with copper oxide
to form the sulfate:

CuO + SO, + % 0, = CuSO, (1)
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The spent sorbent can be regenerated with methane or
other reducing gases, such as H, and CO. With methane,
the overall reaction is expressed by the following

CuS0, + % CH, = Cu + SO, + .% CO, + H,0 (2)

When the regenerated sorbent is exposed to flue gas, the
elemental copper is converted to the oxide:

Cu + % 0, = CuO (3)
The reaction of NH, with NO,. in the fluidized bed is cata-
lyzed by both CuSO, and CuO, the former being more
effective:

4NO + 4NH; + O, = 4N, + 6H,0 @)
2NO, + 4NH, + O, = 3N, + 6H,0 (5)

Other NO, reduction reactions not involving oxygen are
also believed to occur.

The Shell copper oxide process is based on similar
chemistry but uses a cyclic fixed-bed contactor in which
the supported sorbent is contained in parallel trays [4, 5, 6].
The process is licensed by the UOP Process Division in
this country and is referred to as the UOP/Shell Process.

The fluidized-bed design has several significant ad-
vantages over a fixed-bed design:

¢ No valve problems. No large-diameter valves are

needed to isolate the absorber from the regenerator
as in the fixed-bed design.

® Constant regenerator off-gas. Fixed beds produce a

cyclic feed to the sulfur recovery unit.

¢ Fly ash passes through the fluidized bed, avoiding

plugging that can occur in fixed beds.

The main potential disadvantages are the following:

® Higher pressure drop than in the parallel passage

reactor.

® Potential for attrition of the sorbent.

SORBENT PREPARATION

The sorbent used in this test program was in the form of
1/16-inch (0.16-cm)-diameter copper-impregnated
spheres of gamma alumina purchased from UOP. The
spheres were immersed in a 22.5-wt.% solution of copper
nitrate trihydrate for a period of about 1/2 hour. After the
excess solution was drained, the sorbent was placed in an
oven and heated to 300°F (149°C) and kept at this tempera-
ture for about 16 hours. The sorbent temperature was then
raised to 1200°F (650°C) and held at this temperature for
six hours for calcination under a flow of nitrogen. The re-
sulting copper concentration was 5.1 wt.%.
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DESCRIPTION OF TEST FACILITY
Combustion Test Facility

The 500 Ib/hr (226.8 kg/h) combustion test facility is
shown schematically in Figure 1. The furnace was de-
signed to simulate the performance of an industrial steam
generator. The furnace walls are refractory-lined and
water-cooled. The unit is 7-ft (2.13-m)-wide, 5-ft
(1.52-m)-deep, and 12-1t(3.66-m)-high, and has a volumet-
ric heat-liberation rate of about 16,000 Btu/hr-ft* (165,662
W/m?) at a thermal input of 6.5 million Btu/hr (1.9 x 105 W),
The flue gas flow rate is approximately 1300 scfm (1 atm.,
32°F) or 0.613 cubic meter per minute [1.01 (10%) Pa, 0°C)].

Coal is charged to the hopper, pulverized to a size of 70%
minus 200 mesh, and then conveyed by the primary air
into a recycle coal loop, where intimate mixing of coal and
air occurs. Four adjustable exit tubes are connected to the
recycle loop; these convey the primary air-coal mixture to
each of the four burners. Secondary air at 600°F (316°C) is
fed through adjustable swirl vanes surrounding each
burner. The flue gas exits the furnace at about 2000°F
(1093°C), passes through a convective heat transfer sec-
tion, enters the fluidized-bed absorber, passes through a
recuperative air preheater where the secondary air is pre-
heated, and then exits the system through a baghouse, an
induced-draft fan, and a stack.

A pictorial view of the fluidized-bed absorber is shown
in Figure 2. Sorbent from the storage hopper is fed into the
side of the absorber via a side-entry rotary airlock feeder.
The sorbent hopper is set on four load cells that are used to
calculate a feed rate by the loss in weight per unit of time.
The bed height was controlled by gravity flow of the sorb-
ent through the side of the absorber at either 18 inches
(0.457 m) or 36 inches (0.914 m) above the distributor
plate. The removal rate through the original openings be-
came too slow (bed height began increasing) at the higher
sorbent feed rates, so a 3-inch (7.6-cm)-diameter pipe was
installed at each level to maintain uniform bed heights at
feed rates as high as 3000 lb/hr (1360.8 kg/h). The distribu-
tor plate contains 115 bubble caps (see Figure 3) spaced on
4-inch (10.1-cm) centers.

The sorbent regenerator was an alonized vessel 2.5 ft
(0.762 m) in diameter by 26 ft (7.92 m) high. The sorbent
was regenerated batchwise in a static bed after each ab-
sorption test. The sorbent was preheated with nitrogen to
about 572°F (300°C) prior to switching to natural gas or nat-
ural gasthydrogen mixtures for removal of sulfur from the
sorbent. The operating temperature of the regenerator was
about 788°F (420°C). The regenerated sorbent contains
about 1 weight-percent residual sulfur.

Test Procedure

Tests were carried out by first warming the combustor
while burning natural gas. After the combustor had been
warmed up, coal combustion was initiated. When the flue
gas temperature reached the desired level, the SO,/NO,

con
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Figure 1. Simplified flowsheet of 500-Ib/hr (226.8 kg/hr) combustion test
facility.
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Figure 2. Fluidized-bed absorber (1.1016 m x 1.219 m x 3.658 m).

removal test was begun by introducing the sorbent into the
fluidized-bed reactor and establishing the feed rate re-
quired for a certain level of SO, removal. The NH, injec-
tion rate was then adjusted to achieve the desired level of
NO, removal. A typical test normally required about 10
hours of operation, including 1 to 3 hours of actual sorbent
feed. At the end of a test, the sorbent flow into and the
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Operating Temperature — 399 °C
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Figure 3. Bubble cap.
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sorbent flow out of the reactor were terminated simultan-
eously.

The coal used in this series of tests was a Pittsburgh
seam coal from West Virginia containing about 3% sulfur.
The combustor was operated with 20% excess air.

RESULTS

The original objectives of the test program were the fol-
lowing: 1) determine the required sorbent flow rates to
achieve SO, removal efficiencies ranging from 70% to
90% while burning 3%-sulfur coal (which results in nomi-
nal uncontrolled SO, and NO; levels of 2300 ppm by vol-
ume and 500 ppm by volume, respectively); 2) determine
the required NH; injection rates to achieve NO, removal
efficiencies ranging from 40% to 90%; and 3) conduct sim-
ilar series of tests at higher inlet SO, levels (2500 and 3000
ppm by volume) by injecting SO, into the combustion
gases, and at higher NO, levels (800 and 1000 ppm by vol-
ume) by oxidizing NH, to NO, in the combustor. It was an-
ticipated that the bulk of the tests would be conducted
using a 36-inch (0.914-m)-deep bed at =750°F (399°C);
several tests were planned at lower bed temperatures to
simulate load-following conditions. Six tests were planned
using an 18-inch (0.457-m)-deep bed operating at 750°F
(399°C).

Results of the SO/NO, removal tests conducted are
given in Tables 1-3. Several difficulties were encoun-

tered in attempting to carry out the test schedule exactly as
planned. Although initial tests were to be conducted in a
36-inch (0.914-m)-deep bed, the openings in the reactor
wall [at the 36-inch (0.914-m) level] did not provide ade-
quate flow of sorbent from the reactor to maintain the bed
level at 36 inches (0.914 m); as a result, a number of tests
(Table 1) were actually conducted at bed depths of about
46 inches (1.17 m) (estimated from bed inventory and vis-
ual observation) before the problem was corrected. Con-
trolling the bed temperature at 750°F (399°C) proved more
difficult than originally anticipated, resulting in data be-
ing obtained over a broader temperature range than
planned.

$0O, Absorption

Sulfur dioxide removal efficiencies obtained under all
conditions are plotted in Figure 4 as a function of the Cuw/S
mole ratio, which is defined as moles of available Cu (i.e.,
Cu not combined with S) in the sorbent feed divided by
moles of S in the inlet SO,. The data obtained using the
46-inch (1.17-m)-deep and the 36-inch (0.914-m)-deep
beds were separated into two temperature ranges in an at-
tempt to discern temperature effects on SO, removal
efficiencies.

Figure 4 indicates, as expected, that, as bed depth in-
creases, the Cu/S ratio required to achieve a given SO, re-
moval decreases. There is no discernible effect of temper-

TABLE 1. RESULTS OF FLUIDIZED BED-COPPER OXIDE PROCESS TESTS, 46-INCH (1.17-M)-DEEP BED

Test No. 3 4 5 6 7 8 9 26 27 28
SO, Removal, % 79 71 90 91 70 81 91 90 90 90
NO, Removal, % 92 92 93 94 93 93 93 46 7 92
Inlet SO, (Dry), ppm by vol. 2280 2280 2354 2680 2680 2680 3100 2100 2100 2100
Inlet NO, (Dry), ppm by vol. 520 520 520 500 520 520 510 650 650 650
Bed Temperature, °F 840 860 750 750 810 750 760 790 790 790
Sorbent Feed, Ib/hr 820 640 1475 1882 775 932 2321 1681 1681 1681
Ib Sorbent/1000 scf 124 9.6 21.7 26.48 10.7 12.83 33.7 22.4 22.4 22.4
Available Cu, % 3.0 3.0 2.8 3.0 3.3 3.3 2.5 3.0 3.0 3.0
Cu/S Mole Ratio 0.99 0.78 1.57 18 08 0.96 1.71 1.86 1.86 1.86
Mole SO, Removed per 0.795 0.92 0.57 0.506 0.876 0.826 0.532 0.48 0.48 0.48
Mole Available Cu
NHi/NO, Mole Ratio 0.98 0.98 1.0 0.87 0.92 0.92 0.69 0.26 0.50 0.66
Bed Inventory, Ib 1353 1353 1403 1413 1406 1406 1534 1291 1291 1291
(Measured after test)
Pressure Drop, inches W.C. 26 26 27 27 27 27 27 26 26 26
Superficial Velocity, ft/s 34 3.4 3.5 3.6 3.9 3.7 3.6 4.0 4.0 4.0
°C = (°F-32)/1.8, kg/h = 2.205 Ib/hr, m* = 35.31 ft!, Pa = 0.00402 inch W.C., kg = 2.205 Ib, m/s = 3.281 ft/sec.
TABLE 2. RESULTS OF FLUIDIZED-BED COPPER OXIDE PROCESS TESTS, 36-INCH (0.914-M)-DEEP BED
Test No. 1 2 10 11 12 13 14 15 16
SO, Removal, % 67 91 70 70 82 91 91 91 88
NO, Removal, % 91 95 90 83 91 65 55 42 55
Inlet SO, (Dry), ppm by vol. 2350 2290 2950 2950 2950 2500 2500 2500 2400
Inlet NO; (Dry), ppm by vol. 550 530 460 460 460 590 590 590 465
Bed Temperature, °F 900 800 800 800 780 750 750 750 660
Sorbent Feed, Ib/hr 340 998 1056 1056 1474 2982 2982 2982 2450
Ib Sorbent/1000 scf 4.88 14.9 17.3 17.3 24.2 415 41.5 41.5 39.1
Available Cu, % 5.1 5.1 2.5 2.5 2.5 2.8 2.8 2.8 2.8
Cu/S Mole Ratio 0.65 2.00 0.89 0.89 1.27 2.76 2.76 2.76 2.70
Mole SO, Removed per 1.03 0.456 0.79 0.79 0.65 0.33 0.33 0.33 0.32
Mole Available Cu
NHy/NO, Mole Ratio 1.1 0.97 0.95 0.83 0.92 0.46 0.36 0.28 045
Bed Inventory, 1b 1154 1034 1082 1082 1082 1114 1114 1114 1040
(Measured after test)
Pressure Drop, inches W.C. 24 24 23 24 24 24 24 24 23
Superficial Velocity, ft/s 4.0 3.6 3.3 3.3 3.2 3.7 3.7 3.7 3.0
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TABLE 2. RESULTS OF FLUIDIZED-BED COPPER OXIDE PROCESS TESTS, 36-INCH (0.914-M)-DEEP BED, (CONTINUED)

Test No. 17 18 19 20 21 22 23 24 25
SO, Removal, % 88 88 89 89 89 89 89 90 90
NO, Removal, % 81 89 38 20 45 58 85 78 70
Inlet SO, (Dry), ppm by vol. 2400 2400 2250 2250 2250 2250 2250 2350 2350
Inlet NO, (Dry), ppm by vol. 465 465 970 800 800 800 800 970 970
Bed Temperature, °F 660 660 730 715 715 715 715 730 730
Sorbent Feed, lb/hr 2450 2450 2485 2485 2485 2485 2485 2596 2596
Ib Sorbent/1000 scf 39.1 39.1 35.4 354 354 354 35.4 415 415
Available, Cu, % 2.8 2.8 29 2.9 2.9 2.9 3.1 3.1
Cuw/S Mole Ratio 2.70 2.70 2.91 2.91 2.91 2.91 2.91 3.27 327
Mole SO, Removed per 0.32 0.32 0.31 0.31 0.31 0.31 0.31 0.28 0.28
Mole Available Cu
NHyNO, Mole Ratio 0.89 1.03 0.19 0 0.33 0.46 0.76 0.71 0.54
Bed Inventory, Ib 1040 1040 988 980 988 988 988 984 984
(Measured after test)
Pressure Drop, inches W.C. 23 23 23 23 23 23 23 23 23
Superficial Velocity, ft/s 3.0 3.0 3.1 3.1 3.1 3.1 3.1 3.1

°C = (°F-32)/1.8, kg/h = 2.205 Ib/hr, m* = 35.31 !, Pa = 0.00402 inch W.C., kg = 2.205 b, m/s = 3.281 ft/sec.

TABLE 3. RESULTS OF FLUIDIZED-BED COPPER OXIDE PROCESS TESTS, 18-INCH (0.457-M)-DEEP BED

Test No. 29 30 31 32 33 34 35 36 37
SO, Removal, % 70 70 70 78 78 78 84 84 84
NO; Removal, % 50 74 84 63 80 87 52 65 82
Inlet SO, (Dry), ppm by vol. 2340 2340 2340 2200 2200 2200 2150 2150 2150
Inlet NO, (Dry), ppm by vol. 500 500 500 520 520 520 620 620 620
Bed Temperature, °F 870 870 870 850 850 850 850 850 850
Sorbent Feed, lb/hr 1077 1077 1077 1850 1850 1850 1893 1893 1893
Ib Sorbent/1000 scf 14.9 149 14.9 24 24 24 27.7 27.7 277
Available Cu, % 2.9 2.9 3.0 3.0 3.0 3.0 3.0 3.0
Cu/S Mole Ratio 1.11 1.11 1.11 1.96 1.96 1.96 2.30 2.30 2.30
Mole SO, Removed per 0.63 0.63 0.63 04 04 04 0.37 0.37 0.37

Mole Available Cu
NHy/NO, Mole Ratio 0.46 0.75 0.93 0.51 0.73 0.87 0.37 0.6 0.89
Bed Inventory, Ib 429 429 429 532 532 532 458 458 458
(Measured after tests)
Pressure Drop, inches W.C. 16 16 16 16 17 17 17 17 17
Superficial Velocity, fi/s 4.1 4.1 4.3 4.3 4.3 3.8 38 38

°C = (°F-32)/1.8, kg/h = 2.205 Ib/hr, m* = 35.31 ft!, Pa = 0.00402 inch W.C., kg = 2.205 Ib, m/s = 3.281 ft/sec.

ature on performance of the 46-inch (1.17-m)-deep bed
over the range of 750° to 860°F (399° to 460°C). However,
data obtained with the 36-inch (0.914-m)-deep bed in the
660°-730°F (349°-388°C) range fall somewhat lower than
the curve generated from data in the 750°-800°F
(399°-427°C) range. The SO, removal efficiencies ob-
tained in the 18-inch {0.457-m) bed are significantly lower
than those obtained in the deeper beds, although the tests
were conducted at fairly high temperatures (850°-870°F or
454°-466°C). There was no discernible effect of inlet SO,
concentration on SO, removal éfficiency in any of the
tests.

NO, Removal

Results of NO, removal tests are given in Figures 5-7,
which show NO, removal efficiency as a function of
NHy/NO; mole ratio. At a given NHy/NO, mole ratio, the
removal efficiencies in the 18-inch (0.457-m)-deep bed
were only slightly lower than those obtained in the 36-inch
(0.914-m)-deep bed; however, the 18-inch (0.457-m) bed
tests were conducted at higher temperatures. Removal
efficiencies obtained in the 46-inch (1.17-m) bed were
higher than those obtained in the shallower beds over the
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NHy/NO,. range of ~0.3-0.9. At a given bed depth, there
was no discernible effect of either temperature or inlet
NO; level on removal efficiency with the exception of
data obtained in the 36-inch (0.914-m) bed (Figure 6) at
660°F (349°C), which indicate a slight decrease in NO, re-
moval efficiency relative to data obtained in the
715°-800°F (379°-427°C) range.

Ammonia in Effluent Gas

An evaluation of NH; “slip” occurring in the reactor was
conducted to determine whether NH; levels in the off-gas
were acceptable. It is generally believed that NH; concen-
trations exceeding 30-40 ppm by volume could result in
formation of ammonium salts that could plug or cause cor-
rosion in downstream components.

Ammonia concentrations from 0 ppm to 12 ppm by vol-
ume were measured in the off-gas from the absorber dur-
ing tests in which the NHy/NO, ratios in the flue gas were
set from 0.5 to 1. The ammonia concentration was mea-
sured by passing a portion of the flue gas through a two-
reactor NO/NO; analyzer. No evidence of ammonium salt
formation was found in the piping downstream of the
fluidized-bed reactor.

Environmental Progress (Vol. 4, No. 4)
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Pressure Losses Through the Fluidized-Bed Reactor

Pressure drop across the distributor plate was typically
about 10 inches W.C. (2488 Pa). Pressure drops through
the sorbent bed were normally 6-7 inches W.C. (1493-1472
Pa) in the 18-inch (0.457-m)-deep bed; 13-14 inches W.C.
(3235-3484 Pa) in the 36-inch (0.914-m)-deep bed; and
16-17 inches W.C. (3981-4230 Pa) in the 46-inch
(1.17-m)-deep bed.

Sorbent Attrition

There has been no evidence of chemical attrition of the
sorbent, i.e., loss of reactivity, in 24 sorption-regeneration
cycles. However, physical attrition of the sorbent has been
about 0.5% of the sorbent fed to the fluidized bed reactor,
significantly higher than that observed in earlier PDU
testing. The source of the attrition appears to be the rotary
airlock feeder used in the test facility; batch tests con-
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ducted in the fluidized bed, with no sorbent teed or with-
drawal, indicate attrition rates comparable to those found
in earlier tests. Alternative sorbent feed systems are cur-
rently being evaluated. A slide-gate-valve and a V-port
ball-valve have been found to have substantially reduced
the sorbent attrition.

CONCLUSIONS

Scale-up of the fluidized-bed reactor from the original
6-inch (15.2-cm)-diameter cylindrical configuration (used
in PDU tests) to the 40-inch X 48-inch (0.1016-m X
0.219-m) rectangular configuration (a 60/1 scale-up) cre-
ated no significant problems.

After 24 absorption/regeneration cycles, there was no in-
dication of chemical attrition of the sorbent. Sulfur dioxide
removal efficiencies in excess of 90% could readily be
achieved throughout the test program.

Nitrogen oxides removal efficiencies in excess of 90%
were achieved at NHy/NO_ mole ratios of 1.0 or less. There
was no evidence of ammonia “slip” in gases exiting the
fluidized-bed reactor, nor was there evidence of ammo-
nium salts deposition in ductwork downstream of the reac-
tor.

There was no evidence of fly ash accumulation in the
fluidized bed, nor was there any indication of ash deposi-
tion on the bed distributor plate.

Higher than expected physical attrition of the sorbent
appears to be attributable to the rotary airlock feeder em-
ployed in the test facility.
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DISCLAIMER

This report was prepared as an account of work spon-
sored by an agency of the United States Government. Nei-
ther the United States Government nor any agency
thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or re-
sponsibility for the accuracy, completeness, or usefulness
of any information, apparatus, product, or process dis-
closed, or represents that its use would not infringe pri-
vately owned rights. Reference herein to any specific
commercial product, process, or service by trade name,
mark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Oxidation of 2-Chlorophenol Using Ozone
and Ultraviolet Radiation

This type of reaction system has great potential for the destruction of refractory
organic water pollutants in industrial effluents.

