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A Progress Report

by Louis R. Roberts

As many of you know, the Environmental Di-
vision has in the last year or so been developing
anew organizational concept for the programs at
our meetings. Historically, the programs for the
Division have been aligned according to the pri-
mary concern in one of three environmental
areas: air, water or solids. The new orientation
proposed has to do with either fundamentals,
process innovations, reuse, recovery and
recycle, or treatment. The recent National
AIChE meeting in Philadelphia was the first, I
believe, in which a major block of papers was or-
ganized according to the new concept. I at-
tended the meeting, and this is my reflection
on the experience.

At the Philadelphia meeting, by my count,
there were 29 sessions sponsored or co-spon-
sored by the Environmental Division. I chaired
one session and attended at least part of four
others. First of all, I was particularly impressed
by the enthusiasm of the chairmen of the ses-
sions. This was refreshing and something of a
departure in my experience. I should point out
that I am a frequent participant in the national
meetings.

Second, I feel that the papers were generally
of better than usual quality. Perhaps the new
concept gives authors a fresh new and produc-
tive approach to public presentations dealing
with environmental issues. I have no back-
ground in meeting statistics, but I thought that
the sessions were well attended and that audi-
ence interest and participation was good. I can
say for certain that the five papers presented in
the session I chaired were aﬁ)olf)goos quality and
well presented. I was pleased to be associated
with that session.

It occurs to me that consideration of one’s
Frofessional environmental concerns in the
ight of the new concept might provide for an
added interest for chemical engineers. Instead
of thinking that one has a problem in air or water
pollution, one can think that one has a problem
in the area of process improvement, or a chal-
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lenge in the area of reuse or recycle of waste ma-
terial. I suggest that the latter concept furnishes
a much more professionally interesting ap-
proach, and is more compatible with good engi-
neering practice.

I further suggest that the ever more stringent
restrictions in the area of waste disposal give an
even more emphatic incentive for chemical en-
gineers to think along these lines of recycle and
of process improvements and so on. Don’t over-
look the fact that emitting gaseous contaminants
into the atmosphere is a%orm of waste disposal,
just as are discharging liquid effluents to
streams and burying solid materials.

It is certainly true that the historical align-
ment into air, water and solid areas is logical.
My observation is that technologies peculiar to
one area often do not transfer to another. How-
ever, I do not believe it follows that a practi-
tioner in one area need not know much about
the technologies in the others. As a matter of
fact, I suggest that it is something less than pro-
fessional to confine one’s interest and knowl-
edge to one narrow area. I further suggest thata
professional organization such as t%le AIChE
should provide both the incentive and the
means for its members to expand their profes-
sional horizons. In my opinion, the new
organizational concept works toward that goal.

For you “bottom-liners” out there, I offer
what I consider to be the success of the Phila-
delphia meeting in the environmental area in
support of the new organizational concept for
the Environmental Division programs.

Louis R. Roberts holds a B.S. in Chemical Engi-
neering from The University of Colorado: a
M.A. in Physical Chemistry /,g"om Rice Univer-
sity and a Ph.D. in Chemical Engineering from
the University of Texas. He has sixteen years in-
dustrial experience with Gulf Oil Corporation,
Southwest Research Institute and Allied Chemi-
cal Corporation, plus thirteen years with the
Texas Air Control Board.
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Environmental

Shorts. . .

Acid Rain on Building Materials Studied by
Argonne National Labs

National artifacts, such as the Wash-
ington Monument, Jefferson Memo-
rial, and other limestone and marble
structures, may benefit from an acid
rain study underway at the Depart-
ment of Energy’s Argonne National
Laboratory.

This study is part of a long-range
effort by several federal agencies to
determine the effects of acid rain on
building materials, such as various
types of stone and metals.

Argonne obtained more than
seven tons of Vermont marble and
Indiana limestone from the National
Bureau of Standards in Gaithers-
burg, Md., for the study. The uni-
form 50-Ib. slabs will be precisely cut
into sets of smaller, two-1b. bri-
quettes and mounted on racks in
various locations throughout the
country. A total of four field testing
locations have already been estab-
lished in the eastern United States;
additional sites are planned in the
midwest and in Canada within the
next two years.

Under the National Acid Deposi-
tion Assessment Program, the Na-
tional Park Service is coordinating
the study to find ways of preserving
the country’s historic monuments
and buildings.

“Limestone and marble buildings
and statues are especially susceptible
to the effects of acid rain,” said Ar-
thur Youngdahl of Argonne’s Materi-
als Science and Technology Div.,
who is managing the stone exposure
project.

Youngdahl and fellow Argonne sci-
entists will study the disintegration
effects of weathering by analyzing
physical and chemical changes in the
stone at various intervals during the
study. Previously unexposed pieces
of stone are being used for the study
because scientists do not have
enough historical data about air qual-
ity, rain chemistry, to deduce accu-
rate measurements of past acid rain
effects.