Shahab R. Khan, Ching R. Huang, Joseph W. Bozzelli, New Jersey Institute of Technology, Newark, N.J. 07102

2-Chlorophenol has been on the US EPA’s priority
pollutants list since 1978 [1]. Its concentration in drinking
water has been limited to 0.3 ug/liter [2]. The degradation
of 2-chlorophenol by biological oxidation has been found
to be ineffective at concentrations higher than 40 ppm [3].

Ozone has been found to be an effective oxidizing agent
for the removal of many organic pollutants from water. It is
often preferred over chlorination because it has a higher
oxidation potential than chlorine (see Table 1). Unlike
chlorine, ozonation does not result in the formation of sta-
ble acids as a last step and, recently, chlorination has been
linked to the production of trihalomethanes such as chloro-
form, methylene chloride, and carbon tetrachloride [4, 5].

Ozonation in the presence of ultraviolet light has been
found to be a more effective technique than ozonation
alone. Prengle and co-workers, in a series of experiments,
determined that ozone/UV oxidation is extremely effective
in the destruction of toxic pollutants in water, where the
UV radiation is believed to be responsible, in many cases,
for activating the toxic compound and/or decomposing the
dissolved ozone itself. As a result, oxidation rates with
ozone/UV are 10 to 1000 times faster than ozone alone
[6-10].

Both the mechanism and kinetics of the decomposition
of ozone in water are somewhat uncertain. Prengle and
Mauk presented a reaction scheme for generation of active
species from ozone in the presence of UV radiation. A brief
and simplified initiation scheme suggested by Prengle is
given below [14, 16].

TABLE 1. COMPARISON, OXIDATION POTENTIAL OF OZONE
AND ITS PHOTOLYSIS SPECIES,

Oxidation Relative
Potential Oxidation
Species (volts) power*
Fluorine, F, 3.06 2.25
Hydroxyl
Radical, OH 2.80 2.05
Atomic Oxygen, O 2.42 1.78
Ozone, O, 2.07 1.52
Hydrogen
Peroxide, H,0, 1.77 1.30
Perhydroxyl
Radical, HO, 1.70 1.25
Hypochlorous
Acid, HOCI 1.49 1.10
Chlorine, Cl, 1.36 1.00

*Based on Cl, as a reference.
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0; + v ——— 0" + 0%,
O + H,0 —— 20H’
03+0H.—)H0.2+02

M+hr<___>M*f<____>{M}+H

where {M'} is a free radical species which will rapidly un-
dergo further reaction.

The overall mechanism is Os/UV photo-oxidation of
chemical species in aqueous solutions occurs by a combi-
nation of reactions with the following:

¢ O and O*; species resulting from the photolysis of
ozone.

e OH’ and HO'; species resulting from the photolysis
and subsequent reactions of ozone with water and or-
ganics present in water.

® Photolysis of the chemical species “M” itself to pro-
duce M* and free radicals.

These species participate in a series of oxidation reactions
leading to the final oxidation products, which, for hydro-
carbons, are ultimately CO; and water. Table 1 shows the
comparison of these species with several other oxidations.

This paper presents experimental data and proposed ki-
netic schemes for the oxidation of 2-chlorophenol with
ozone, with ultraviolet light, and with ozone/UV com-
bined. The objective is to  develop a mechanistic expres-
sion for the ozone/UV process, from which, knowing the
given ozone dose rate and UV intensity, the dlsappearance
curve for substrate may be predicted; i.e., its degradation
may be modelled and optimized for the appllcatlon

Our work differs from that of Prengle’s in that the latter
has defined a refractory index which is a measure of
difficulty to oxidize compounds by ozone alone [9, 10]. In
this study, specific kinetic rates are determined based
upon experimental results from a series of reactions on
2-chlorophenol using an optimization program on a
computer.

EXPERIMENTAL
Reactor

A schematic diagram of the apparatus used for mass
transfer and kinetic observations is shown in Figure 1. The
reactor has a liquid holdup volume of 40 liters. It is a semi-
batch type which also has the capability to operate as a con-
tinuous flow stirred tank reactor (CFSTR). It is a vertical
cylinder with nine sample ports along the cylindrical axis
(six inches apart). The dimensions of the reactor are such as
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to facilitate scale up in view of the correlations outlined by
Prengle and Barona [11]. Ozone gas is introduced into the
reactor from the bottom through stainless steel spargers of
medium (2-micron) porosity. Ozone exits from the top of
the reactor to an exhausthood via a vent line. The reactoris
made of clear acrylic plastic and can be dismantled easily
for cleaning after each kinetic run. There are no mechani-
cal agitators used in the reactor. Complete mixing is
achieved by bubbling the gas up through the reactor.
Tracer runs with sodium hydroxide showed that a uniform
pH is achieved in approximately 1.50 minutes at the gas
(02/03) flows used in kinetic runs.

Ozone is produced using an ozone generator (model
T-816 Welsbach Systems Corporation, Philadelphia, Pa.).
Itis a water cooled, corona discharge type. Ozone output is
adjustable by varying power input to the discharge using a
Variac on the generator.

The ultraviolet light source was obtained from Conrad-
Hanovia Inc., Newark, NJ. It is an immersion type, high
pressure mercury vapor lamp with an arc length of 25
inches and has a power rating of 5 kW. The lamp is encased
in two concentric wells made of quartz. These immersion
wells provide a cooling jacket around the lamp and keep
any explosive vapors, which may form, away from the
lamp. Figure 2 shows the wave length spectrum and inten-
sities obtained from this lamp as supplied by the
manufacturer.

Ozone Mass Transfer From Gas to Liquid Phase

To study the rate of ozone absorption in water, the reac-
tor was filled with distilled water, a desired temperature
was maintained, and the ozonator was then started. Ozone

gas initially produced was bled from the ozonator to the
vent hood for the first few minutes to purge the generator,
and was then switched into the reactor. Water samples
were withdrawn from a sample port at fixed time intervals
to determine the ozone solubility equilibrium at different
temperatures. The concentrations versus time data lead-
ing to the calculation of mass transfer coefficients is
shown in Figure 3.

To determine the ozone concentration gradient in the
reactor, samples were withdrawn from sample ports at
various heights from the disperser, all at a fixed time.
Equilibrium was reached within 10 minutes, as shown in
Figure 4.

Ozone Decomposition with Ultraviolet Light

Ozone decomposition with UV light was also deter-
mined in a similar experimental manner. Once dissolved
ozone reached equilibrium, the UV lamp was turned on
and, after a warm up period of about 30 seconds, water
samples were withdrawn at regular time intervals. This ex-
periment required extra precaution in order to avoid errors
due to the relatively fast ozone decomposition reaction, so
the sample collection and analysis time was kept short.
Samples collected from these experiments were subjected
to analysis within 7-8 minutes.

When UV light was turned on, no ozone was detected in
water samples withdrawn from sample ports directly in
front of the UV lamp. A small quantity of ozone was, how-
ever, detected in samples withdrawn from the sample port
12 inches below the lamp as shown in Figure 10.
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D ition of 2-Chlorophenol

P

Feed liquor was prepared by dissolving the desired
amount of 2-chlorophenol in 40 liters of distilled water. It
was then transferred to the reactor. The first few liters of
feed were purged from the reactor for the purpose of condi-
tioning the system. Nitrogen gas was bubbled through the
reactor for several minutes to detect any possible vapor
stripping effect. The initial concentration of 2-chloro-
phenol in water was kept around 200 ppm. Each experi-
ment was repeated at least twice to determine the
reproducibility of the results.

ANALYTICAL PROCEDURES

The concentration of ozone in water samples was deter-
mined immediately after withdrawal of the samples. The
iodometric method, as described in Reference [13] was fol-
lowed for the determination of ozone in water as well as in
the inlet and outlet gas streams.

The concentration of 2-chlorophenol was determined by
using a gas chromatograph equipped with a flame ioniza-
tion detector. The column used was glass (for inertness),
six feet long, 1/8 in. I. D., packed with 3% SP-2100 on
100/120 Supelcoport. 0.5 ul of sample was injected directly
at the column. The oven temperature was maintained at
70°C for 2 minutes, increasing it to 130°C at a rate of
32°C/min. Each sample was analyzed at least twice, or un-
til similar peak areas were obtained.

RESULTS AND DISCUSSION

The experimental results and rate constants computed
from them are discussed below. Details of mass transfer
and kinetic models are given in the Appendix.
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Figure 3. Ozone solubility in water at different temperatures.
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Mass Transfer of Ozone From Gas to Liquid Phase

The solubility of ozone in water is greatly dependent
upon temperature, as shown in Figure 3. All the experi-
ments were carried out at an initial pH range of 6.5 to 7.5.
Equation (1.1), resulting from a mass balance of ozone over
the liquid phase, was solved with the help of experimental
data. In this equation, the concentration of ozone at the
interphase (COy,) is assumed constant and equal to the
concentration in the gas stream. The ozone concentration
in the liquid phase (COs,) is available as a function of time
from experimental data. The value of the mass transfer
coefficient K;osa is found by linear regression using a
computer program. The value of the mass transfer
coefficient (combined with the interfacial surface area
“a”), which gave the best fit to the experimental data is
0.6363 (min)~. Figure 5 shows a comparison of this
coefficient with experimental results.

Oxygen Mass Transfer from Gas to Liquid Phase

The ozone was fed into the reactor as a mixture of ozone
and oxygen gases. Since oxygen itself is activated with UV
light, its solubility in water was determined by passing a
stream of pure oxygen into the reactor. Oxygen reaches its
equilibrium value very rapidly and its solubility in water is
less temperature-dependent than ozone. Equation (2.1),
resulting from an oxygen mass balance over the liquid
phase, is solved with the help of experimental data by
using a similar algorithm to the case of 0zone mass transfer.
The value of the oxygen mass transfer coefficient, com-
bined with the interfacial surface area, which gave the best
fit to the experimental data is K;,a = 1.62 (min)~'. The fit

3

OXYGEN CONCENTRATION (mg-mol/L) X10
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TIME (min.)
Figure 6. Oxygen equilibrium in water at 26°C.
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of the calculated curve versus the experimental data points
is shown in Figure 6. The final oxygen concentration in
water, determined at 26°C, is 0.54 mg-mol/liter or about 17
ppm.

Oxidati | with Ozone

of 2-Chloroph

The oxidation of 2-chlorophenol with ozone alone was
carried out at operating conditions and ozone flow rate
identical to those of mass transfer experiments. The two
differential equations resulting from mass balance of
ozone and 2-chlorophenol (Equations 3.1 and 3.2 in Ap-
pendix) were solved by a Runge-Kutta fourth-order nu-
merical method on a computer. The optimized value of the
reaction rate constant k, was calculated by using
Rosenbrock’s “Hill-Climb” optimization program [15].

The optimum value of k, is 2.273 (mg-mo/liter){(min).
A comparison of this rate is constant to the experimental
data is shown in Figure 7.

Decomposition of 2-Chlorophenol with UV Light Alone

The UV oxidation of 2-chlorophenol was carried out by
pouring nitrogen gas instead of ozone into the reactor to
bring about the same mixing effect as in the case of the
ozone/O;. Decomposition of 2-chlorophenol with UV light
was a relatively slow reaction. Only about 62% conver-
sions was achieved in 4 hours. Equations (4.1) and (4.2)
were solved numerically by the RK-4 method used above.
Three reaction rate constants, Ki,I, ks, and k; were opti-
mized by Rosenbrock’s “Hill-Climb” optimijzation pro-
gram on the computer.

8

x10

2-CHLOROPHENOL CONCENTRATION (mg-mol/L)

80

TIME (MIN,)
Figure 7. Oxidation of 2-chlorophenol with ozone.
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The values of the rate constants which gave the best fit
to the experimental data are:

kil = 0.013 (min)™!
k; = 0.0071 (min)™
ks = 0.013 (min)™!

The theoretical curve based upon these values and its
fit to the experimental data is shown in Figure 8.

] ition of 2-Chloroph

P

| with Oxygen and UV Light

The theoretical curve resulting from solving equation
set(5.1) is shown in Figure 9. The optimized values of rate
constants used in this curve are given below;

kgl = 0.24 (min)™!
ks = 0.26 (mg-mol/liter)™ (min)™
ke = 0.86 (min)™!

D position of 2-Chlorophenol with O: /UV

The decomposition of 2-chlorophenol with ozone in the
presence of ultraviolet radiation is a faster reaction than
any of the conversion reactions discussed above. The ex-
perimental results of this reaction are shown in Figure 11.
A comparison with oxygen/UV reaction (Figure 9) shows
that the ozone/UV reaction is about 45% faster than
oxygen/UV, indicating that ozone is important for the rapid
oxidation of 2-chlorophenol. A comparison of Figure 11
with Figure 8 shows that UV oxidation of 2-chlorophenol

16

2-CHLOROPHENOL CONCENTRATION (mg-mol/L) X 10

0 1 1 1 )
0 80 160
TIME (MIN,)
Figure 8. D position of 2-chlorophenol with UV light.
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2-CHLOROPHENOL CONCENTRATION (mg-mol/L) x10

TIME (MIN,)

Figure 9. Oxidation of 2-chlorophenol with O, and UV light.

without ozone was even slower, indicating that ultraviolet
light is not as effective as ozone/UV.

A mechanism for the ozone/UV reaction with the
specific organic pollutant, 2-chlorophenol, is proposed
and shown in the Appendix. This reaction scheme is being
subjected to further investigation and improvements as a
part of continuing research on this project. It is noted that
the production and reaction of the free radical species OH’
(hydroxyl) is omitted in this reaction mechanism, as cited
by Prengle [16]and Hoigne’ [17]. This is done because the
inclusion of additional unknown rate constants into our ex-
perimental parameter set would yield too many variables
for significant computational modeling. We are presently
trying to determine specific rate parameters for OH' reac-
tions and production in aqueous solutions from the litera-
ture for inclusion so that we may extend the set of rate
equations to a more accurate set.

The six differential equations (6.1 to 6.6 in Appendix) re-
sulting from a material balance on this reaction scheme
were solved by the Runge-Kutta fourth order numeérical
method using the data from each of the above-mentioned
experimental studies. The optimized values of the reac-
tion rate constants which gave the best fit to the experi-
mental data are;

kiosI = 0.8 (min)™?
ks = 4.1* 107% (mg-mol/liter)(min)~*
k; = 2.381 *107* (mg-mol/liter)(min)

Figure 11 shows the destruction curve of
2-chlorophenol vs. time, based upon these rate constants
and the model’s fit to the experimental data.

Environmental Progress (Vol. 4, No. 4)
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Figure 10. Ozone decomposition with UV light (at 15°).

APPENDIX:

MATHEMATICAL MODELS FOR MASS TRANSFER AND
REACTION
KINETICS IN A SEMI-BATCH REACTOR

Six models are developed to justify the experimental
data. 1) Ozone mass transfer, 2) oxygen mass transfer, 3) re-
action of 2-chlorophenol with ozone, 4) decomposition of
2-chlorophenol with UV light, 5) reaction with oyxgen and
UV light, and 6) reaction of 2-chlorophenol with
ozone/UV.

£~

1. Mass Transfer of Ozone from Gas to Liquid Phase

A mass balance of ozone over the liquid phase gives;
dCos

dt

Since Cgy is constant, —dC oy, may be written us d (Cosr —
Cos). Multiplying the above equation by —1 and
integrating, boundary conditions are

att =0 C03L=0
b=t Cos = Con

Kigsa V(Coy = Cox) =V

2-CHLOROPHENOL CONCENTRATION (mg-mol/L) X10

Cou = Cont _ o —{1))
Cou

This equation is solved by linear regression of experimen-
tal data of Cog, vs .

%0 2. Mass Transfer of Oxygen from Gas to Liquid Phase

TIME (MIN.) 0: (g) _@2_, Os

Figure 11. 2-chlorophenol oxidation with ozone and UV light. The oxygen mass balance over the liquid volume yields,
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dCo
dT

solving this differential equation with the help of follow-
ing boundary conditions,

= Kigz 8 (Cox — Co)

= kil Cp = kyCpo — ky Cae ——(4.2)

taking Laplace transforms of Eq. (4.1) and (4.2)
SCr=-Cuaey = —kin I C4 + k5 Cpo —(4.3)

att=0  Co = Couno SCy+ = kil €s = kCoe — ksCie
gives —{4.4)
= Cons —Kpgzat . P
Cont = Coy [1 _ ( Cox - 2lozt 0 ) ¢ ] 2.1) since C,* is not known, from Eq. (4.4),
0
— kial s
. Reacti 2-Chlorophenol Cype = ¢ 4.5
3 of hlare with Ozone - . A m A —(4.5)
Th.e reactu')n is represented by the following stoichio- L T ———
metric equation,
_ S+k2+k3+k1AI+k2+k3‘k,AI
Ca 2 2 —46)

Cro (S + k, + k32+ ksl )’ _ [(kz + k32+ kinlP kzk,AI]

A+0, __I_c,__) decomp. prod.

the rate equation is,

dc
Vp = th =-kCyCo - ——(3-1)
material balance of ozone gives
dCog _
e kios @ (Cozt — Co3) — k3 C4 Cos —(3.2)

Equations (3.1) and (3.2) are solved simultaneously by the
Runge-Kutta 4th order method. The resulting equation is
solved for k, with the help of experimental data. The value
of k, was then optimized using an optimization program
[15] to find that value of k, which gives minimum devia-
tion from the experimental data.

4, Decomposition of 2-Chlorophenol with UV Light

The reaction is represented by the following equation,

Let,
G = [(kz + ka4+ ki) ky kial ]”2
_ kot ky+ kil

b= 3

_ ket kst kil
TS

C. _S-b+C
Cwo B-F-a& —4D

taking the inverse Laplace transform of Eq. (4.7),

C
A = ¢ cosh at + L4 es sinh at
Calo) a

substituting the values of @, b, and ¢,

_khtktkal,

2
CC—A'zO)=e & cosh\/w—kznmlt
kg'f‘kg—kul _k2+k:1+klAl t
+ 2 - 2
2
\/(kz + k34+ kil kool
2
sinh | Bt bt hal? gy pre —ag)
Bkl k this equation is solved with experimental data to find the
AL ax R decomp. prod. optimized values of the rate constants.

k.

3

Material balance of reactant A (2-chlorophenol) over the
reactor volume gives,

dC,

— =~ knl Ca + k €% —(4.1)

material balance of intermediate A* gives,
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5. Reaction with Oxygen and UV Light

The reaction scheme is,

klAI

ky

A* L decomp. prod.

kloﬂl €
B S

A+ O,* —k"—> decomp. prod.
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Material balances for each component yield,

dcC
th = —k;sCaCoz — k1aIC, + kyC .
dC,.
th =kl Cp — k,C e = kyCye
dc,
Ttm = kuoz @ (Coyt = Con) ~ kigyl Coz + ksCope
dg;)z' = klozl Coz - ksCAcoz- - ks Coz*
initial conditions,
Ca =Cpo
Cor = Coz 1=
Co- =0
Cy- =0

the simultaneous differential equations (5.1) are solved by
the 4th-order Runge-Kutte method. The values of the rate
constants kyg,1, k;, and k; are optimized to give the best fit
to the experimental data.

6. Ozone/UV Reaction of 2-Chlorophenol

The reaction scheme for this reaction system is given as,

A+ 0O, —k'—> decomp. prod.

L d
—_— > ecomp. prod.
ch_:, P. p

kl():II

———0*+0,
k
bl

ko
A + O* —— decomp. prod.

0,

0,*

2

A+ O, —-k—5> decomp. prod.

mass balance of each component,

dc
th ==k Cp Co3 — Ki,IC, + K;C,.
—kCaCo =k Cy Cop  ——(6.1)
dC,.
d—t“ =k Cp~ ks Cpo — k,Cpo. ——(6.9)

dc,
71 = ki CaCos = ksl Cos + kiCo:Cos

+ Kios @ (Cozr — Coy) ——6.3)
dCy-
d(t) = kioy I Co3 = k1Co:Coy = kiCaCo- (6.4)
dcC
dtw = = kigaI Coz + ki3 I Cog — k; Co Coy
+ ks Cope + Koy @ (Coy — Co2)—(6.5)
d§:2°= klozl Coz - ks Coz* - ks CAcoz'—(G-G)

these differential equations are solved with the following
initial conditions,

Environmental Progress (Vol. 4, No. 4)

Ca =Cyo
Cr:=0

Cos =0
Coo=0

Cox = Cout-o0
Coe= 0

The resulting six equations are solved with the help of
three sets of experimental data, namely, A-O, vs. time,
A-UV vs. time, and A-O, vs. time. The values of the three
unknown rate constants, k;o,l, k; and k, thus obtained are
then optimized to give the best fit to the experimental re-
sults of this experiment.

CONCLUSIONS

Destruction of 2-chlorophenol in water at several hun-
dred concentrations by reaction with ozone and ultraviolet
light has been shown to be significantly faster than reac-
tion with either ozone or UV radiation alone. Complete re-
action, to less than 1 ppm, is accomplished within 50 min-
utes using lab scale ozone and UV generation equipment
in a pilot scale reactor.

A mechanism was proposed and detailed rate constants
were obtained, in addition to mass transfer coefficients,
permitting accurate calculation (modeling) of the global
reaction scheme. It is also shown that this type of reaction
system has a high degree of potential for destruction of re-
fractory organic water pollutants in industrial effluent.

NOMENCLATURE

A designates 2-chlorophenol
a = Effective interfacial area of gas per unit volume
of liquid or reactor [cm?/cm? of reactor]

1 = Intensity of UV radiation [W/cm?[

M = Chemical species (pollutant)

t = time [min]

ke = Mass transfer coefficient for liquid phase
[em/min]

k; = Reaction rate constant for reactions in the pres-
ence of UV light [(min)™].

ky = Chemical reaction rate constant for ozone
-2-chlorophenol reaction [(mg-mol/liter)]

ke = Chemical reaction rate constant for the decom-
position of 2-chlorophenol with UV light [(min)=1]

ks = Reaction rate constant for the reverse reaction of
2-chlorophenol with UV light [(min)]

ks = Reaction rate constant for ozone-UV oxidation of
2-chlorophenol [(mg-mol/liter)~ (min)~]

ks = Reaction rate constant for oxygen-UV reaction of
2-chlorophenol [(mg-mol/liter)™ (min)~]

k¢ = Reaction rate constant for oxygen decomposition
with UV light [(min)™]

K; = Reaction rate constant for reversible decomposi-
tion of ozone with UV light [(mg-mol/liter)™!
(min)™]

O; = Ozone

0, = Oxygen

Subscripts

I = Interphase

L = Liquid phase

Superscript

¥ = Reactive species in excited state.
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The Removal of Trace Levels of Dioxins
From Water by Sorption on Modified Clay

Chemical treatments and FTIR measurements have been carried out to help
elucidate the binding interaction between Humic acid and modified clay. Par-
tition behavior of surrogate molecules like Octachloro dibenzo-p-dioxin and
Hexachloro biphenyl on the synthetic sorbent are examined.

Keeran R. Srinivasan, H. Scott Fogler, Erdogan Gulari, Tim Nolan and Jerome S. Schultz, Department of Chemical
Engineering, University of Michigan, Ann Arbor, Michigan 48109

Removal of trace organic pollutants like polychlorinated
biphenyls (PCBs) and polychlorinated dioxins (PCDDs)
from industrial effluent water is a task of utmost impor-
tance in order to minimize further contamination of our
aquatic environment, Of all the trace organics in water, 2,
3, 7, 8-Tetrachloro dibenzo-p-dioxin (2, 3, 7, 8-TCDD) is
believed to be the most toxic [1] and in this paper we de-
scribe our preliminary attempts to develop the technology
for effective removal of this isomer from wastewater.

Many different approaches have been taken to detoxify
2, 3, 7, 8-TCDD, the most promising and prominent of
which are [1]:

a) Photolytic dechlorination
b) Catalytic degradation using catalysts like RuO, and
¢) Thermal decomposition

An alternative method, eminently suitable for the re-
moval of trace levels of a toxic compound from extremely
large volumes of water, is adsorption of the compound on a
suitable sorbent which may be subsequently disposed of
with relative ease, perhaps using one of the afore-
mentioned techniques.

In this paper, we present the results of our ongoing re-
search to develop a cost-effective, synthetic sorbent based
on modified montmorillonite. Chemical modifications
and FTIR measurements on the modified clay have been
undertaken to probe the nature of the sorbent. Determina-
tion of Linear Partition Coefficients (PCs) for the binding
of2,4,5,2',4', 5'-Hexachloro biphenyl (HCB) and 1, 2, 3,
4, 6, 7, 8, 9-Octachloro dibenzo-p-dioxin (OCDD) to the
modified clay has been carried out. These two com-
pounds were chosen as the representative of chlorinated
biphenyls and as the structural surrogate of 2, 3, 7,
8-TCDD, respectively. The preliminary results of this
study are discussed and the future course of our research
delineated.

EXPERIMENTAL
I. Selection of the Sorbent

2, 3,7, 8-TCDD is a rigid, rectangular, nonpolar mole-
cule 1 nm long and 0.35 nm wide with a molecular thick-
ness about the same as its width [2]. A clue to the type of
binding interaction expected between TCDD and the
sorbent may be inferred from the standard free energy
change (Ap°) for the transfer of this compound from water
to any nonpolar solvent [3]. The results of such a calcula-
tion using liquid-liquid distribution data [4] at 298 K for a
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group of organic solvents are shown in Table 1. Not unex-
pectedly, the main driving force behind the sorption of
TCDD seems to be the well known Hydrophobic Effect.
Similar conclusions were reached by Voice and Weber [5]
with regard to PCB sorption by natural sediments, soils,
and suspended solids.

It was recognized that Humic Acid (HA), a polyanionic
soil organic compound with a hydrophobic core, will be
quite suitable as an “ideal” sorbent (both in terms of cost
effectiveness and high values of PCs) when irreversibly
immobilized on clay with its large surface area per unit
mass. Of all the modes of binding between clay and HA,
chelate formation between the carboxyl and acidic hy-
droxyl groups of HA and the edge cations like AI** of the
clay would be most stable [6, 7, 8]. Furthermore,
pretreatment (or more precisely, cation-exchange) of clay
with synthetic polyhydroxy-aluminum compounds is ex-
pected to promote chelate formation more easily between
HA and the treated clay. As an example, Hydroxy Alumi-
num (OH-Al) which was originally developed by Dr.
Marion G. Reed of Chevron Qil Field Research Corpora-
tion may be deemed as prime candidate, since Hydroxy
Aluminum is a polynuclear cation formed according to the
following reaction [9]:

6 AOH),"" = [Al; (OH),,]*

These positively charged polynuclear cations bind
strongly to the interlayer and external surfaces of clay and
are virtually nonexchangeable, rendering the kind of sta-
bility required of the sorbent.

In summary, clay or montmorillonite would be the sub-
strate of the sorbent which is cation-exchanged either with

TABLE 1. PROPERTIES OF 2, 3, 7, 8-TCDD
(A) Symmetric, Rigid Molecule
(B) 0.2 ppb Solubility in H,O
(C) A (Transfer) from liquid-liquid distribution
Data at 25°C

Solvent Ap® (W — HC)

O-Dichlorobenzene —-56.4 (K. J/mole)

Chlorobenzene —46.4 (K. J./mole)

Benzene —-36.4 (K. J./mole)
(

Octanol —35.5 (K. J./mole)

Clearly demonstrates the hydrophobicity of 2, 3, 7, 8-TCDD. Suggests sorbents with
hydrophobic surfaces.
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polynuclear cation like OH-Al or polyvalent cations like
Cu* or Fe®* and HA is finally bound to the clay via this
sandwich layer of positive charge. A flowchart outlining
the above concept is shown in Figure 1. Concomitantly,
HA was directly bonded to hydrated Aluminum Oxide
using identical conditions in order to assess the effects,
beneficial or otherwise, of using clay as the matrix.

Il Preparation of Sorbents

Na-montmorillonite was obtained from Source Clay
Minerals Repository, University of Missouri, Columbia,
Mo. Humic Acid was purchased from Aldrich Chemical
Co. and Hydroxy-Aluminum (6M OH-Al solution) was a
gift from Dr. Marion G. Reed of Chevron Oil Field Re-
search Company. All other chemicals and reagents were
analytical grade.

The clay was expanded and washed in de-ionized water
following which it was equilibrated with 0.3 M solution of
Cu*, or Fe**, or OH-Al. The total amount of these ions was
10-15 fold excess of the CEC of the clay, estimated to be
about 1 eq/kg. The modified clay was extensively washed
and suspended in 1 mM NaOA¢, HOAc buffer, pH = 6.3.

Humic Acid was fractionated by dissolving the commer-
cial grade in 0.1 N NaOH and centrifuging the resultant so-
lution. Precipitate, if any, was discarded and HA was pre-
cipitated at pH 1.3 using 1 N HCI and the precipitate
collected by centrifugation. This process of dissolution-
centrifugation was repeated 3 times and the fractionated
HA was taken up in deionized water and extensively
dialysed against deionized water using 3500 Daltons MW
cutoff dialysis membrane (Millipore Corporation).

The HA concentration was measured as Dissolved Or-
ganic Carbon (DOC) with an Oceanography International
Corporation Carbon Analyzer (PIR 2000) [10]. Alterna-
tively, it was also measured by OD measurements at 465
nm using DOC analysis to prepare a calibration curve for
each batch of HA stock solution. HA is a heteropolymer of a
variety of functional groups and its UV-Visible spectrum is
astructureless continuum due to the overlap of a multitude

(HYDROXY-ALUMINUM, OH-Al)

CLAY-OH-Al

(NON EXCHANGEABLE)

(HUMIC ACID, HA)

ORGANIC POLLUTANT (DIOXIN)

CLAY-OH-AI-HA-DIOXIN

Figure 1. The concept of the synthetic sorbent.
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of absorbance bands. In other words the optical density of
a HA solution increases monotonically with decreasing
wavelength. It has been recognized that the OD at 465 nm,
E4, is a valid measure of HA concentration in solution, pro-
vided the extinction coefficient at this wavelength is inde-
pendently established for each batch of HA stock solution
using DOC analysis. All OD measurements were made ata
constant pH = 8.0. Finally, it was ascertained that the ratio
of absorbance at 465 nm to that at 665 nm, namely the
E4/ES ratio, is invariant [11]. It has been shown that the
E4/ES6 ratio is governed primarily by the particle size and
the molecular weight of HA which, in turn, will have an
effect on the OD of the solution [12]. Thus, in case of varia-
tions in E4/E6 ratios, quantification of HA was done
solely by the DOC method.

Isotherms of HA binding to modified clay were con-
structed by adding increasing amounts of HA in a buffer to
a fixed amount of modified clay. From the initial and the
equilibrium concentration of HA in solution, the amount
of bound HA was estimated. The Hydrated Alumina-
Humic Acid complex was prepared by an identical proce-
dure. The following complexes have so far been prepared:
1) Clay-HA
2) Clay-Cu?**-HA
3) Clay-Fe*-HA
4) Clay-OH-Al-HA
5) Alumina-HA

Each of the above complexes was extensively desorbed
in deionized water to remove the reversible component of
bound HA, following which the sorbent was air-dried at
333 K and stored for later use.

FTIR spectra of HA in solution or of HA bound to
modified clay were obtained by mixing an aliquot of the
solution or a known weight of the sorbent with KBr, vac-
uum drying at 373 K to remove moisture, following which
the mixture was pelletized and IR spectra were recorded
on a DIGILAB FTS.20C FTIR spectrometer.

1Il. Determination of Partition Coefficients

Binding of HCB and OCDD to the sorbent was followed
by a radiometric method. "*C-labelled HCB (24 mCi/m
mole or 144 dpm/ng) and OCDD (21 mCi/m mole or 96
dpm/ng) were obtained from Pathfinder Labs., St. Louis,
Mo. and used without further purification since the com-
pounds were greater than 98% pure. In the case of HCB,
the required amount of sorbate in hexane was transferred
to the reaction tube and the solvent (Hexane) allowed to
evaporate. Following the evaporation of the solvent,
filtered, deionized water, mixed in with the required
amount of sorbent, was added to the tube containing HCB
to begin the equilibration. In the case of OCDD, the sorb-
ent and water were intimately mixed and the sorbate was
injected to start the equilibration. In the latter case, the
aqueous solution contained a small amount of the carrier
solvent, Tetrahydrofuran (THF). This procedure was used
specifically in the case of OCDD since this compound
was more soluble in the water-THF binary mixture at ppb
levels than in water alone. The highest THF concentration
used was 3,000 ppm by vol. and THF is readily miscible in
water at these concentrations.

Following overnight equilibration (which was experi-
mentally determined to be sufficient time for the attain-
ment of equilibrium), the sorbent was separated by
centrifugation at 1600 g for 45 minutes and an aliquot of the
supernatant was counted to give “free” concentration of
the sorbate. The sorbent was filtered and the filter pad
counted to yield the extent of “bound” sorbate. Finally,
the empty glass tube was extracted with scintillation lig-
uid and the amount bound to “glass” was determined. The
radioactivity was counted on a Tri Carb Liquid Scintilla-
tion Spectrometer, Model No. 2002. Counting efficiency
was determined to be around 93% using a sealed 'C exter-
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nal standard. Quench corrections, where appropriate,
were applied using the Channels Ratio Method [10]. This
procedure enabled us to evaluate the mass balance as well
as the apparent partition coefficient expressed as:

PC = ng bound sorbate/kg sorbent
ng sorbate in solution/dm3 solution

so that the units of PC were dm¥kg.

RESULTS AND DISCUSSION
I. Nature of HA Binding

The binding of Humic Acid to Clay-Cu?*, Clay-OH-Al,
and Hydrated Alumina is shown in Figure 2. Clay-Cu?*
forms the so-called C-type or constant partition type iso-
therm. Since, ata pH = 6.3, HA is unlikely to penetrate the
interlayer space of clay particles, a continuous increase in
HA binding sites indicates intercrystalline expansion, i.e.,
increase in the space between unit cells [13]. This kind of
increase has been observed in the case of Ca*, Al**, and
Fe* saturated montmorillonite [14]. Of more relevance to
the present study is the fact that greater than 80% of bound
HA desorbs from Cu* saturated clay upon successive
washing with water. A similar instability was also ob-
served in the case of Clay-HA and Clay-Fe*-HA com-
plexes. Such a weak interaction between HA and
modified clays precluded their use as sorbents.

Clay-Hydroxy-Aluminum-HA and Alumina-Humic
Acid were found to form irreversible complexes. Interest-
ingly, at the lower end of the binding isotherm, where the
initial amount of HA is low, the pH of the supernatant fol-
lowing equilibration was seen to decrease, indicating che-
late formation between HA and the modified clay or alu-
mina according to the following reaction.

[HA)boung CLAY-OH-AL
#9_HAZg_CLAY °
ALURINA
CLAY-Cu
*
.0 0.5 1.0 1.5 2.0 2.5
(HAlsoln
ng_HA/m)

Figure 2. Binding of HA to modified clay.
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The above mechanism is quite similar to the one pro-
posed by Van Dijk [15] for the reaction between HA and
Aluminum ions in solution, and a drop in pH as a conse-
quence of the reaction has been verified both by Van Dijk
and others [16]. At the upper end of the isotherm, where
saturation occurs, the pH of the supernatant was found to
increase. This increase in pH can be rationalized on the
basis of Anion Exchange between polyanionic HA in solu-
tion and the surface bound hydroxyl or acetate ions on the
Hydroxy-Aluminum modified clay at the pH. Figure 2
shows that bound HA reaches an asymptotic value of about
24 g HA/kg modified clay and 18 g HA/kg Alumina.

In order to differentiate between the two modes of bind-
ing, chemical modification and FTIR examination of the
clay complex were attempted. Modified clay containing
HA was treated for 24 hours with different reagents, indi-
cated in Table 2. The organic carbon content (Humic Acid)
was measured prior to and following treatment and the re-
sults are summarized in Table 2. The HC] treatment was
expected to displace most of the ion-exchange component
and, in the case of phosphate, perturbation of both compo-
nents was anticipated. Finally, 0.1 N NaOH was expected
to leach out most of the Humic Acid by dissolving the
Hydroxy-Aluminum attached to the clay surface. A second
possibility is that, at high pH, Hydroxy-Aluminum under-
goes charge reversal and HA will be released from the sur-
face due to electrostatic repulsion. The losses of organic
carbon shown in Table 2 coupled with the steep initial
slope of HA binding to Clay-OH-Al (Figure 2), suggest that
HA is bound equally via ion exchange and chelation to
modified clay. The fact that about 20% of HA is still bound
to the clay following NaOH treatment indicates that a
higher concentration of NaOH or a longer treatment time
are necessary to remove all of the HA. In any case, further
experiments such as H,0, oxidation, extraction with strong
chelating agents like EDTA, competitive binding in the
presence of model compounds, and the effects of ionic
strength and pH are contemplated to quantify the extent of
chelate formation vs. anion exchange of HA on modified
clay.

The FTIR spectra of HA in solution at pH 6.3 and 3.0 (at
this low pH some of the COOH groups are expected to be
protonated) were compared with the spectrum of Clay-
OH-AI-HA. The FTIR spectra of HA alone in solution at

TABLE 2. CHEMICAL MODJFICATION OF CLAY-OH-AL-HA

Treatment % Carbon % Carbon

Description Before After % Loss  Remarks

0.1 N HCI1 2.22 1.80 18 Mainly Ion
Exchange
component
removed.

1M 2.22 0.83 63 ITon ex-

Phospate change and

Buffer, pH = Chelate re-

6.7 moved.

0.1 N NaOH 2.22 0.42 81 Hydroxy
-aluminum
dissolved;
or charge re-
versal oc-
curs leading
to the loss of
HA.

NOTE: For further details refer to text.
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pH 6.3 and that of the complex prepared at the same pH are
shown in Figure 3 and Figure 4, respectively. In the re-
gion of interest, namely 1720 to 1200 cm ', it has been re-
ported [17] that the intensity of bands at 1720 cm~! (due to
C=0 stretch of COOH) and at 1200 cm~' (due to the
bending mode of C=0 of COOH) are seen to decrease as
the chelate is formed and at the same time the companion
bands at 1630 and 1400 cm~! (due to C=0 stretch of
COO~-) grow in intensity. It has been inferred that chelate
formation between metal ions and HA in solution leads to
such shifts in intensity [17]. From Figure 4, it can be dis-
cerned that the band at 1720 cm ™' is totally absent, while
the twin bands at 1630 and 1385 cm ™' have significant in-
tensity. The band at 1200 cm~! can not be located due to a
shifting baseline. Moreover, part of the intensity at 1630
cm~! is presumably due to an OH-deformation band of re-
sidual water in the complex plus the surface hydroxyls of
clay itself. It should be mentioned that the FTIR spectrum
alone can not be used to distinguish between anion ex-
change vs. chelate formation. Not unexpectedly, there is
some similarity in the 1720-1200 cm~' region of the spec-
trum between Figure 3 and Figure 4. We have carried out
binding experiments between Humic Acid and modified
clay at lower pH, where the distinction between the two
types of binding may be more obvious, and we have exam-
ined these complexes using FTIR. We have also devel-
oped an algorithm to straighten the baseline of the ob-
served spectra and have been able to quantify different
peaks in the spectra, these results will be reported in a sep-

arate article. In summary, extensive desorption with dei-
onized water, chemical treatments, and FTIR, taken to-
gether indicate strong and irreversible binding between
HA and modified clay, be it anion exchange type or che-
late formation. We have not studied the interaction be-
tween HA and Hydrated Alumina in a similar manner.
However, irreversible binding of Humic Acid to the extent
of 1.8% by weight (Figure 2) leads us to conclude that the
same type of binding may be said to occur between HA and
Hydrated Alumina.

I1. Determination of Partition Coefficients

Our purpose was to measure Partition Coefficients at as
low a concentration of the pollutant as possible. However,
the use of the '“C radiometric method meant that concen-
trations lower than a few ppb were not practical. The inclu-
sion of THF in the solution phase enabled us to use OCDD
at ppb levels.

THF is the carrier solvent in which radioactive OCDD
was supplied to us. THF is miscible in water up to the
highest volume fraction used in this study (3,000 pm).
Since THF is a dipolar molecule, (vapor phase dipole mo-
ment of 1.70 Debye) it is exptected to have minimal tend-
ency towards micelle formation. Control experiments in
water-THF solutions indicated that THF volatilization
was minimal as evidenced by invariant “solution” concen-
tration of OCDD for up to 48 hours provided all the steps
were carried out under tightly sealed conditions. These
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Figure 3. FTIR spectrum of HA at pH = 6.3.
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control experiments, i.e., water-THF solution without any
sorbent, were performed in duplicate with each sorption
experiment to monitor OCDD concentration in solution at
the beginning and at the end. It was observed that these
two values were within 5% of each other. Centrifugation of
a control solution at 1600 g showed no change in OCDD
concentration, establishing thereby that there were no
large microaggregates. The solution concentration of
OCDD measured by this method at different volume frac-
tions of THF is listed in Table 3.