“One thing that research is proving
is that there is time to understand
acid rain better, as far as materials are
concerned,” Youngdahl said. “Our
initial findings have shown that only
afew microns of the surface of materi-
als decompose each year.”

Argonne will study samples from
four field test locations: atop the
West End Public Library in Wash-
ington, D.C., the Huntington
Wildlife Forest in the Adirondack
Mountains, near Newcomb, N.Y.,
Chester, N.]., near Newark; and the
Research Triangle Park, near
Raleigh-Durham, N.C.

The 10-year research project is un-
der an Interagency Task Force on
Acid Precipitation, established by
Congress in 1980. Agencies include
the U.S. Dept. of the Interior’s Na-
tional Park Service, U.S. Geological
Survey, Bureau of Mines, Environ-
mental Protection Agency, Argonne
National Laboratory, and the Na-
tional Bureau of Standards.

Hyacinths Used to Remove Heavy Metals from

Polluted Waters

While some experts are recom-
mending various physical changes to
reduce metal-polluted water in
northeastern Oklahoma’s Tar and
Lytle Creeks, Oklahoma State Uni-
versity researchers are putting
Mother Nature to work on the
problem.

Some research believe the solution
to the problem lies in diverting the
water to keep it from running into the
mines and becoming contaminated
with iron, lead, and zinc. Existing
abandoned mine entrances and sink
holes would be sealed with concrete.

OSU chemical engineering profes-
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sors are evaluating the merits of
growing water hyacinth plants (Eich-
ornis crassipes) in the polluted
water. These fast-growing plants
have an affinity %or absorbing
heavy metals from the pollute
water and storing them in the
plant leaves., roots, and stems.
(Continued on next page)
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(Continued from previous page)

Once the metals are concentrated
in the plants, the plants can be re-
moved and replaced by fresh ones
to continue the absorption
process.

“We pursued the water hya-
cinth idea for removing heavy
metals from polluted water after
we saw the results of using the
plants as an alternate water treat-
ment media in animal waste water
lagoons. Dr. Robert A. Willis, an
OSU assistant professor of chemi-
cal engineering and director of
the project by the school’s Univer-
sity Center for Water Research,
said.

Willis and his graduate assist-
ants found the water hyacinth
plants were extremely fast
growing but could not withstand
Oklahoma’s low, winter tempera-
tures. They needed a controlled
environment where a usable pop-
ulation of plants would be availa-
ble all year.

The Tar Creek water samples
they collected contain 350 ppm
iron, 88 ppm zinc, and less than 1
Epm lead. When they grew water

yacinths in this pure Tar Creek
water, there was erratic uptake of
the metals by the plants. Within
12 to 14 days, however, the plants
died.

In the laboratory, the research-
ers found the ideal concentration
for water hyacinth plant growth
was a ble'mfi,ng up to 50 per cent
Tar Creek water. In this concen-
tration, the plants remained via-
ble beyond 30 days and exhibited
new growth by sending out “run-
ners” to form new plants.

To maintain the 50 per cent by
volume concentration, the re-
searchers have proposed a sepa-
rate channel or tanf() located near
the polluted water source with an
upstream section to dilute the
source water to 50 per cent.

As the water flows under the
hyacinth plants, metals are ab-
sorbed. How low the concentra-
tion of metals might be is a func-
tion of contact area of the plant
roots and flow rate of the water.
The total metal concentration
after 10 to 17 days in the 50 per
cent test tanks was less than 2

m,

Part of the exit stream from the

‘tank is returned to the creek or

wherever it is needed. The re-
mainder of the exit stream is
remixed with the inlet stream to
maintain the required 50 per cent
concentration.

As new plants are formed, old
plants with their higher concen-
trations of heavy metals will be re-
moved, physically removing the
metals from the water.

Critical to the success of the ex-
periment is the need to maintain a
population of water hyacinths
throughout the year, especially
during Oklahoma’s cold, winter
months. Designers are looking at
several types of earth-house en-
closures with the natural lighting
of a greenhouse. They hope the
subterranean feature will help
keep the water temperature for
the plants from falling too low or
making large changes, all critical
for maintaining the rapid growth
of these plants.

Environmental Publications

Catalog Available

The American Society of Testing Ma-
terials has made available its Envi-
ronmental Publications Catalog,
which features four volumes of the
1984 Annual Books of ASTM
Standards. These volumes con-
tain close to 400 ASTM standards
for water and environmental tech-
nology; atmospheric analysis; oc-
cupational health and safety;
pesticides; resource recovery;
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waste disposal; and hazardous
substances and oil spill response.

Also described in the catalo
are more than 30 ASTM Specia%
Technical Publications (STPs)
with the most current information
on a variety of related subjects.