The partition coefficient data for an assortment of clay -

adsorbents including unmodified montmorillonite and
Alumina-HA are presented in Table 4. BET surface areas
of all the sorbents listed in Table 4 have been measured
and are also included for comparison. A study of Table 4
reveals that the surface area is of greater importance in
enhancing binding affinity than the fractional organic car-
bon content of the sorbent, as has been previously as-
sumed [18]. The basis for this assumption is that sorption of

TABLE 3. SOLUBILITY OF OCDD IN WATER-THF BINARY
SOLUTIONS

Vol. Fraction THF OCDD Conc. In Solution

(ppm) (x 107g/dm’)
0 ~10
120 40.0
300 62.0
600-3,000 > 70.0

Note: For details of experimental procedure refer to the text.
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a hydrophobic molecule on an organic carbon containing
solid surface may be likened to the liquid-liquid parti-
tioning of the same compound, as for example between
octanol and water. First of all, it can be seen that Clay-
Hydroxy-Aluminum-Humic Acid is a better sorbent than
unmodified clay, but a dramatic improvement in parti-
tioning behavior is seen with Clay-Hydroxy-Aluminum
without any bound organic carbon. The high surface area
of Clay-Hydroxy-Aluminum appears to be responsible for
the high PC values reported here. Further experiments are
under way to elucidate the mechanism of OCDD binding
to modified clay sorbents.

TABLE 4. BINDING OF OCDD TO CLAY AND MODIFIED CLAY
Sorbent concentration = 0.47 g/dm?
Volume Fraction of THF = 600 ppm

OCDD Concentration = 35 x 10~7 g/dm®
Surface

Area PC x 108
Clay-Compound % Org. Carbon m?/g g/dm?
Clay <02 27.6 2.0 %05
Clay-OH-Al-HA 2.2 61.8 7818
Alumina-HA 1.8 189.2 17.0 + 1.0
Clay-OH-Al <02 114.0 40.0 + 4.0
Clay-OH-Al &
Clay-OH-Al-HA! 2.2 —_ 29.0 + 3.0

1. The value of PC is based on the combined weight of the two sorbents.
+ Indicates the range of PC values from the mean of triplicates. The errors in organic
carbon value an;l the surface area measurement are 0.02 and 5% respectively.
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Preliminary evidence that THF concentration has very
little effect on the binding of OCDD to Clay-Hydroxy-
Aluminum (not reported here) leads us to believe that the
role of THF is one of decreasing the hydrophobicity of the
sorbate lower than that of a competitive ligand. The sur-
face area of the sorbent may not be the decisive factor ei-
ther, since Alumina-HA has a lower PC than Clay-
Hydroxy-Aluminum.

Earlier work on the partitioning of PCBs on natural sedi-
ments and clays had revealed the existence of so called
“Solids Effect” on the apparent PCs [18, 19]i.e., at increas-
ing sorbent concentration, the measured partition
coefficient decreases. The non-ideality of the partition
behavior has been attributed to:

a) Increased leaching into aqueous phase of the organic
moiety responsible for the binding of the ligand [18].

b) The presence of an “Implicit,” or pre-adsorbed second
ligand, which, at high solids concentrations, desorbs
from the surface and competes with the test ligand for
the binding sites on the surface, lowering the surface
excess of the test ligand [20].

In order to verify one of the above possibilities, an equal
amount of Clay-Hydroxy-Aluminum was added to Clay-
OH-Al-HA and an identical OCDD binding experiment
was carried out. If HA was desorbing from the complex,
the presence of uncomplexed, modified clay should re-
verse the process. Comparison of PC values reported in
Table 4 (rows 2 vs. 5) shows that the “Solids Effect” is
probably insignificant for synthetic sorbents. We are cur-
rently investigating this phenomenon in much greater de-
tail and the results will be published in a later article.

Similar experiments with HCB exhibit parallel results
and, as indicated in an earlier section, HCB experiments
were performed in water without the addition of any or-
ganic solvent.

CONCLUSIONS AND FUTURE WORK

1) Complexes between Clay and Humic Acid can be
made irreversible through a sandwich layer of positive
charge provided by Hydroxy-Aluminum.

2) Humic Acid binds reversibly and in large amounts to
Cu?* and Fe?*-exchanged clay. However, more than 80% of
bound Humic Acid desorbs upon washing with de-ionized
water.

3) The irreversible binding of Humic Acid to modified
Clay is due to many factors: nonexchangeability of
Hydroxy-Aluminum, chelate formation between biden-
tate HA and modified Clay, and ion exchange type of
binding.

4) Partition Coefficients as high 40,000 have been ob-
tained using Clay-Hydroxy-Aluminum.

The results reported here have raised many questions,
some of which may be answered by experiments currently
in progress. For example, we have been able to prepare a
series of clay complexes with organic carbon content rang-
ing from 1.9% to 8.6%. In our opinion, this will enable us to
investigate more fully the effect of organic carbon. Sec-
ondly, we have discovered that Clay-Hydroxy-Aluminum
complex is a potent sorbent of OCDD and HCB. Partition
Coefficients in the range of 40,000-80,000 have been ob-
tained without the “Solids Effect.” Characterization of the
sorbents in terms of their surface areas, surface potentials
crystalline states, and CECs is being carried out to help ex-
plain the strong affinity of OCDD and HCB for Clay-
Hydal. Finally, binding of 2, 3, 7, 8-TCDD to all the differ-
ent sorbents prepared so far including Clay-Hydal will be
studied to confirm the findings obtained with surrogates.
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Design and Operating Problems of
Hazardous Waste Incinerators

In selection of an incinerator unit it is extremely important to review the expe-
rience of a particular design for the service for which it will be used.

Joseph J. Santoleri, Four Nines, Inc., Plymouth Meeting, Pa.

The proper and continuous operation of an incineration
system for hazardous wastes has become a major responsi-
bility of the plant engineer. The Resource Conservation
and Recovery Act (RCRA) established the final require-
ments for incinerators on July 21, 1982. Owners and opera-
tors of incinerators had to submit completed applications
for Part “B” of the operating permit by the end of 1983.
This established the recording and monitoring procedures
necessary to insure that their operation is within approved
parameters.

Typical problems associated with operating a hazardous
waste incinerator on an around-the-clock basis are covered
in this paper. Areas of concern are: waste liquid handling
(pumps, piping, and control valves); waste liquid atomiza-
tion; refractory maintenance; instrumentation and analy-
sis equipment; waste heat boilers; and air pollution con-
trol systems. Failures in the system cause shutdowns of not
only the incinerator but also the process which generates
the waste. This becomes serious when production (cash
flow) is curtailed. Proper and scheduled maintenance will
reduce these problems and provide 95+% on stream time.

PROBLEM EVALUATION

An estimated 57 million metric tons of industrial hazard-
ous wastes were produced in the U.S.A. in 1980. Many of
these wastes are incinerable. Incineration is becoming
one of the principal methods used to manage hazardous
waste. A better understanding of state-of-the-art incinera-
tion technology is important to the plant engineer respon-
sible for hazardous waste management. Important in this
technology are techniques needed to minimize down-time
and maintenance for systems operating on a continuous
basis. Close scrutiny during the design stages of a project
can prevent subsequent problems. Sophisticated controls
and instrumentation are now available for proper opera-
tion. Diligent maintenance must become a part of their
daily routine.

An incineration system for hazardous wastes must be
well designed, instrumented, operated, and maintained as
though it were a process system. Plant management must
be prepared to provide adequate capital and operating
funds for these units. Hazardous waste incinerators are im-
portant not only for continuous operation but also for good
community relations. Operating units must meet local,
state, and federal codes (Resource Conservation and Re-
covery Act, July 1982). As more systems are installed to
provide reliable, safe, long term operation and perform-
ance, the public will begin to accept incineration as a safe
system to have in its backyard. It is important to under-
stand those problem areas which may cause nuisance shut-
downs and provide front page news. Such sensational
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news coverage, accurate or otherwise, is damaging to in-
dustry [1].

Although this discussion focuses on problems related to
the pumpable liquid wastes burned in liquid injection
units, the concepts developed can be applied to other in-
cineration units such as rotary kilns, multiple hearth fur-
naces, fluid bed combustors, and other incineration
systems.

MATERIALS HANDLING PROBLEMS

In the transport of liquid wastes or slurries to the incin-
erator, the key elements are the storage facility, transfer
and feed pumps, metering, control and shutoff valves, and
the atomizer. Wastes vary from highly aqueous materials
with organics and ash (typical of pharmaceutical and agri-
cultural process wastes) to viscous tars such as toluene di-
isocynate with a viscosity of 4500 SSU at 300°F (Figure 1).

The transport system should be designed to prevent
blockage in the lines due to waste shutoff to the incinera-
tor, pump failure, or inadvertent shutdown of waste feed to
the system. A system handling waste with the following
characteristics will cause blockage in a short period of time
if improperly designed or operated:

1. A waxy solid or slurry at room temperature.

2. A w)aste that solidifies if overheated (polymeriza-

tion).

3. Awaste thatcrystallizes due to evaporation of water.

4. A waste whose temperature is not controlled to pro-

duce a clear liquid flow.

With the above material, the original system plugged
frequently. The material was heated in the storage tank to
210-225°F. When flow was generated in the piping sys-
tem, cold pipes absorbed heat from the fluid, cooling it be-
low its solidification point, which caused immediate
blockage. Initially, the entire blocked zone had to be re-
moved with the solidified waste in piping and valves.
Adding steam to the lines did not open the system. The
system was made to operate satisfactorily by preheating
the line with steam prior to introduction of the waste.
However, this was unsatisfactory when either the steam
supply or the waste flow to the nozzle was cut off. By
adding a recycle connection to the system as close to the
atomizer as possible with close control of the pipe temper-
ature, shutdowns are minimized. Good design with proper
operating procedures will permit this system to operate
satisfactorily for long periods of time. With this type of
waste, the waste should be fed directly to the transport sys-
tem from the process. If storage is required in the circuit,
waste must be maintained at proper temperatures with re-
circulation designed to provide good mixing in the tank
without stratification [2].
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Design Procedures: (Figure 2) Operating Procedures
1. High flow rate pump with recycle to storage tank. 1. Heat entire system including atomizer with steam,
2. Direct feed to atomizer as short as possible. hot water or a fuel oil, at the same temperature as that
3. Provisions for immediate flushing of lines and good needed for the waste fluidization.
drainage. 2. Feed waste into system and allow entire system, in-

4. Proper instrumentation and equipment for con- cluding recycle lines and tank, to fill up with waste
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trolled heating of lines. at a controlled temperature level.

Flush

Vent tp Inc.

Steam

Mixer

to Burner

Condensate «—

Heat-traced
Insulated Line

Drain
Figure 2. Waste piping system.
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3. Increase flow rate to maintain velocity in lines at
least 3 ft/sec. (Pump size should be adequate to pro-
mote flow into minimum 3/4 in. dia. pipe size.)
Open waste line to atomizer full open.

Control feed rate to atomizer by flow control on re-
turn line to tank.

Differential flow in lines is flow to atomizer.

On shutdown, close lines to atomizer.

Flush lines with hot water or steam and send waste
to storage tank.

. Flush atomizing fluid line.

10. Drain all connection points after flushing.

P;  Guh

©

STORAGE PROBLEMS

Aqueous wastes often stratify in the storage tank. An av-
erage waste composition might be 95% water, 5% organics
and salts. Such waste could be injected into the incinera-
tion chamber through spray nozzles downstream from the
auxiliary fuel burner. Airis normally supplied at this point,
providing at least 25% excess for the organic waste compo-
nents. The burner is designed to fire the necessary auxil-
iary fuel with combustion air to maintain an 1800°F cham-
ber temperature.

During startup, a particular unit operated as designed
with a waste flow rate of 25 gal/min, with the auxiliary fuel
flow (#6 fuel oil) at rating. Within a few weeks after
startup, the plant engineer complained about a layer of
black oily material in the quench chamber water. The sys-
tem was as shown in Figure 3, with a submerged quench
tank (Sub-X). Everyone at the plant was concerned that the
water sprays were quenching the flame and causing in-
complete combustion of #6 fuel oil. New nozzles were
then supplied with a variety of spray angles and shapes
(hollow cone, solid cone, flat spray). There was also con-
cern that the hydraulic nozzle design was not giving a fine
droplet size. A two-fluid nozzle using compressed air for
atomization was tried. All of these were to no avail. A layer
of black liquid prevailed on the surface of the water in the
quench tank.

NIC  WASTE

€
SALT WATER

Figure 3. Sub-X incinerator.
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Analyses were made of the entering waste and the ex-
haust gases leaving the incinerator. Samples of liquid were
taken during a three day run. The aqueous waste varied
from 0% hydrocarbons (HC)-100% H,O to 60% HC-40%
H,0. The waste was produced by various processes
throughout the plant. The results indicated that upsets in
the process caused a high hydrocarbon loading which
caused layering in the storage tank. The tank did not em-
ploy a mixing or recycle system. As the organic layer en-
tered the nozzles to the incinerator, a sudden increase in
temperature results. The main burner firing rate was re-
duced to its low firing rate (3:1 turndown). However, the
total air supplied to the incineration chamber could not
supply oxygen adequate to oxidize the organics. The result
was a very rich burning condition which caused unburned
organics to enter the quench tank.

The addition of mixers to the main storage tank and a day
tank between the main storage tank and incinerator per-
mitted better control of the supply system to the incinera-
tor. There was no longer a sudden surge of high organic
content waste to the incinerator. Instead, there was a grad-
ual change in waste composition which could be handled
by the incinerator control system. Good mixing provided a
waste stream which was much closer to the design specifi-
cations.

The switch to the two fluid atomizer permitted nozzles
to be turned off during operation without danger of over-
heating. The previous hydraulic nozzles had no such pro-
tection when the flow was turned off. This change has al-
lowed a higher turndown for the total system [3].

Similar problems have been noted in the operation of
solid waste incinerators where finely divided organic ma-
terials are batch loaded into the incinerator. Scheduled
loadings at lower weight levels have improved the opera-
tion and minimize the combustion pulse which typically
occurs.

ATOMIZER DESIGN

In any system where atomizers are used to inject waste,
either directly through the main burner or into the inciner-
ator chamber, provisions should be made to change the
nozzles during operation. A nozzle that has eroded will not
provide a good spray pattern or droplet size. Instead, a
stream of liquid will form, causing direct impingement on
the refractory surface with subsequent failure. Most incin-
erators operate on a continuous basis at the maximum rate
necessary to burn off the waste liquids being generated.
Nozzles should inject the waste liquids with the minimum
practical droplet size. The better the atomization the
smaller the droplet and the more rapid the combustion or
oxidation (Figure 4).

Since atomization is critical to the operation of an incin-
erator, itis important that a review of the atomizer be made
in the initial design. Selection should be based on the vis-
cosity of the waste liquid, ash content (%), and physical
properties (size, density, abrasion characteristics), reac-
tions with other streams (water or steam, other wastes,
fuels) and total flow rate. The number of atomizers and
theirlocation in the incineration chamber is also important
to good distribution [4].

ATOMIZER LOCATION

A recent incinerator operation problem was determined
to be nozzle size and location. The nozzle type was correct
for the type of waste. It was an external atomizing type
using steam as the atomizing fluid (Figure 5). The prob-
lems were the quantity of waste being injected through
each nozzle and the locations of these nozzles with respect
to the primary burner. As flow increases in a nozzle, the
nozzle flow design requires that the area must also in-
crease to maintain the velocitiés of the waste liquid and
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atomizing fluid. As the diameters increase, it is difficult
to maintain a droplet size in the 100-150 u size range re-
quired for rapid oxidation. With larger droplets it is also
more difficult to provide good mixing of combustion air
with the droplets for the length of time needed to evapo-
rate, superheat, and oxidize the waste. As a result, there
was impingement of these liquid droplets on the refractory
walls, and the droplets reagglomerated into a stream of lig-
uid which became much more difficult to burn.

Nozzle Design (Table 1)

As an example, a 3.3-gal/min nozzle requires an orifice
of .45 in. for a 3-ft/sec velocity. A 10-gal/min nozzle needs a
1-3/8 in. orifice for the same velocity. The atomizing fluid
in the 10-gal/min nozzle must penetrate a thicker stream of
liquid. The 3.3-gal/min nozzle forms an average particle

TABLE 1. COMPARISON OF NOZZLE DESIGN

10 GPM 3.3 GPM
Orifice Dia. 1.375 in. 0.45 in.
Droplet Size 300 p 125 p
No. of Droplets 44,200 610,700
Droplet Surface 125 300
Area, cm?

Environmental Progress (Vol. 4, No. 4)

size of 125 p and the 10-gal/min nozzle form droplets with
a particle size of 300 u. Three 3.3-gal/min nozzles will pro-
duce 610.7M droplets with a surface area of 300 cm?. The
single 10-gal/min nozzle produces 44.2M droplets with a
surface area of 125 cm?, With three 3.3-gal/min nozzles lo-
cated as shown in Figure 6, the heat transfer rate from the
high temperature products of combustion to the droplets
will be much more rapid than to the larger droplets from
the 10-gal/min nozzle and evaporation will be more rapid.
(Ratio is 2.4:1) [5].

The single 10-gal/min system was much less expensive
to install, but it did not produce the desired results. The
nozzle was also directed too close to the main flame,
quenching combustion from the main auxiliary fuel
burner, adding to the problems of the incinerator.

Oxidation Air

Important in the design of liquid waste incinerators is
the supply of combustion and secondary air and the injec-
tion point with respect to the wastes. Waste injected di-
rectly into a combustor is usually supplied with primary
air. The two streams are well mixed in the combustion pro-
cess(Figure 7). However, there are systems where waste is
injected directly into an incineration chamber. The oxy-
gen needed for combustion of the organics comes from ei-
ther excess air from the main burner (Figure 8) or as air
leakage, typical in rotary kilns. As a result, the organics are
being vaporized and superheated without the proper oxy-
gen for combustion. To properly oxidize a waste liquid, the
hydrocarbons should be in a gaseous state mixed with an
excess of air or oxygen to promote rapid oxidation to CO,
and H,O vapor. If oxygen is not available, the hydrocar-
bons will be pyrolyzed to CO, H,, and soot. Then, addi-

3-33 GPM Waste Nozzles - HI-INTENSITY FLAME

Figure 6. 3-3.3 gal/mi les vs. 1-10 gal/mi

Fu Ao
Aoz =}
itk

Figure 7. Vortex burner. Reproduced by permission of Trane Thermal.
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tional residence time to insure complete oxidation is nec-
essary, providing sufficient oxygen is available. In many
cases this does not occur, and the pyrolyzed products coat
the refractory walls and leave the chamber as unburnt soot
particles.

In one installation (Figure 9) a nightly shower of sparks
came from the incinerator as deflection of thestack
occurred from temperature differential and wind effects.
Figure 10 shows why a hydrocarbon will not be oxidized in
a low oxygen environment. This is covered in more detail
in [6].

By proper design of the oxidizing air system (Figure 11)
the incinerator was able to operate more efficiently. The
burner could now be operated at 5-10% excess air, which
provided a much higher flame temperature. The available
heat at the 1800°F incineration temperature increased
from 37% to 50% (Figure 12).

Glowing Particulates
Ash & Carbon

Detlection due
to Wind

Carbonaceous
Deposits

Aqueous Organic
Waste

wso Secondary Air

Figure 9. Vertical incinerator w/o secondary air.
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For a system operating with a required heat input to the
waste of 25 MM Btuw/hr., the auxiliary fuel (natural gas)
with 5% excess air is 50 MM Btuw/hr vs. 67.5 MM Btu/hr at
40% excess air. At fuel costs of $5 per 1000 CF of natural
gas, this savings equates to $700,000 per year (8,000 hr op-
eration). At the same time, the problems associated with
pyrolysis products exiting the stack have been eliminated.

Consideration should be given in any system to utilizing
compressed air for atomization rather than steam. The air
is supplied either from a blower or fan. If steam is used, it
must also be raised to the incineration temperature. For a
waste rate of 10 gal/min approximately 1670 Ibs/hr of steam
is required for atomization, The auxiliary fuel needed to
raise the steam to temperature is 2 MM Btuw/hr. This must
be supplied by the total system. With compressed air for
atomization, this additional fuel can be saved because the
air takes part in the combustion reaction.

These are a few of the problems that have been observed
in incineration systems that have been placed into opera-
tion. Users of this equipment who follow the operation
closely have been able to provide valuable input for im-
provements that are needed to reduce failures in high tem-
perature waste incineration systems. Manufacturers who
follow the performance of equipment that has been placed
in the field also have made many improvements in design
and control.

These improvements have resulted in capital cost in-
creases to the original equipment; however, they have
caused a marked reduction in the operating costs of these
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units that do, in fact, have quality design and controls.
With these improvements, users will now schedule pre-
ventive maintenance on the equipment, resulting in less
downtime (7, 8, 9, 10].

Systems that had been purchased on price alone have
made second time users look closely at all costs, capital
and operating. For examples: a system priced at $1.4 x 10¢
was selected over one costing $1.2 X 10 (a $200,000 pre-
mium) based on the savings the user had projected would
result from lower maintenance. With a similar lower cost
system, his past experience indicated that refractory main-
tenance alone would result in an annual cost differential of
over $50,000. This did not include the fuel savings, nozzle
replacement costs, downtime costs, etc [11].

It is extremely important in the installation of a new in-
cinerator unit or in retrofitting an existing system to re-
view the experience of a particular design for the service
for which it will be used. In many cases, the purchaser
does not question past experience and the final decision is
based only on total installed costs and the manufacturer’s
guarantee of performance.

With today’s high cost of fuel and labor, operating and
maintenance costs play a large role in the total annual cost
ofa system (Table 2). By checking on similar systems with
reasonable operating experience a true bid evaluation can
be made. It is worth the time to visit installation sites and
discuss operating problems with the owner and his plant
personnel. This is most important as part of the bid review

TABLE 2. COMPARISON OF TWO INCINERATION SYSTEMS

Manufacturer A B
Base Price (Equipment) $1,200 MM $1,400 MM
Annual Operating Costs
Fuel $2,700 MM $2.00 MM
Power $50,000 $75,000
Caustic $160,000 $80,000
Maintenance $100,000 $50,000
Total $3.01 MM $2,205 MM
Differentials
Base Price +$200,000
Operating Costs (Annual) +$805,000

Environmental Progress (Vol. 4, No. 4)

procedures. Systems that have overcome initial design and
operating faults will go a long way in providing long term
operation in the process plant.
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Effect of Ozonation and UV Irradiation on
Biorefractory Organic Solutes in Qil Shale

Retort Water

The organic solutes in oil-shale retort waters are found to be extremely refrac-
tory to both chemical and microbial oxidation alteration or modification.

B. M. Jones, G. W. Langlois, R H. Sakaji, Lawrence Berkeley Laboratories, Berkeley, Calif., and C. G. Daughton,
SEEHRL, University of California, Berkeley, Calif.

Biological treatment of retort water from Occidental Oil
Shale Company’s modified in-situ retort burn #6 (Oxy-6)
is initially limited by the endogenous inorganic ortho-
phosphate concentration [1, 2]. Paradoxically, the nutrient
that subsequently limits microbial growth is carbon, even
though repeated studies have shown that about one half of
the dissolved organic carbon (DOC) remains after exhaus-
tive biological treatment [2]; the addition of trace elements
does not elicit further growth or DOC removal. Secondary
growth is observed, however, when these same cultures
are supplemented with an exogenous source of easily
degradable carbon such as aliphatic carboxylic acids [2].
Nitrogenous and oxygenated heterocycles and aromatic
amines have been implicated [3] as the major chemical
classes accounting for the extraordinary recalcitrance of or-
ganic carbon in the extracellular fluid that remains (i.e.,
spent retort water) after exhaustive biooxidation of retort
water. This hypothesis has been strengthened by several
reports on the chemical characterization of Oxy-6 retort
water extracts [4] that indicate the presence of perhaps
hundreds of species of aromatic amines and unsaturated,
oxygenated nitrogen heterocycles, each at a low part-per-
million concentration.

Successful treatment of oil shale wastewater undoubt-
edly will require the use of more than one pollution con-
trol technology. A particular method may be extremely ef-
fective for the removal of a specific class of organic
compounds, but when applied to a heterogeneous mixture
such as retort water, the method may be able to remove
only a fraction of the contaminative solutes. Extensive
treatment of these waters will require a combination of
methods that yield complementary or enhanced perform-
ance when used in sequential or simultaneous application.
The integration of these processes should be evaluated
carefully because the final degree of treatment can be ad-
ditive (i.e., the sum of the individual processes), synergis-
tic (i.e., greater than the sum of the processes), or antago-
nistic (i.e., lower than any one of the processes).

Ozonation and ultraviolet (UV) irradiation treatment
technologies were investigated for their abilities to aug-
ment or enhance the biological treatment of oil shale
wastewaters by mineralizing or by oxidatively altering or-
ganic solutes that are biorecalcitrant or bactericidal. Alter-
natively, these two oxidative processes could possibly
hinder biooxidation by (i) producing toxicants, (ii)
polymerizing solutes that would ordinarily be biode-
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gradable, or (iii) creating a multitude of new solutes, each
present at a low concentration; the latter possibility would
amplify the already existing problem of threshold concen-
tration effects. The effects of ozonation and UV irradiation
also can be used as a predictor of the maximum capability
of aerobic biooxidation that is effected through oxygenases
[5]. Furthermore, the extent of oxidation that results from
UV irradiation can give an indication of the degree of lig-
uid and surface phase photolysis that may occur during
codisposal of these waters with spent shale or during
ponding. Photolysis would probably be the primary route
of chemical alteration in the semi-arid tristate region of
Colorado-Wyoming-Utah, which experiences less attenu-
ation of ultraviolet energy because of its relatively high el-
evation and number of sunny days.

THEORY
UV Radiation

Irradiation by UV light may complement biotreatment
by mineralizing the recalcitrant organic solutes. The deg-
radation of organic solutes by exposure to UV radiation is
accomplished by: (i) direct absorption of sufficient UV ra-
diation to cleave intramolecular bonds, producing lower-
molecular-weight fragments, (ii) generation of organic free
radicals, (iii) interaction of free radicals with oxygen to pro-
duce peroxy and hydroperoxy radicals, which are capable
of structurally altering or completely mineralizing the
lower-molecular-weight fragments by oxygenation, hydro-
gen abstraction, or by the initiation of radical chain reac-
tions [6, 7, 8]. The primary result of these reactions is to in-
troduce oxygen onto electrophilic carbon of organic mole-
cules; the products of these reactions are more oxygen-
ated, polar, and biodegradable [9]. In addition, it has been
shown that the photolysis of endogenous organic com-
pounds in natural waters generates hydroxyl radical (OH')
and singlet oxygen, which are capable of subsequent trans-
formation of synthetic organic solutes [10].

In contrast to direct mineralization, a more efficient use
of UV irradiation may be as an aid to biooxidation; the oxy-
genation of complex refractory solutes or the production of
low-molecular-weight products by UV irradiation may
make otherwise resistant molecules available for subse-
quent microbial attack [9]. This phenomenon has been im-
plicated in the environmental degradation of pesticides
[6], in the biodegradation of certain synthetic polymers
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[11], and for the destruction of toxic wastes [12].
Photooxidation of a given compound can produce a family
of products, each of which may vary in its susceptibility to
microbial metabolism [13]. The production of a plethora of
oxidation products would be especially significant with
respect to oil shale wastewaters. Two factors that probably
exacerbate the refractory nature of the substituted hetero-
cyclic compounds in spent retort water are 1) the presence
of numerous homologs and variants, each of which may re-
quire a specialized catabolic enzyme system and 2) the
low individual heterocycle concentrations (see [4]),
which are sufficiently below the affinity or threshold
values of the requisite catabolic enzymes. Although
photooxidation may generate products that could (under
the proper conditions) be more easily degraded, it could
actually exacerbate the existing problems associated with
enzyme specificity and threshold concentration effects.

The direct absorption of energy by chemical bonds is not
the only route by which UV radiation can structurally alter
organic compounds. An appropriate chromophore or
photosensitizer (such as riboflavin) can absorb light en-
ergy and transmit the energy to a species that is ordinarily
nonabsorbing during its return to the unexcited state. Dye-
sensitized energy transfer represents a highly specific
means of introducing oxygen into an organic compound
[14], and the resultant dissociation products may differ
significantly from those of direct photolysis [8].

Molecular oxygen, itself, may be photochemically ex-
cited to a highly active state. The result of photosensitized
energy transfer stimulated by near-UV irradiation of mo-
lecular oxygen is the highly reactive species singlet oxy-
gen [6]. In certain instances, singlet oxygen has been docu-
mented as the oxygenating species common to both
metabolism and photolysis. A key function of metal-
loenzymes is, in theory, to induce singlet oxygen genera-
tion [6]; the oxygenation chemistry for several classes of
oxygenases resembles the reactions of singlet oxygen [14].
Therefore, the degree of mineralization or alteration of or-
ganic carbon mediated by the photochemical effects of sin-
glet oxygen may serve to predict the potential of microbial
metalloenzymes; that is, if the appropriate enzyme system
were available and if it could function in the defined envi-
ronment, then the action of photochemical oxidation by
UV irradiation may mirror the maximum effects that could
be achieved by microbial oxygenases. Photochemical
transformations, including photolysis, oxidation, reduc-
tion, elimination, hydrolysis, and isomerization, are re-
garded as the most important abiotic activities affecting or-
ganic compounds in experimental and field applications
[13]. The interaction of UV energy with organic material in
the presence of oxygen is summarized in Figure 1.
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Figure 1. | of UV irrad with organic material in the pres-

ence of oxygen.
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Ozonation

Ozone is a very selective and highly versatile oxidizing
agent that has been used extensively in organic chemistry
and has been promoted as a method of disinfection for po-
table water and as a wastewater treatment aid. Details on
the specific effects of ozone on different classes of organic
compounds can be found in an extensive two-volume re-
view [15, 16]. Unfortunately, most studies on the ozonation
of organic substances have been conducted in nonprotic
solvents, and these studies often are not directly applica-
ble to the chemical pathways that result from the ozonation
of organic compounds in aqueous solutions [17]. The liter-
ature must be interpreted and applied judiciously, be-
cause solvent effects can be profound. In an aqueous me-
dium, for instance, the oxidative capacity of ozone appears
to depend on pH, alkalinity, and the organic and inorganic
solute concentrations. For acidic and neutral solutions
(pH < 9), ozone reacts predominantly as the parent ozone
molecule; these reactions are relatively slow and highly
specific depending on the class of organic compound and
its bonding structure. Furthermore, it has been reported
that oxidation by ozone is almost entirely ineffective in
highly acidic aqueous solutions (pH < 2) [18]. In contrast,
ozone in basic solutions (pH > 10) is catalytically decom-
posed by hydroxide ion to a variety of products, including
OH: [19, 20] and superoxide anion [16, 21, 22]. At a pH of
10.5, approximately one-half mole of OH" is formed per
mole of O; decomposed [19]. Hydroxyl radical is the most
potent and effective oxidant known to occur in aqueous so-
lutions [19]. It has an oxidation potential of 2.8V (H* = 1.0
mol/L) compared with 2.07V for ozone in acidic solutions
and 1.36V for chlorine gas [23].

The extreme reactivity of hydroxyl radical leads to rapid
oxidation of organic compounds; it reacts with inorganic
solutes with little specificity. Although these radicals are
quickly consumed (within microseconds), their reactivity
makes them critically important to aqueous ozone chemis-
try [24]. Hydroxyl radicals are vigorously scavenged by
carbonate ion and, to a lesser extent, by bicarbonate spe-
cies. This scavenging shifts the equilibria, and therefore
the disproportionation of ozone is accelerated by in-
creased alkalinity [21].

The half-life of 0ozone depends on the classes of organic
solutes that are present in aqueous solutions. Upon ozona-
tion, certain organic compounds form radical-type inter-
mediates that subsequently oxidize other organic sub-
strates and also catalyze the further decomposition of
ozone [24]. The presence of iron salts enhances the effect
of ozone on organic compounds in domestic wastewater
[25]. It has been proposed that ferric ion catalyzes the
disproportionation of ozone to its highly reactive decom-
position product, OH'. Free ammonia can be oxidized to
nitrate by ozone and OH' although ammonia oxidation is a
significant factor only when it is present in concentrations
equal in magnitude to those of carbonate species and the
organic solutes [26]. Radicals, metal salts, and coreacting
or scavenging species, therefore, can mediate the effec-
tiveness of oxidation by hydroxyl radical in a complex
wastewater matrix. The reactions of ozone in aqueous so-
lution are summarized in Figure 2.

Retort water often contains high ammonia and dissolved
inorganic carbon (DIC) concentrations, both of which ei-
ther react with or scavenge ozone or ozone-dispropor-
tionation products. Furthermore, substituted nitrogen
heterocycles, a major biorefractory organic chemical class
in spent retort water, are not particularly susceptible to at-
tack by ozone [17] (e.g., pyridine reacts extremely slowly
and ozone preferentially attacks the carbocyclic ring of
quinoline [17]). In contrast, OH readily undergoes an ad-
dition reaction with pyridine to form an hydroxycyclo-
hexadienyl radical [27], which then decomposes at an
equally rapid rate [28].
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Figure 2. Summary of reactions of ozone with organic compounds in aque-
ous solution (modified from [21]).

Partial oxidation or cleavage by ozonation of complex
high-molecular-weight organic compounds, which are
commonly biorefractory, into lower-molecular-weight
fragments, can substantially enhance biodegradability.
The benefit of partial oxidation has been shown for
nonbiodegradable water-soluble polymers [29, 30]. Ozone
pretreatment of polyethylene glycol, poly(vinyl alcohol),
poly(vinylpyrrolidone), and sodium polyacrylate reduces
the molecular weights and improves biooxidation.

Combii

d UV Irradiation/0

UV radiation catalyzes the disproportionation of ozone
into OH' [16, 31, 32] and superoxide ion, and it promotes
the production of free organic radicals [33]. In contrast to
hydroxide-ion mitigated ozone decomposition, ozone
disproportionation by UV radiation is not restricted to the
alkaline pH range. Creation of ozone decomposition prod-
ucts at lower pH ranges minimizes carbonate scavenging
and ammonia oxidation due to shifts in the ion equilibria;
this affords a major advantage to the combined UV/ozone
approach for the mineralization of contaminative solutes.
In addition, chemical rections mediated by UV/ozonation
are significantly faster in the acidic than in the basic pH
range [34]. Combined UV/ozonation has been reported as
superior to the individual treatments for the elimination of
biorefractory organic solutes from water and for the treat-
ment of industrial wastewaters [9, 16, 21, 35]. The applica-
tion of simultaneous UV/ozonation to the mineralization of
water supply refractory organic species has been recently
reviewed [36).

The destruction of biologically recalcitrant organic so-
lutes by combined UV irradiation/ozonation complements
the effects of activated sludge [31]. Used as a pretreatment
to biooxidation, it may offer a more economical approach
than chemically mediated mineralization of refractory
compounds. Structural alterations of solutes effected by
brief exposure to UV/ozone may be sufficient to allow an
acclimated microbial community to mineralize a signifi-
cant portion of the formerly recalcitrant solutes. Prelimi-
nary experiments show that some pesticides, munition
wastewaters, and industrial wastes can be sufficiently al-
tered by UV/ozone treatment to make them degradable by
acclimated soil microbiota [9, 37]. Perhaps the major draw-
back to this approach as a pretreatment for biooxidation of
oil shale wastewaters is that both ozonation and UV
irradiation/ozonation, like UV photolysis, create multiple
products from each oxidizable compound [21, 38]. In addi-
tion to its role as a complementary treatment step for
biooxidation, the chemical alterations effected by
UV/ozonation may also model microbial systems in a man-
ner analogous to ozone-decomposition products. The
chemical decomposition products from UV irradiation of
ozone and the resulting interactions with substrates are
summarized in Figure 3.
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RESULTS AND DISCUSSION

Ozonation, UV irradiation, and combined UV/ozonation
were evaluated both for their ability to directly oxidize or-
ganic solutes and for their indirect influence on
biodegradability (through minor structural alterations) of
refractory compounds in Oxy-6 retort water. Possible
mechanisms of organic solute alterations were investi-
gated by determining dissolved organic carbon [39] in
time-course samples that had been fractionated by a sim-
ple reverse-phase chromatographic method [40].

UV lIrradiation

Relatively short exposure (120 min) to intense UV radia-
tion was insufficient to mineralize or alter the recalcitrant
compounds in raw retort water or in the extracellular fluid
from outgrown cultures (spent retort water). The results
from subjection of spent Oxy-6 retort water to extensive
UV irradiation (300 min) followed by secondary biooxida-
tion are presented in Figure 4. The lower graph is the cu-
mulative UV energy supplied to the photoreactor. Each
pair of bars represents a sample withdrawn from the
photoreactor at hourly intervals. For each pair, the first
bar is the dissolved organic carbon (DOC) concentration
after UV irradiation, and the second bar is the DOC con-
centration after subsequent biological treatment. The
black portion of each bar is the DOC concentration of the
polar organic solutes (hydrophilic fraction; HpF) and the
remaining portion is the concentration of the less-polar so-
lutes (lipophilic fraction; LpF) [40]. Five hours of inten-
sive irradiation did not mineralize a significant amount of
DOC (<2%), remove the chromophoric substances that
give retort water its characteristic dark brown color, or
change the relative polarities of the organic constituents.
Furthermore, UV irradiation did not appear to structurally
alter the biorefractory organic compounds; biooxidation of
irradiated retort water did not mineralize additional car-
bon compared with nonirradiated, reinoculated control
cultures (i.e., the difference in DOC for each pair of bars
was equivalent to the control).

Ultraviolet irradiation of retort water may have been in-
effective because of the presence of photooxidation inhibi-
tors [20]. Since particulate and colloidal carbonates can
protect organic solutes from the effect of UV irradiation [7],
the high concentrations of these species in this retort water
may have prevented photoalterations. In addition, the
chromophoric solutes of the water may have absorbed a
significant amount of the UV energy, preventing effective
penetration into the water.

Ozonation

When low dosages (1.5 x 10~% kg/min) of ozone were
sparged through raw or spent retort water for short periods
(20 to 60 min) the DOC concentration was not substantially
reduced nor were the structures of the biorefractory or-
ganic solutes altered. The effects of extensive ozonation of
spent retort water are presented (Figure 5) in a manner
analogous to the results in Figure 4; the lower graph repre-
sents the cumulative amount of ozone consumed. Al-
though five hours of ozonation (7.1 X 10~ kg/L-min) re-
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Figure 4. Biooxidation of UV-pretreated spent Oxy-6 retort water.

sulted in total ozone solubilization and consumption of
more than 1.6 x 10~ kg/L, only a small portion of DOC
was mineralized (4%). This portion was responsible, how-
ever, for the majority of the color of the spent retort water.

In contrast to the low dosages of ozone used in the pre-
liminary experiments, extensive ozonation of spent retort
water altered a significant portion of the biorefractory or-
ganic solutes; of the DOC that was previously recalcitrant,
14% became amenable to microbial mineralization. Al-
though the enhancement of biological mineralization was
almost exclusively at the expense of the more polar com-
pounds (HpF), the concentration of DOC in the HpF after
biological oxidation of the five-hour, ozone-treated
sample was 16% higher than that of the time-zero, nonozo-
nated, biologically treated sample. These results indicate
that a portion of the ozonation products was more highly
oxidized, and some of these became biorefractory.

Alteration of the refractory organic compounds and
elimination of the chromophoric substances most likely re-
sulted from direct oxidation by the parent ozone molecule;
the solution pH probably precluded the decomposition of
ozone by OH -~ into its highly reactive radicals. Rather, the
susceptible solutes were gradually modified until they
were exhausted, at which point ozone was no longer an ef-
fective oxidant.

Combined UV Irradiation/O .

The organic solutes in raw or spent retort water were re-
sistant to mineralization by short exposures to low dosages
of ozone in conjunction with UV radiation. Subsequent
biooxidation was not improved by this pretreatment. In
contrast, six hours of simultaneous ozonation and UV irra-
diation of spent retort water mineralized 20% of the or-
ganic carbon and appeared to significantly alter the
remaining biorefractory compounds. The effects of exten-
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Figure 5. Biooxidation of ozone-pretreated spent Oxy-6 retort water.

sive UV/ozonation of spent retort water are presented in
Figure 6; the lower graph represents the cumulative
amount of both o0zone consumed and UV energy supplied.

Extensive UV/ozone treatment initially either mineral-
ized the LpF organic solutes or transformed them into
HpF solutes. After three hours of treatment, the LpF car-
bon continued to be mineralized, but further conversion to
HpF carbon was not observed. The intense color of the
spent retort water was almost entirely eliminated, and the
usually persistent distinctive odor of the water was re-
duced to almost undetectable levels.

Three hours of intensive ozonation coupled with UV ir-
radiation also effected considerable structural alteration of
the organic solutes in spent retort water, because an accli-
mated microbial seed was then capable of utilizing approx-
imately 4 x 10~* kg/L of DOC that was normally unavaila-
ble in completely spent retort water. This auxiliary
biooxidation was entirely at the expense of newly created
HpF organic compounds; blodegradabllity of retort-water
solutes seems to correlate with increasing content of HpF
organic carbon. The composition of the water following
the serial application of biooxidation, three hours of
UV/ozonation, and exhaustive secondary biooxidation was
similar to that of the same spent water after five hours of
ozonation followed by biooxidation.

Simultaneous UV/ozone treatment of spent water be-
yond three hours resulted in a reversal of the trend of in-
creasing biodegradability. Additional biodegradable
HpF-carbon was not generated, and the HpF that re-
mained appeared to become biorefractory. After six hours
of combined UV/ozonation of spent retort water, only 1%
of the DOC was susceptible to microbial attack, yet the ma-

jority of the solutes that remained were in the HpF. For the

six-hour sample, the HpF-carbon actually increased as a
result of secondary biotreatment; the bacteria were
growing at the expense of the LpF carbon and apparently
altering a portion of this carbon to yield refractory HpF
compounds. Microbial catabolic incompetence may not
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Figure 6. Biooxidation of UV/ozone-pretreated spent Oxy-6 retort water.

have been the only factor limiting the degradation of the
remaining solutes; increased toxicity, threshold-
concentration effects, or the lack of a specific nutrient or
enzyme cofactor may have limited further mineralization
of the DOC.

The LpF-fraction from raw, spent, and UV/ozonated
spent retort water was analyzed by nitrogen-specific cap-
illary gas/liquid chromatography for volatile nitrogenous
organic compounds. Six hours of UV/ozonation eliminated
most of the lower- and higher-molecular-weight volatile
nitrogen-containing compounds from the LpF (Figure 7).
In addition, the concentration of the intermediate-
molecular-weight nitrogenous compounds in the LpF was
greatly reduced. These compounds had either been min-
eralized or transformed into HpF nitrogen-bearing
compounds.

Gas chromatographic mass spectrometry has revealed
that nitrogen heterocycles and aromatic amines accounted
for only 25% of the DOC in the six-hour UV/ozonated
sample [41]. This would indicate that the biorefractory na-
ture of this sample was not a result of these types of
nitrogen-containing compounds alone.

Extensive UV irradiation combined with ozonation ef-
fected mineralization of a substantial portion of the DOC
after six hours, but further biological treatment was
unsuccessful. Although color and odor were nearly elimi-
nated, 41% of the DOC of raw retort water remained after
exhaustive serial treatment by primary biooxidation,
UV/ozonation, and secondary biooxidation. The organic
solutes that remained appeared to be refractory to both
chemical and microbial oxidative alteration or mineraliza-
tion. The dosages of either ozone or UV energy used in this
study would be totally uneconomical in any treatment
scheme. These data merely emphasize the extreme resist-
ance of the organic solutes in retort waters to mineraliza-
tion and that biooxidation would probably be of limited
utility. A more extensive discussion of the experimental
procedure and results has been prepared [42].
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A Mathematical Model of Settling Velocity
Enhancement by Kinetic Control

Advances in the technique of the removal of metal ions from solution by pre-

cipitation with hydroxide ion.

Karl B. Schnelle, Jr., Karl D. Schnelle, Steve J. Gibbs, and David J. Wilson, Vanderbilt University, Nashville, Tenn. 37235

The process of removal of metal ions from solution by pre-
cipitation with hydroxide ion has been a commercialf;' via-
ble technique for many years. Fundamental to the process
is the formation of the hydroxide precipitate of the metal,
followed by agglomeration or flocculation into larger
clumps, which then settle into a colloidal sludge as the re-
maining liquid overflows from the top of the separator.
The sludge is withdrawn from the bottom of the separator
and disposed of in a landfill or by other means.

Standard upflow clarifiers have been used for the sepa-
ration process. However, this study focused on reactor-
clarifiers where the addition of chemicals and thus the
precipitation of solids takes place within the same vessel.
This type of separator is important because the Environ-
mental Protection Agency has designated the reactor-
clarifier as a recommended process for the metal
finishing industry [1].

Accepted design procedures for clarifiers have been
based on empirical techniques which employ settling ve-
locity studies [2]. The objective of this work is to derive
and verify a time-dependent clarifier model based on ki-
netics and solid-fluid mechanics principles which can be
readily programmed for digital computation, and which
employs settling velocity studies for input information.
The first studies were conducted with Fe(OH); flocs pre-
cipitated from ferric sulfate solutions. These solutions
were of interest because they simulate rinse waters from
steel pickling operations. The model proved successful in
describing the ferric hydroxide removal process; there-
fore, it was decided to broaden the area of study to include
other metal ions to further prove the model applicable in
describing the process. The second series of tests which
are reported in this paper employed aluminum sulfate so-
lutions which simulate wastes from the aluminum etching
industry. Furthermore, the aluminum ion provides us with
a lighter weight atom and most certainly with a different
hydgroxide complex and a floc density different from that
of ferric hydroxide, and therefore provides another aspect
in the testing of the model.

The original studies by Graves [3] showed that freshly
Frecipitated, relatively undisturbed ferric hydroxide flocs

ormed large and fragile aggregates which settled several

times faster than extensively stirred floc. She also noted

that flocs, once disrupted by stirring, did not reaggregate.

Thus it appears that van der Waals type forces are not re-

sponsible for holding these large flocs together and that
oc disruption is irreversible.

The model as developed by Graves was applicable to
the production of ferric hydroxide floc in upflow
clarifiers. This floc is well-stirred because of the manner
in which the upflow clarifiers operate. Two parameters
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were determined by Graves from liter cylinder tests.
These are the effective radius rand e, a parameter relating
to the slurry viscosity. Strang [4], using paddle type stirrers
and a specially constructed bench scale afparatus to
measuring settling velocity, was able to correlate r and
with the rapid mix chamber mean residence time #. Strang
then was able to extend the model to describe the opera-
tion of reactor-clarifiers.

MATHEMATICAL MODEL AND TECHNIQUE OF VERIFICATION

The original model proposed for orthokinetic floccula-
tion included:

1. a catchup mechanism associated with different ter-

minal velocities of particles of different size;

2. a mechanism base(f) on the turbulent eddies gener-
ated in the liquid by the dissipation of energy by the
settling particles;

3. a dependence of the floc particle density on size of
the floc.

It was assumed that composite particles aggregate from
unit elementary particles or smaller composite particles
under the influence of the catchup and turbulent mecha-
nism and disrupt under the influence of gravity, viscous
drag, and bulk gow of the liquid. A complete explication
of the model is given in the article by Graves, Schnelle,
and Wilson [5].

During the testing of the model, it was discovered that
the effect of the parameters of the kinetic mechanism was
minimal when comparing predicted and experimental re-
sults. Thus the model was simplified to a lumped parame-
ter material balance. A variable cross sectional area is al-
lowed for by the model, making it applicable both to
standard upflow-clarifiers and reactor-clarifiers. The fol- -
lowing simplified formula for the slurry viscosity was
adopted as well:

B = p exp (ac) (1)

Results of testing this model for the standard upflow-
clarifier are reported by Wilson, Graves, and Schnelle [6].
Strang [4] was able to quantify the mixing time effect on
floc formation and to formulate a model and verification
procedure for a reactor-clarifier. Results of this study are
reported by Strang, Schnelle, and Wilson [7]. The model
verification technique is summarized in Figure 1. Opera-
tion should be conducted at the optimum pH for precipita-
tion. It is also convenient to determine the amount of pre-
cipitant required to bring the metal-bearing solution to the
optimum pH for metal removal. Sludge concentrations can
be quantified by determination of the total suspended sol-
ids or from the settleable solids volume fraction (SSVF), a
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Figure 1. Summary of model verification technique.

direct measure of the volume occupied by the sludge after
settling. It was found that the mathematical model was
satisfied best by correlating settling velocity with
settleable solids volume fraction. Using the slurry viscos-
ity as determined by Equation 1, Equation 2 can be written
for the settling velocity as a function of the concentration
expressed as SSVF.

u=

2gApr?

0.34p,,ru ]
12u, exp (ac)

(2]

This equation must be solved iteratively to give the statis-
tically best values of r and a to fit settling velocity, u,
versus SSVF data for a given value of mean residence time
f. From a series of settling-velocity curves at several mean
residence times it was found that r and a could be corre-
lated by the following empirical models.

r = rwexp (Ki/f)

1 Pl )1/2
Oy exp (ac) [1 * 4 (2u0 exp (ac)

®3)
4

A relationship between the metal ion concentration and
SSVF must be established so that the experiments can be
conducted on the basis of measured metal concentrations
in solution. This relationship was found to be empirically
described by a power law such as Equation 5:

SSVF =a - Al

a = o exp (Ky)

(5)

For a given metal ion and precipitant and a known mean

residence time, £, values of r and & can be computed. The
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SSVF can be calculated from the metal ion concentration.
This information, along with the physical dimensions of
the reactor-clarifier, flow rates, density and viscosity of
the water, and the density of the floc are the required
physical inputinformation for the current lumped parame-
ter model. The model also requires the integration time in-
crement, the number of axial increments, and the total op-
eration time to be considered. Output from the model will
be a record of the sludge blanket height as a function of
time for various flow rates. In practice, the reactor-
clarifier has been run with zero sludge wasting rate. Thus,
the clarifier is essentially overloaded with S(ﬁids as time
progresses, and the sludge blanket interface rises with
time. The measured height can be compared with the
model-predicted values as a function of inflow rate. How-
ever, it has become the practice to compare the sludge
blanket rise velocities as a function of flow rate as wel%.

The study is carried out in four steps. First, optimum pH
and the amount of precipitant to obtain the optimum pH
are determined. Next, the relationship between the metal
concentration by weight and the SSVF is found. Then, the
bench scale apparatus is used to determine settling veloc-
ity as a function of SSVF at controlled mixer mean resi-
dence times. Finally, the pilot scale reactor-clarifier is
employed to measure the sludge blanket height as a func-
tion of operation time and inflow rate at controlled mixer
mean residence times.

ANALYTICAL TECHNIQUES AND PRELIMINARY STUDIES
Aluminum Concentration

Synthetic wastewater was prepared from technical
grade aluminum sulfate [Al(SO,); - 18H,0], otherwise
known as alum. A stock solution saturated with aluminum
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sulfate was prepared. The synthetic wastewater was stored
in Nalgene containers and diluted to the desired concen-
tration. Aluminum concentration was determined by a
Perkin-Elmer model 403 atomic absorption spectropho-
tometer with a nitrous oxide-acetylene flame at standard
operating conditions.

Settleable Solids Volume Fraction (SSVF)

In all of the work it has been found that settleable solids
volume fraction is a useful and directly relevant measure
of concentration. Moreover, SSVF is more readily correlat-
able with the results of mathematical modeling. To deter-
mine SSVF, 100-ml samples of suspension are allowed to
settle for a 24-hour period in a graduated cylinder. During
the long time period most of tﬁe inter-particle water will
escape the settled solids. The SSVF was taken as the vol-
ume of the remaining suspended solids divided by the
original volume of the suspension.

Opti pH for R | of Al Soluti

Optimum pH was determined to be about 5.4 by
standard methods for wastewater analysis. Aluminum con-
centration was found to be less than 2.0 mg/liter at this pH.
Since literature values of pH = 5.5 were reported [8] as op-
timum, it was decided to use 5.5 as the optimum pH at
which to operate both the bench scale and the pilot scale
apparatus.

It was also found to be convenient to prepare a curve of
amount of NaOH required to bring aluminum sulfate solu-
tions to optimum pH. This relationship was found to be
linear.

from

Alumii lon C ion Effect on SSVF

During the course of the experiments it was found that
controlled laboratory experiments in which the measured
aluminum ion concentration and SSVF were more accu-
rately known were the most reliable information to use to

WASTE

TABLE 1. FLOC DENSITY AS A FUNCTION OF ALUMINUM ION
CONCENTRATION AND SSVF

Al(SO,), - 18H,0 Al ion Floc Density

(mg/liter) (mg/liter)  SSVF (g/cm?)
500 40.5 0.100 1.00696

1000 81.0 0.145 1.00946

1500 121.5 0.178 1.00115

2000 162.0 0.207 1.00133

2500 202.5 0.232 1.00148

3000 243.0 0.254 1.00162

4000 324.0 0.295 1.00186

determine the SSVF for modeling. Therefore, a relation-
ship between aluminum ion conentration and SSVF was
established; then, aluminum concentrations from the solu-
tion in the operating equipment, as determined by the
atomic absorption spectrophotometer, were used to calcu-
late the SSVF for use in the mathematical model. The
SSVF and aluminum ion concentration have been statisti-
cally fit to a power law of the form of Equation 5, where Al
= aluminum concentration in mg/liter; and ¢ = 0.0154, b =
0.511, with a correlation coefficient of 0.995. Data from
the bench scale apparatus to be discussed in the next sec-
tion also generally agreed with the beaker studies and
confirmed the difficulty in determining SSVF from oper-
ation equipment.

Estimate of Floc Density

Measurements of SSVF were used to estimate floc den-
sity, a parameter needed in the model. The floc was as-
sumed to consist of AlOH), with a density of 2.42 g/em?.
The calculation of floc density is made on the basis of 100
cm?® of sample. The floc mass in 100 cm? is determined as
the sum of the mass of AlOH), and the mass of the water.
Table 1 presents the SSVF, determined for the solution
concentrations used in this work, along with the floc den-
sity. This calculated density was used in determining rand

NaOH

RAPID-MIX CYLINDER

STATIC MIXER
3cmiD,4cm OD

BAFFLE

10.0
T
28.5
10.0
T 7.0 41.7
10.0

e |

SAMPLING PORTS

scale: 1 cm = 5¢cm

Figure 2. Bench scale apparatus.
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a, as will be reported in the next section, with the realiza-
tion that the true density of settling floc would differ from
the value calculated. However, as yet a better method for
determining the true density has not been found. This
method has the advantage of not being arbitrary, giving re-
producible results, and producing a reasonable correlation
of the data by the mathematical model.

BENCH SCALE APPARATUS STUDIES
Experimental Apparatus

In the original experiments by Graves [3] and Strang [4],
mixing was carried out by stirrers with paddle blades. In
order to reduce the retention time for mixing, in this study
a Koch Engineering Co., of Wichita, Kansas, PVC two ele-
ment static mixer was used. The static mixer is 3 cm in di-
ameter and 7 cm long. The mixer was placed in a PVC pipe
and held in place by a ring at the bottom of the pipe. Mixer
mean residence time was determined by dividing the free
volume of fluid surrounding the mixer by the flow rate of
fluid through the mixer.

The free volume was determined by measuring the vol-
ume of water displaced when the static mixer was im-
mersed in a vessel containing a known volume of water.
The free volume is the difference between the original
volume and the volume displaced and was found to be 43.9
cm?,

The bench scale apparatus is illustrated in Figure 2 and
was constructed mainly of Plexiglas. The outer body is
41.7 cm long and 30.48 cm in diameter. The inner cylinder
contains the static mixer and is 26.5 cm long and 8.89 cm in
diameter. Four sample ports are located at 10-cm intervals
along the side of the outer body. Wastewater is delivered
to one side of the run of a tee where it makes the 90° turn
onto the mixer. The 0.50 N NaOH solution is fed from the
other side of the run of the tee through a glass tube with a

90° bend. The NaOH solution exits the glass tube on the
top of the static mixer, where it encounters the wastewater.
Mixing, chemical reaction, and precipitation begin all at
once at the top of the static mixer. The precipitated
Al(OH), then flows through a baffle into the main body of
the apparatus to flocculate and form a sludge blanket
where the solid-liquid separation takes place. The
clarified liquid flows up and out over a weir positioned at
the top of the unit. The total volume of the apparatus is
about 23 liters.

Results

Prior to each run the apparatus was filled with tap
water, so that steady-state operation would be approached
quickly without having to take into account the solids pre-
cipitated while the unit was being filled. Wastewater
flow rate was adjusted to give the desired mixer mean res-
idence time, and the NaOH solution flow rate was ad-
justed to give the optimum pH. The sludge blanket was
allowed to reach a height of at least 22 cm. Then, two
100-m] samples were taken from the top of the sludge blan-
ket to determine SSVF. Flows were then shut off, The set-
tling velocity of the blanket was determined by recording
the %lanket eight versus time and fitting a straight line to
the linear portion of the curve. The slope of the straight
line is therefore the zone settling velocity of the suspen-
sion. This technique is the same as was developed by
Strang [7].

The settling velocity data are segregated by mean resi-
dence time, £, and plotted versus SSVF. Figure 3 is a typi-
cal plot for a mean residence time of 0.69 seconds. Alumi-
num sulfate concentrations used in these runs are listed in
Table 1. Data for infinite mixing time were obtained from
experiments in liter beakers.

SETTLING VELOCITY (cm/s)

0 1 1 1 1 ] I L
0.14 0.16 0.18 0.20 022 024 028 028 0.30
SSVF

Figure 3, Data and model predictions of settling velocity versus SSVF, ¢t =
0.69 sec.
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Figure 4. Experimental versus calculated settling velocities for the bench
scale apparatus.

Equation 2 is now fit to these data using an iterative
technique which employs a minimization of the sum of the
squares of the differences between the calculated settling
velocity, u and the measured value of u. Figure 4 presents
a summary of the data analysis exhibiting experimental
values of settling velocity versus calculated values. These
results verify the use of Equation 2 in this part of the mod-
eling study. Using the values of rand a reported in Table 2,
which had been calculated from the statistical analyses,
curves such as shown in Figure 3 were calculated. A com-
parison of these curves with the data confirms Equation 2
as an appropriate model for predicting the settling velocity
from the SSVF. Using these curves for any given SSVF, it
can be observed that the settling velocity decreases as the
mixer mean residence time increases.

Two empirical equations were developed to describe
the variation of r and a with mixer mean residence time .

r=r*e—Ki+ s (6)
a = a* e—Kif + a ]

where in this case the values of the constants are as
follows:

r* = 0.307 ¢cm a* = 4.69

r = 0.065 cm a = 1137

k, = 0873 s~ k, = 0.114 s~
correlation correlation _
coefficient = 0993 coefficient — 0.749

In both equations, as the mean residence time approaches
infinity, the argument of the exponential approaches zero.
The values of r and a then approach the values generated
during infinite mixing time. Thus, as f — », r — 0.065 and
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a—11.37. The experimental values determined for rand &
are listed in Table 2 and compared with the values calcu-
lated from Equations 6 and 7. It should be noted that Equa-
tions 6 and 7, which are a good fit to the data of this work
differ from Equations 3 and 4 which were developed by
Strang in his study [7].

PILOT SCALE STUDIES
Experimental Apparatus

The pilot scale reactor-clarifier system was constructed
by Graves [9] and Schroeder [10]and is shown in Figures 5
and 6. The static mixer and mixer housing were the same as
those used in the bench scale studies. The pilot scale
reactor-clarifier was constructed from a Plexiglas cylinder
122 em high and 45.7 ¢cm in outer diameter, and a sheet
metal cone 13.98 ¢m in diameter at the top, 25.4 cm in di-
ameter at the bottom, and 87 ¢m high. The mixer tee was
inserted into the top of the cone for use of the apparatus
with the static mixer.

TABLE 2. EXPERIMENTAL AND CALCULATED VALUES
OF r AND

Measured values Calculated values

1 17t r r
(s) (C)] (em) a (cm) a
% 0 0.065 11.32 0.065 11.32
1.39 0.719 0.155 15.38 0.156 15.32
0.69 145 0.243 1543 0.233 15.66
0.46 2.17 0.262 15.96 0.271 15.77
November, 1985 263
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Figure 5. Pilot scale reactor-clarifier.
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The method chosen for testing the mathematical model
was to overload the clarifier system and measure the rate
of rise of the sludge blanket in the clarifier. Then, the
blanket rise velocity can be compared to that predicted by
the model.

The operation of the pilot scale reactor-clarifier is simi-
lar to that of the bench scale apparatus. The simulated
wastewater and 0.50 N NaOH are fed to the mixer tee at the
top of the clarifier cone where precipitation begins. The
precipitate then flows down througﬂ the cone through
baffles at the bottom of the cone and into the main body of
the apparatus where it continues to flocculate and begins
to separate from the accompanying liquid. Sludge was not
wasted from the bottom of the clarifier during the run.

A typical experimental run was begun by filling the ap-
paratus with tap water and determining the desired
flowrates of wastewater and NaOH. Then, flows were in-
itiated and a timer was started. After the sludge blanket
had risen above the level of the feed plane, the blanket
height was recorded as a function of time.

Modeling Considerations

The lumped-parameter upflow clarifier model devel-
oped previously [5] is combined with Equations 6 and 7 to
produce a moj;‘l for clarifier operation. The model was
used to predict the sludge blanket height as a function of
time in tﬁe region above the feed plane, which is located at
40.5 cm above the bottom of the Plexiglas cylinder. Figure
7 is a typical plot illustrating the blanket height versus
time data. The model prediction appears to be good for an
increment of about 15 cm above the ]fJeed plane. These data
can then be linearly regressed to obtain the sludge blanket
rise velocity, which is defined as the slope of the line ob-
tained during the regression. The model requires the in-

put of a number of parameters which are listed in Table 3
for this work.

Results

Four series of runs were made with the pilot scale appa-
ratus, each at different concentrations of aluminum ion.
For each concentration three flowrates and thus three
mixer mean residence times were used. Table 4 presents a
summary of the experimental data including inﬁuent alu-
minum and aluminum sulfate concentrations, influent
SSVF, influent flow rate, mixer mean residence times, r
and a parameters, experimental blanket rise velocity, and
model predicted blanket rise velocity. Typical data for
blanket height as a function of time are plotted in Figure 8
for an influent aluminum concentration of 243 mg/liter. As
can be seen from Table 4, model predictions for the
various influent concentrations are in good agreement
with the experimental values. Blanket rise velocity versus
flow rates determined from Figure 8 are plotted in Figure
9 for the same aluminum concentration. Comparing these
data with those for Fe(OH), taken by Strang [7] shows the
same trends. The model gives a good fit to both sets of
data, and in both cases the rate of increase of blanket rise
velocity with flow rate increases with increasing metal
ion concentration.

DISCUSSION

This study has confirmed that the mathematical model
which was successfully applied to ferric hydroxide floc in
earlier studies can also be applied to aluminum hydroxide
floc produced in reactor-clarifiers. The increase of floc
settling velocity with decreasing mixer mean residence
time has also been confirmed tfor aluminum hydroxide
floc. Strang noted [7] that the variation of reaction rate to
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Figure 7. Blanket height versus time, typical data from pilot scale

Environmental Progress (Vol. 4, No. 4)

apparatus.

November, 1985 265



TABLE 3. MODEL PARAMETERS FOR PILOT SCALE
REACTOR-CLARIFIER

Parameter Value Used
Clarifier Geometry

Radius of casin% 22.6 cm

Upper radius of cone 6.99 ¢cm

Lower radius of cone 12.7 cm

Height of clarifier 121.9 cm

Height of feed plane 40.5 cm

Numerical Procedure Constants

Integration time increment 0.5 to 2.0 min (Note 1)

Number of axial increments 30
Total operation time as selected by programmer
(Note 2)
Flow Rates
Sludge wasting rate 0.0 ml/s

Influent flow rate experimental value in ml/s

Physical Properties

Effective particle radius (Note 3)

Slurry viscosity parameter (Note 3)

Influent SSVF SSVF = g - Al° (Note 4)
Density of water 1.0 g/em?

Density of floc (Note 5)

NOTES:

1. Depending on number of data points desired.
2. Total operating time is adjusted during computer runs to ac-
quire enough significant output data for analysis. Several runs
may be required to get desired data.
3. See Table 2, measured values used.
4. Al = aluminum concentration in mg/liter

a = 0.0154 b =0511

form the hydroxide should result in different parameters
for the equations representing r and « as functions of the
mixer mean residence time £. This work produced a notice-
ably different set of parametric equations for rand a. How-
ever, these equations were good representations of the
data.

Strang [7] reported that velocity gradients in the rapid
mixer were always sufficiently large to disrupt the floc in-
stantaneously. It has also been found in these studies that
well mixed floc fails to re-agglomerate, indicating that ag-
glomeration and disruption of these flocs are not readily
reversible. Moreover, agglomeration appears to occur
most readily within less than a minute after the solutions
are mixed. These facts suggest that agglomeration of the

hydroxide flocs is brought about by the continued precipi-
tation of filaments, meshes, and other forms of the iydrox-
ide from the remaining supersaturated solution after it has
moved from the rapid mixer into areas of the clarifier
where the velocity gradients are small enough not to tear
the aggregates to pieces. This in turn suggests that the per-
formance of reactor-clarifiers would be markedly im-
proved by employing a mixer that would produce the most
complete mixing in as short a time as possible. The in-line
static mixer used in the study was chosen because it has
these desired characteristics. Furthermore, there are no
moving shafts as in a paddle mixer, and thus velocity gradi-
ents will be as low as possible, helping to discourage floc
disruption. Continuing efforts to investigate other metal
hydroxides and application of the model to industrial size
reactor-clarifiers are most certainly warranted.
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NOMENCLATURE
A(x) = cross sectional area of clarifier at a height x above the

bottom (cm?)

Al = aluminum ion concentration (mg/liter)

a = constant in Equation 5 (units to agree with Al)

b = constant in Equation 5 (unitless)

c = SSVF

Cn = number density of n-particles at (x, t)

Adx, 8) =0 oy

D, = effective axial diffusion constant of an n-particle at(x, t)
(cm¥s)

F, = flocculation and disruption rates for n-particles per unit

volume (cm=* s~')
g = gravitational constant (980 cm/s?)

K, = constant in Equation 3 (s)

K, = constant in Equation 4 (s)

k, = constant in Equation 6 (s)~'

k, = constant in Equation 7 (s)~!

N = number of elementary particles in the largest composite
particle permitted

r = effective particle radius (cm)

r* = constant in Equation 6 (cm)

Te = constant in equation 6 (cm)

SSVF = Settleable Solids Volume Fraction

t = time (s)

t = mean residence time (s)

u = settling velocity (cm/s)

TABLE 4. EXPERIMENTAL RESULTS AND MODEL PREDICTIONS FOR PILOT SCALE REACTOR-CLARIFIER

Blanket Rise

Influent Mixer Mean Velocity (cm/s)
Aluminum Aluminum Flow Residence r
Sulfate (mg/liter) (mg/liter) Rate (liter/min) Time(s) (cm) a Experimental Predicted
4000 324 5.68 0.46 0.262 15.96 0.032 0.042
4000 324 3.79 0.69 0.243 15.43 0.018 0.023
4000 324 1.89 1.39 0.155 15.38 0.013 0.011
3000 243 5.68 0.46 0.262 15.96 0.036 0.034
3000 243 3.79 0.69 0.243 15.43 0.018 0.020
3000 243 1.89 1.39 0.155 15.38 0.009 0.009
2000 162 5.68 0.46 0.262 15.96 0.021 0.030
2000 162 3.79 0.69 0.243 15.43 0.017 0.019
2000 162 1.89 1.39 0.155 15.38 0.008 0.008
1000 81 5.68 0.46 0.262 15.96 0.015 0.024
1000 81 3.79 0.69 0.243 15.43 0.010 0.014
1000 81 1.89 1.39 0.155 15.38 0.003 0.005
266 November, 1985 Environmental Progress (Vol. 4, No. 4)
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Figure 8. Data and model predictions of blanket height versus time, pilot
scale apparatus, with influent aluminum concentrations of 243 mg/liter.

= distance from the bottom of the clarifier (cm)

Greek Letters

= slurry viscosity parameter (unitless)
= constant in Equation 7 (unitless)
constant in Equation 7 (unitless)
viscosity

viscosity of water (Poise)

density of water, (g/lem®)

= slurry density (g/cm?)

= (floc density) - (water density)

oann
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Separation of Metals in Wastewater Sludge
by Centrifugal Classification

Data for centrifugal classification can be suitably correlated by an easily corre-
lated recovery factor, which can be calculated from a single replicated data

point.

Carol Ann Fronk, Joseph B. Farrell, and William Strachan,
U.S. Environmental Protection Agency, Cincinnati, Ohio 45268

Municipal wastewater treatment and many industrial pro-
cesses produce aqueous sludges as waste products. Fre-
quently, the principal components of these sludges are
innocuous metal hydroxides or organic substances con-
taminated with a small amount of toxic or otherwise
undesirable substances. Municipal wastewater sludge is a
good example. Not considering its content of pathogenic
organisms, whose impact can %‘e reduced by proper dis-
posal Erocedures, it primarily consists of human feces, pa-
per fiber, laundry residues, food residues from garbage
grinders, with varying quantities of road dirt and industrial
wastes. The great bulk of the solid content is harmless or
beneficial; toxic contaminants are generally present only
in trace amounts. There would be substantial benefit if
these trace substances could be removed economically.
Extraction with organic solvents or mineral acids is effec-
tive in removing toxic organic or inorganic contaminants.
However, these procedures approximately double the cost
of sludge treatment and disposal [1, 2], and so have not
found any substantial use in upgrading municipal
wastewater sludge to constructive use.

In their work at Lake Tahoe, California, with sludge pro-
duced in upgrading secondary effluent by lime treatment,
Evans et al. [3] discovered that a solid-bowl continuous
decanter centrifuge with an internal helical conveyor for
solids removal (herein called a decanter centrifuge) sepa-
rated the sludge into two fractions substantially different
in composition. The primary constituent of the sludge was
calcium carbonate, with lesser amounts of magnesium
phosphate, calcium hydroxyapatite, and organic solids.
Evans et al. [3] found that the calcium carbonate was con-
centrated in the solids in the cake, whereas the magnesium
and phosphate compounds were concentrated in the solids
in the centrate. Consequently, instead of just wasting a
portion of the cake to bleed off impurities, they deliber-
ately operated their centrifuge inefficiently, losing the
undesirable phosphates and magnesium compounds in
the centrate. The cake, which was enriched in calcium car-
bonate, was reburned to CaO and reused. The centrate sol-
ids were subsequently collected by a second centrifuge
using a polymer and discarded. This procedure improved
the economics of their process because the lime concentra-
tion in the reburned product was increased, calcium car-
bonate losses were lower, and lime makeup was reduced.

Parker et al. [4] reported results of a similar investiga-
tion with a sludge produced by treatment of raw
wastewater with lime. Organic solids were much higher in
the sludge than were observed by Evans et al. Neverthe-
less, a similar degree of classification of recoverable cal-
cium into the centrifuge cake occurred.

Environmental Progress (Vol. 4, No. 4)

Analysis of information obtained from the Los Angeles
County Water Pollution Control Districts (LACWPCD)
showed that this effect also occurs with the heavy metals in
sewage sludge [5]. At the time, the LACWPCD sludge was
being centrifu(gled in a Bird decanter centrifu%e without a
polymeric conditioning agent. Recoveries of sludge in the
cake were poor—on the order of 40 percent. Examination
of data showed that concentrations of metals such as cad-
mium and lead were substantially higher in the centrate
solids than in the cake solids.

The interesting results of these investigators suggested
that centrifugal classification might prove to be a useful
and cost-effective method for removing harmful sub-
stances from sewage sludge. Consequently, an investiga-
tion of this separation method was commenced at EPA’s
Municipal Environmental Research Laboratory in Cincin-
nati. The investi%ation was divided into three parts. First,
published data of other investigators were examined to de-
termine if there was a suitable means of correlating the de-
gree of separation achievable with machine or process var-
iables. Second, a pilot-scale investigation was commenced
using sludge from Cincinnati’s Mill Creek plant to deter-
mine if the LACWPCD classification results could be
verified in another sludge, and third, LACWPCD records
were investigated to determine whether more unpub-
lished supporting data could be found. Results of these
three phases of our investigation are presented in the fol-
lowing sections.

CORRELATION OF CLASSIFICATION RESULTS

The most suitable information available at the time for
testing a correlation method was the data of Evans et al.
[3]. They worked with what was primarily a mineral
sludge, which would not be expected to show large varia-
tions in characteristics with time. Most important, they ob-
tained classification data over a range of cake recoveries.
Cake recovery was varied by varying feed rate to the cen-
trifuge over a limited range. Centrifuge bowl speed and
speed of the conveyor for removing solids from the centri-
fuge were held constant (see below for description of a de-
canter centrifuge). Pool depth was varied but did not affect
classification significantly.

The data obtained by Evans et al. have been replotted
essentially in the same fashion as presented by these au-
thors and are shown in Figure 1 for recalcinable calcium
oxide. Percentage of the recalcinable calcium oxide that is
recovered in the cake is plotted against percent of total sol-
ids recovered in the cake. The correlation procedure is
useful but clearly several data points are required to getan
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Figure 1. Correlation of recovery of a species (in this case, recalcinable
CaO) with total solids recovery in the cake of a decanter centrifuge (from
Evans et al.).

estimate of trends over a range of recoveries.

The superficial resemblance of the curve in Figure 1 to
the familiar x-y diagram used to present vapor-liquid equi-
librium data [6] led to the thought that a pseudo-relative
volatility would be reasonably constant over a substantial
range of recovered solids. The pseudo-relative volatility,
called here a “recovery factor” (f,), is calculated from the
recoveries of a species and of total solids. Because for sew-
age sludge the “recovered” substances were concentrated
in the centrate, recoveries in the centrate of solids and the
various species of interest rather than recoveries in the
cake ‘were used. Nomenclature is shown in Figure 2.

The equation for the recovery factor, by analogy to the
expression for relative volatility [6], is given by Equation
1:

_ R/l -R)

== W
Centrate
W, Xy

Feed
F, x¢

Cake
F-W, x¢

F, W, and F-W are mass of suspended solids in feed, centrate,
and cake.

Xf, Xy, and xc are weight fraction (dry solids basis) of a
species in the suspended solids in feed. centrate, and

cake.
Figure 2. Representation of the centrifuge experiment, identifying the no-
menclature for totol flows and flows of any particular species into and out
of the centrifuge.
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recovery of species ¢ in centrate, Wx,./Fx,

where R, =
R = recovery of solids in centrate, W/F

Note that if R, and R were recoveries in the cake, the recov-
ery factor would be the reciprocal of f..

When the definitions of recoveries above are substi-
tuted into Equation 1 and combined with the material bal-
ance for the species around the centrifuge,

Fxy = Wx,. + (F = W)z, (2)

Equation 1 reduces to a very simple form that is frequently
useful in calculating f.:

fr = x/%e (3)

Equation 1 has been applied to the data of Evans et al.
with the results shown in Table 1. Arithmetic average f,’s
have been used to calculate the recoveries, R,, for the
three species reported. Except for the three outliers noted,
the average f,’s represent the data well, as indicated by the
agreement between calculated and measurable recoveries
for the three species (column 2 versus column 4 in the
table). The range of the total recoveries, R, is substantial
(about 8 to 26 percent) but evaluation over a broader range
would clearly be desirable.

The correlation approach used, if proven to be
sufficiently general and usable over a broad range of re-
coveries, can greatly simplify collection of screening data
to determine the value of centrifuged classification for a
desired separation. Instead of establishing an entire recov-
ery curve (e.g., Figure 1), it may be adequate to determine
as few as one or two experimental points to indicate the
utility of the approach. This potential was kept in mind in
planning the experimental phase of the investigation.

PILOT-SCALE STUDIES WITH SEWAGE SLUDGE
Objectives

The objectives of this phase of the investigation were to
establish the extent of classification that occurs in sewage
sludge for a variety of trace metals, determine the

TABLE 1. COMPARISON OF MEASURED AND CALCULATED
RECOVERIES
(Evans et al.’s Data)

Experimental Data  Calculated R,, Caled.
Species R Ra fr from fr-av.
PO, 0.24 0.90 27.8' —
0.18 0.31 2.1 0.30
0.16 0.29 2.2 0.27
0.08 0.14 1.9 0.15
0.07 0.11 1.7 0.13
1.98 Ave.
Mg 018 0.31 2.0 0.31
0.16 0.29 2.2 0.28
0.07 0.12 2.0 0.13
0.08 0.04 0.5 —
2.07 Ave.
Ca 0.24 0.15 0.55 0.12
0.26 0.14 0.47 0.13
0.26 0.12 0.40 0.13
0.14 0.05 0.34 0.06
0.16 0.07 042 0.07
0.18 0.07 0.36 0.085
0.08 0.01 0.14! —
0.42 Ave.

! Qutliers, not used in calculation of average f's.
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influence of the operating parameters of the centrifuge,
and verify that the data obtained could be correlated overa
broad range of variables by use of the “recovery factor”
parameters.

Materiols and Methods

A pilot-scale decanter centrifuge (Sharples Model
P-660, 0.15 m diam.), installed at the EPA’s Test and Eval-
uation Facility at Cincinnati’s Mill Creek Sewage Treat-
ment Plant, was used for this investigation. Mill Creek’s
undigested primary sludge was used for all experiments.
Composition range of heavy metals in this sludge during
the experimental program is shown in Table 2. The
wastewater has a substantial industrial contribution, but
metals concentrations are not unusually high. Variables in-
vestigated were centrifuge bowl speed (RPM), depth of
the liquid pool in the centrifuge bowl! (PD), differential
speed between bowl and conveyor (DELTA), and sludge
feed rate (GPM). All other machine variables and sludge
properties were held as constant as possible. A schematic
drawing of a decanter centrifuge is shown in Figure 3. The
centrifuge tested was a countercurrent flow machine—
the solids thrown against the inner wall of the bowl were
moved by the conveyor opposite to the direction of the lig-
uid flow.

The feed sludge for the experiments was prethickened
to about 2-4 percent solids, and screened to remove
particles that might clog openings in the small decanter
centrifuge. The screened sludge was stored in a 30.3-m?
tank and was mixed with an air sparger to produce a uni-
form composition and prevent septicity. The tank contents
provided the material for a day’s operation, about 6-8 runs.
No new sludge was added to the tank during an operating
day. Input flow to the centrifuge passed through a grinder
and a magnetic flow meter. No conditioning agents to im-
prove particle collection were used. A schematic diagram
of the sludge feeding system is shown in Figure 4.

To commence a run, the centrifuge was operated at the
desired conditions for about 15 minutes to achieve steady
state. Then the test period of about 5 to 15 minutes com-
menced, during which time all cake and centrate were col-
lected. Samples of the cake and centrate were taken for de-
termination of concentration of total solids and the
following metals: cadmium, lead, zinc, copper, nickel, cal-
cium, and iron. Sludge samples were digested with
nitric/perchloric acid as has been described e%sewhere [71
and metals concentrations were determined by atomic ab-
sorption spectrophotometry.

Balances for total mass and for individual metals were
carried out. Material balance results for Experiment 1 (see
below) are shown in Table 3. Material balances were good
for total mass and total solids. Material balance for metals
showed substantial variability, even though each mea-
surement of a solids composition was an average of four or
more grab samples. Metals analyses were conducted on
composited samples. The relatively high standard devia-
tions of the ratio of output to input for the metals indicate

TABLE 2. CONCENTRATIONS OF HEAVY METALS IN CINCINNATI'S
MiLL CREEK RAW PRIMARY SLUDGE DURING CENTRIFUGATION
EXPERIMENTS

Concentrations (mg/kg, dry solids basis)
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Figure 3. Continuous countercurrent solid bowl centrifuge.

THICKENER

SLUDGE HOLDING TANK

WASTEWATER IN OVERFLOW

SCREEN

COARSE SOLIDS
Figure 4. Sludge feeding system.

that compositions were fluctuating or that insufficient
time was allowed for arriving at steady state. To eliminate
the latter possibility, future experiments should use longer
time periods to achieve steady state, and the sample col-
lection period at steady state should be longer.

The effect of the poor material balances for some of the
metals on the results is not certain. The calculations of f,
were made by Equation 3, which only uses the output
compositions; consequently, variations in f, might not
reflect the uncertainty in the material balances. The con-
sistency of the results (see below) indicates that the results
are actually better than the material balances might
indicate.

Experimental Design

For maximum efficiency, the experiments conducted
with the centrifuge were factorial designs [8]. Experiment
No. 1 was planned as a 3 X 2 X 2 X 2 factorial experiment
(three bowl speeds, two pool depths, two differential

TABLE 3. AVERAGE AND STANDARD DEVIATION(S)
FOR THE RATIO OF MAss OuTPUT TO INPUT (O/I)
FOR CENTRIFUGE EXPERIMENTS

Low High Median
Cadmium 12 81 38
Lead 130 731 476
Copper 1,390 2,280 1,510
Nickel 240 680 380
Zinc 900 1,600 1,390
Calcium 8,400 28,900 14,100
Iron 11,600 21,600 15,300

Environmental Progress (Vol. 4, No. 4)

No. of
Measurements Experiment 1 Experiment 2 All Experiments
40 24 83
Ave O/ s AveO/l s AveOl s

Total Mass 0.96 0.045
Total Solids 091 0.14
El oy

Cd 1.052) 028 08%1) 021

Pb 1.14 029 0.972) 0.38

Zn 0.98 0.25 0951) 0.18

Cu 0.99 0.17 099%2) 022

Ni 1.00 0.15 1.0K1) 018

Ca 1.00 024 1.032) 0.29

Fe 0.99 0.16 1.11(2) 0.26

*( ) indicates number of outliers not included in the average.
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speeds, and two flow rates) replicated once. This large ex-
periment necessarily extended over a period of many days.
Procedures were fo{lowed which attempted to minimize
the expected variations in sludge composition. The proce-
dures for collecting sludge feed outlined in the preceding
section were followed, which maintained sludge composi-
tion and quality constant during a single day. A complete
block of tests, comprising a replicated 2 X 2 sub-
experiment (differential speed X flow rate), was then run
in a single day. As soon as possible (but not the same day),
another sub-experiment was conducted at the second pool
depth. Finally, this subset, now a 2 x 2 x 2 experiment,
was repeated for each of the two remaining bowl speeds.
Unfortunately, examination of the data leads to the conclu-
sion that the effects of pool depth and bowl speed are con-
fused with day-to-day changes in sludge and cannot be
evaluated. The centrifuge machine settings and slud%e
feed conditions for this experiment are presented in Table
4.

In order to test the effect of bowl speed on the same
sludge, the centrifuge was modified by installation of a
variable speed drive, which permitted quick changes in
bowl speed. A second factorial experiment (Experiment 2)
using the same variables as before (two pool depths, two
differential speeds, three bowl speeds, and two feed rates)
was carried out except that there were no replicates. On a
single day, six runs could be made, varying bowl speed
and flow rate, at fixed differential speed and fixed pool
depth. Then, these six runs were repeated on another day
at the second differential speed. The two sets of six runs
were then repeated at a new pool depth. Machine and
sludge feed conditions are shown in Table 4. Because pool
depth and differential speed were held constant during a
day, their effects are confused with day-to-day changes in
the sludge.

A third set of experiments designed to establish the re-
sponse surface for the operating variables was in progress
when the gear train of the centrifuge was damaged,
terminating all further experiments. Unfortunately, exper-
iments in which the effect of pool depth was determined
on the same sludge werenever run. However, cumulative
information from the three sets of experiments presents a
reasonable picture of effect of variables on classification
of metals.

Analysis of Experimental Results

Interpretation of Normalized Data. As noted earlier,
experimentation soon showed that day-to-day variation in
the sludge was substantial. Comparison of results obtained

on ditterent days were thus confounded with random un-
known effects of changes in sludge characteristics. To al-
low interpretation of Experiments 1 and 2 in their entirety,
each day’s results, which were complete sub-experiments,
have been normalized by calculating f, for each test, cal-
culating an arithmetic average f;, and normalizing by di-
viding each f. by the average. Normalized f,’s are indica-
ted by the symbol n — f,. Naturally, the overall average of
the normalized f.’s for a day’s tests must equal unity; §1US,
any variables that did not vary within a day (bowl speed
and pool depth for Experiment 1, differential spee(f and
pool depth for Experiment 2) show zero effects, although
their interactions with other variables are not zero.

Effects of variables and interactions on f, determined
from results of Experiment 1 are presented in Table 5. In-
crease in flow rate (GPM) increases f, for all but one metal
and the increase is statistically significant for Cd and Ca.
Differential speed (DELTA) effects are small and fluc-
tuate in direction, indicating only random error. The effect
of pdol depth (PD) is unknown but its interaction with
flow rate appears to be important—it is substantially
significant for three metals. A high pool depth reduces the
improvement in f, produced by increased feed rate. The
nature of this interaction suggests that a combined varia-
ble, PD/GPM, which is proportional to time of exposure of
sludge to the centrifugal field, might be appropriate.

Results of Experiment 2 are presented in Table 6. Data
have been normalized as for Experiment 1. Increasing
centrifuge speed (RPM) increases n — f, significantly for
Cd and Pb, but the effect is much less and not significant
for other metals. Flow rate (GPM) effect is substantial and
quite similar to results obtained for Experiment 1.

Significant interactions did not follow any regular pat-
tern in Experiment 2. In one case, the PD x GPM interac-
tion was significant and in the same direction as for Exper-
iment 1. Average f,’s are lower in Experiment 2 than in
Experiment 1. A difference is to be expected because the
experiments were run nearly a month apart.

In the experiments, significant effects occur more fre-
quently for metals showing the most classification into the
centrate (Cd and Pb) and into the cake (Ca). This behavior
is reasonable. If, for example, a metal is only slightly
classified, as indicated by an f; near unity, no appreciable
effect of machine variables on f, should be anticipated.

The results of the factorial analysis show that the use of
the recovery factor is an extremely useful tool for correla-
tion centrifugal classification results. Results can be ex-
?ressed by a single parameter, f,, which is only slightly af-

ected by the operating conditions of the centrifuge.

TABLE 4. MACHINE AND SLUDGE FEED CONDITIONS FOR EXPERIMENT 1 (5/29-7/22) AND EXPERIMENT 2 (8/13-8/28)

Machine Conditions

Feed Conditions

Replications/ Speed Pool Differential Flow Rate** Solids Range of Total
Date Tests (1000 RPM) Depth Speed (GPM) Content (%) Solids Recoveries
Experiment 1
5/29 2/8 5.0 1 Min., Max. 2,5 1.28 0.33-0.50°
6/3 2/8 5.0 4 Min., Max. 2,5 2.38 0.22-0.50
6/9 2/8 31 4 Min., Max. 2,5 1.27 0.29-0.54
6/11 2/8 3.1 1 Min., Max. 2,5 1.85 0.30-0.60
717 2/8 1.9 1 Min., Max. 2,5 2.93 0.52-0.82
7122 2/8 1.9 4 Min., Max. 2,5 2.34 0.35-0.58
Experiment 2
7/29* 1/6 19,31,5 1 L 2,6 2.25 0.52-0.80
8/13 1/6 19,3.1,5 1 L 2,5 2.34 0.38-0.65
8/20 1/6 19,31,5 1 H 2,5 1.78 0.35-0.80
8/26 1/6 19,3.1,5 4 L 2,5 1.55 0.16-0.68
8/28 1/6 19,3.1,5 4 H 2,5 1.88 0.19-0.56

* The 7/29 run was incomplete. It was not used to compute the results of the factorial experiment.

**5.1. Conversion: GPM x 0.0631 = LPS (liters/sec).
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TABLE 5. EFFECT OF MACHINE VARIABLES
ON RECOVERY FACTOR — EXPERIMENT 1

Magnitude of Effects
on Normalized f,

Two Factor
Main Effects Interactions**
Average
Metal 5 Delta GPM PD x GPM

Cd 2.77 -0.06 0.24* -0.15*
Pb 2.90 0.04 0.08 —0.22*
Cu 1.86 -0.07 0.04 —
Ni 1.60 -0.09 0.08 —
Zn 1.80 -0.03 0.08 —
Ca 0.96 -0.06 0.17* -0.21*
Fe 1.02 0.14 -0.03 —

* Effect was significant at 95% level or greater.
** Only significant interactions are shown.

Graphical Interpretation of Data. Statistical anaiysis of
the factorial experiments is a very powerful help in analy-
sis, but comprehension is aided when the data can be pre-
sented graphically. Fortunately, the data can be illustrated
graphically in a way that proves to give confidence in the
use of f, as a correlating parameter. The definition of f,
suggests that, if Equation 1 fits the data, a straight line
through the origin will be obtained if R./A(1 — R,) is plotted
against R(1 — R). These plots are illustrated in Figure 5
using a portion of the data obtained for cadmium in Experi-
ment 1. The raw data before normalization have been
used. The three sets of curves show that straight lines rep-
resent the data well, indicating that the assumption ofP a
constant f, is not unreasonable. The effect of flow rate
(GPM) discovered in the factorial analysis (see Table 5) is
not apEarent in these diagrams. The residual error causes
enough variation to obscure the effect of flow rate. The
normalized standard deviation in Experiment 1 for cad-
mium was 0.22. This means that there is a large scatter in
the data—about 32 percent of measurements of n — f,
would be expected to fall outside of the one sigma range of
* 0.22. It is easy to see why the normalized effect of flow
rate, 0.23, could go unobserved without the factorial analy-
sis. It was only because the large experiment (Experiment
1 contained 24 runs) reduced the residual error to a low
value so that the machine variable effects could be seen.

Recovery factors determined as slopes of least square
lines of the daily test data, plotted as R./(1 — R,) vs. R(1 —
R), were calculated for all of the tests for all of the metals.
These results are shown in Table 7. The values of f, for
each metal fluctuate substantially with time. The major
part of this fluctuation was probably due to changes in the
sludge, although changes in the centrifuge, such as wear

on the helical conveyor for removing sludge, could ac-
count for some of the changes.

Data Needed to Predict Degree of Classification. If it is

desired to test whether centrifugal separation offers any
advantage for separating components of a slurry, the large
standard deviations such as experienced in our work make
it difficult to make accurate predictions, but simplify the
experimental task. Our experiments show that effects of
machine variables, although measurable in some cases,
are not large compared to the experimental inaccuracy in
determiningf.. Similarl){, markecf changes inf,a pear not
to occuras R changes (see Figure 5). Consequently, to geta
reasonable estimate of f,, a few runs can be made, chang-
ing a few adjustments in machine variables and feed rate to
bracket the desired R, and an average value and standard
deviation in the f, determined. A very large experiment is
needed to define the relatively small eﬂgects of machine
variables. At least for a non-consistent feedstock such as
sewage sludge, the relatively large changes in f, that occur
with time make it pointless to excessively refine the esti-
mate of f,.

LONG TERM EXPERIENCE AT LOS ANGELES

As noted earlier, the LACWPCD had been operating de-
canter centrifuges for a number of years without using
polymers to enhance particle collection, and differences in
concentrations of metals in centrate and cake had been ob-
served. The correlation method develo?ed here (use of f,)
allows interpretation of the data and allows a comparison
of data collected over a period of years.

The Los Angeles County data are from 1979 and earlier,
at which time sludge was centrifuged in a Bird decanter
centrifuge and the centrate was again centrifuged in solid-
bowl! basket-type centrifuges. Because no polymer was
used in the decanter centri%uge and recovery of solids was
poor, the second centrifugation was needed for efficient
solids removal, Data are shown in Table 8, which gives
composition of sludge feed, decanter centrifuge cake, and
basket centrifuge cake. If it is assumed that all of the
sludge solids in the centrate are removed in the basket
centrifuge, it is possible to calculate fraction of solids re-
covered and a recovery factor for the elements and com-
pounds listed in the table. The calculated recoveries scat-
ter but indicate recoveries in the cake of 23 to 30 percent
(77 to 70 percent solids are “recovered” in the centrate).
The calculated separation factors are substantial for some
metals (e.g., 4.5 for cadmium) and for the organic com-
pounds listed. Actually, it was these data that encouraged
us to believe that the separation achieved by Evans et al.
[3] with tertiary slime sludge might occur with sewage
sludge.

Thge Los Angeles County data, which were obtained on
digested sludge, indicate better separations for most met-

TABLE 6. EFFECT OF MACHINE VARIABLES ON RECOVERY FACTOR — EXPERIMENT 2

Magnitude of Effects on Normalized f,

Main Effects Two-Factor Interactions**
Metal Average f, GPM RPM (1 to 3) Delta x GPM PD x GPM GPM x RPM (1-2)
Cd 1.86 0.23* 0.28* — — —
Pb 1.77 0.01 0.68* -0.31 — —
Cu 1.82 0.17 0.10 - —
Ni 148 0.12 0.03 — — —
Zn 1.56 0.16* 0.05 — 0.26
Ca 0.83 0.40* -0.06 — -0.26 —
Fe 1.37 0.24* 0.16 — — —

* Effect was significant at 95% level or greater.
** Only significant interactions are shown,
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als than were obtained in the present investigation of raw
undigested sludge, but were poorer for others, particularly
for lead. The relative magnitudes of the f,’s calculated
from this study and from the Los Angeles data collected
over about two years are given below:

Cd > Zn > Ni > Cu > Pb
L.A. (3.6) (2.9) (2.6) (2.2) (0.8)
Pb > Cd > Cu > Zn > Ni
This Study (3.2) (2.8) (1.9 (1.8) (1.7)

The differences in magnitude and relative position are
substantial but not unexpected. Industrial mix of the two
cities is different so the sources of the metals in the sludges
differ. Los Angeles has a separate system whereas Cincin-
nati has a combined system (sewage contains storm
runoff), the Cincinnati sludge was raw and Los Angeles’
was digested. It can be said that most of the heavy metals
will be classified into the centrate, but magnitude and rel-
ative position will have to be established by experiment.

Data in Table 8 show that organic substances such as
pesticides and PCB’s are classified into the centrate. This
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is an interesting and highly desirable occurrence. In other
separation techniques such as extraction, it would be ex-
pected that two extractions would be needed to remove
metals and organic chemicals: an aqueous acid extraction
for metals and an organic solvent extraction for the organic
compounds. Centritugal classification evidently removes
a large portion of botﬁ in a single step.

One extremely important question is the reproducibility
of the phenomena. Our data indicate substantial fluctua-
tions with time (Table 7). Fortunately, Los Angeles has
also provided us with long term data [9] from which f,’s
could be calculated that indicate surprising consistency
with time. These data were provided in the f%rm shown in
Table 8 and recovery factors were calculated in the same
manner as shown in the table. Monthly values of f, for cad-
mium over the three-year period are plotted in Figure 6.
Means and standard deviation of f,’s are shown on the
figure. There are no trends that indicate low recovery fac-
tors for long periods of time. Standard deviations are not
excessive. Similar experience would likely be encoun-
tered in other citites, barring some drastic change in the
industrial mix.

Environmental Progress (Vol. 4, No. 4)



TABLE 7. CALCULATED RECOVERY FACTORS (f.)
FOR EXPERIMENTS 1 AND 2

Metal
Date
of Run Cd Ph Zn Cu Ni Ca Fe

5/29 278 250 160 212 174 194 092
6/3 222 248 158 172 157 050 095
6/9 527 382 207 216 148 091 1.04
6/11 330 327 212 203 152 079 084
mn7 207 227 159 1.8 136 078 090
7/22 1.36 225 176 151 176 081 112
7/29* 1.86 510 177 191 177 106 105
8/13 273 187 192 234 189 153 198
8/20 205 110 127 175 115 123 176
8/26 149 250 147 153 144 073 102
8/28 141 101 129 158 1.27 051 067
Arithmetic

Average 241 256 1.68 1.78 154 098 1.11
Std.
Deviation 1.13 1.17 028 041 023 044 040

* This experiment was not complete and was not used in the factorial experiment
caleulations.

DISCUSSION OF RESULTS AND PROCESS POTENTIAL

The results clearly show the value of the correlating
method developed. The utility of the recovery factor, f,., in
correlating classification data is impressive. A minimum
of data is needed to determine f,. Once it is known, mate-
rial balance calculations can be made quickly to assess the
utility of the method of separation.

The method is empirical and should not be extrapolated
overa wide range of compositions or a wide range of recov-
eries. It can be demonstrated that, for example, ataf, of 3.0,
which is reasonable in light of the values determined in
the above experiments, if R equals 0.5, impossible values
of x,. (i.e., greater than one) will be obtained if x, is greater
than 0.667.

The potential of the process for upgrading sludge has
one handicap—the sludge cake is reduced in heavy metal
content, and the centrate is increased. The situation would
be better if the cake solids were increased in heavy metals
and the centrate solids reduced in metals. Then, an obvi-
ous application would be ocean disposal or land disposal.
A small amount of “dirty” cake could be landfilled or care-
fully incinerated while the bulk of the centrate, probably
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Figure 6. Variation inf, for cadmium, obtained at LACWPCD over o three-
year period.

after thickening, could be used on the land or disposed
with much less than half the environmental impact of the
total sludge.

Despite the handicap, it appears that cost-effective ways
to use the separation method can be devised. One applica-
tion is in a plant using dedicated disposal to get rid of a
sludge higher in metals than is suitable for use on land. If
the sludge were centrifugally classified, a “clean” cake
could be produced that could be used on farmland at low
disposal cost. The “dirty” centrate could be disposed to
the dedicated land. Since organic loading would be much
reduced, the capacity of the disposal site would be
increased.

TABLE 8. CLASSIFICATION OF METALS AND ORGANIC COMPOUNDS BY DECANTER CENTRIFUGES AT LO$ ANGELES COUNTY
(AucusT 1977)

Concentrations (mg/kg dry solids)!

Decanter Decanter

feed (x,) cake (x,)
As 23 9
Hg 7 6
Ag 42 19
Cd 59 16
Ni 400 170
Pb 980 1500
Cr 2000 570
Cu 1200 520
Zn 3400 1100
DDT 12 3
PCB 8.5 2.3
ALL
All Pesticides 12 3
TICH? 19.5 5.5

i i -y
. ﬁ&l}:_llfoz)lrrgspopg] to nomen_clatu:ehlyn‘ﬁ%u{e 2..
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Calculated
Basket Recovery of fr
cake (x,) Solids in Cake (= x,.x.)

25 0.12 2.8

7 0 1.2

49 0.23 2.6

72 0.23 4.5

460 021 2.7
1300 <0 0.86

2600 0.30 4.6

1400 023 2.7

4400 0.30 4

9.3 <0 3.1

7.7 <0 33

9.3 <0 3.1

17.0 03 3.1
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Another potential application is for a community which
would like to compost its sludge but which has a sludge
with a high metals content. The cake could be upgraded by
centrifugation and the centrate thickened and dried in la-
goons for ultimate disposal in a landfill.

In principle, countercurrent staging would allow pro-
duction of an ultra-clean cake and an ultra-dirty centrate.
Unfortunately a stage would compromise a centrifuge and
amixer for reconstituting cake to a slurry. Itis unlikely that
the net reduction in cost of disposal would offset the cost of
the added capital and operating expense of such a system.

CONCLUSIONS AND RECOMMENDATIONS

Significant conclusions are as follows:

1) Data for centrifugal classification appear to be suit-
ably correlated by an easily calculated recovery fac-
tor, which in principle can be calculated from a single
data point. The factor is a function of machine set-
tings but an average recovery factor can be used to
predict recoveries of a specific element with reason-
able accuracy. The recovery factor can be extrapo-
lated over a modest range of metal concentrations
and recoveries. Substantial random error is to be ex-
pected so a sufficient number of runs should be
made to establish the standard error of the recovery
factor.

The degree of classification as indicated by the re-
covery factor, f;, is better at high sludge feed rate and
high centrifuge speeds. The differential speed of the
internal conveyor does not seem to be an important
variable. The effect of pool depth was confounded
with day-to-day variations in the sludge so it could
not be determined. However, interactions of pool
depth with sludge feed rate indicate that pool depth
divided by feed rate, which is proportional to time in
the centrifuge, is an important variable.

3) The degree of classification, f,, for a metal
fluctuates with time. However, data collected over a
three year period at Los Angeles indicate that the de-
gree of classificatin does not undergo serious
changes in magnitude with time.

The selectivity of the method for separating desir-
able from undesirable substances is good. Most of the
heavy metals as well as toxic organic compounds are
classified into the centrate. The results obtained
show encouraging possibilities for centrifugal classi-
fication of sludges.

Recommendations for future work are as follows:

1) Attempts should be made to relate the design param-

eters of centrifugees (e.g., concurrent vs. countercur-
rent flow; long bowl vs. short bowl) to the degree of
separation achieved. It is very unlikely that the cen-
trifuge used in these experiments is the optimum de-
sign. Investigation of several designs should be
made. From the differences in performance ob-
served, the characteristics that improve separation
can be identified and an optimized design can be
selected.
More work should be done with a variety of different
sludges, particularly on sludges with high proportion
of toxic organic compounds. The Los Angeles data
show substantial classification but more supporting
information is needed.

)
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3) Chemical and mineral processing industries should
give serious consideration to centrifugal classifica-
tion as a relatively inexpensive unit operation that
could reduce waste of valuable materials in spent
slurries.
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