This catalog is available free of
charge from: Sue Sweeney,
ASTM, 1916 Race St., Philadel-
phia, Pa. 19103.

For Waste Site
Cleanup

Joint Venture
Formed

Chem-Technics, Inc., a specialty
chemical company that markets
chemical fixation and solidification
(CFS) technology for the treatment of
toxic and hazardous wastes, has
formed CFS Systems of New Jersey,
a joint venture with Paz Brothers,
Inc., a heavy construction company.
The new firm will undertake CFS
treatment, excavation, transporta-
tion, and disposition of processed
wastes in New Jersey.

Formed in 1957, Paz Brothers,
Inc., has constructed waste treat-
ment plants, secured landfills, and
lagoons as well as provided industrial
piping, pumping and transportation
of hazardous wastes for leading in-
dustrial chemical companies.

George M. Fell, president of
Chem-Technics said of the joint ven-
ture: “The combined skills of Chem-
Technics and Paz Brothers offers in-
dustry, agencies and the public,
technology, staff, and practical expe-
rience to provide safe, efficient, and
long-term solutions to toxic and haz-
ardous waste.”

1
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Letters to the Editor

On “How the Super-Camel
Got His Hump”
Environmental Progress 3, N2 (1984)

To the editor:

Mr. Super Camelico engineer
Stacy Daniels attempts to make a
case for the chemical industry and
the bad rap they have taken with re-
spect to hazardous wastes. As he sees
it, the mismanagement was done by
“a few unscrupulous or unknowing
individuals” which resulted in “occa-
sional failures.”

I cannot imagine a more myopic,
self-serving attitude towards the
problem. What about the 22,000
abandoned hazardous waste sites
now on the superfund list and the
more than 50,000 sites identified?
Are those the work of a few mis-
guided souls? Dow’s chemical injec-
tion problems at their Hemlock plant
are well documented, as is their com-
plicity in the Geneva Superfund site
in Houston. Is this what Dr. Daniels
considers “proper management?”

Dr. Daniels claims that the chemi-
cal industry played a major role in the
development of incineration as a
waste control technology. Yet he
points out that only one percent of
the hazardous waste generated is de-
stroyed by incineration. Where is the
follow through? If the chemical in-
dustry did such outstanding pio-
neering work, why aren’t they using
the fruits of invention?

Dr. Daniels concludes the article
by stating “we must insure that haz-
ardous wastes continue to be prop-
erly managed.” The implication is
that everything is under control, that
self-management is working. How-
ever, despite the efforts of the chemi-
cal industry, RCRA has been tough-
ened and CERLA will be strengthened.
The attitude Mr. Daniels displays
clearly illustrates why the problem is
as bad as it is, and why efforts to do
something are stonewalled and

Environmental Progress (Vol. 4, No

eroded. Denial of environmental
problems has long afflicted the
chemical industry; and his article is a
manifestation of this large festering
illness.

Jack V. Matson

Department of Civil Engineering
University of Houston

Houston, Texas 77004

Reply:

Dr. Matson takes exception to my re-
cent SuperCamel editorial which was
intended to provoke some re-
evaluation as well as provide some
overall perspectives on hazardous
waste management. The numbers
used by Dr. Matson of thousands of
abandoned sites are an example of
the numbers game used by some to
dramatize and sensationalize. As I
point out in my remarks, one cannot
always distinguish camels by num-
bers of “humps.” Numbers of facili-
ties must be tempered by quantities
of wastes, as well as locations (onsite
or offsite), facility types (storage,
treatment, or disposal), and composi-
tion (concentrated or dilute; wet or
dry; hazardous or non-hazardous;
wastes, mixtures; or residues).

It is not enough to simply count
“humps” and assume they are all the
same. As emphasized in the 1983
OTA study, the greatest weakness is
the inadequacy of databases to
define the hazardous waste “prob-
lem.” Good data are required to
define the generation of waste,
health and environmeatal effects,
and adequacy of management facili-
ties. Differences in the perceived
types of quantities of wastes and the
degrees to which they may pose haz-
ards (risk assessment) are coupled
with confusion as to the extent and fo-
cus of efforts to control them (risk
management).

Rather than classify the universe of
all solid wastes as equally hazardous,

. 1)

it is preferable to prioritize those
sites posing the greatest risks for re-
medial actions, and then allocate re-
sources as appropriate. Cases of mis-
management of solid wastes do exist,
but I maintain they are the exception
and not the rule. Solutions to the real
problems associated with hazardous
wastes will be realized only through
cooperative actions by all concerned
parties — industry, government,
academia, and the public.

Stacy L. Daniels

H&ES Information Center
Dow Chemical USA
Midland, Michigan 48640

P. S. Dr. Matson also has made cer-
tain assertions regarding sites at
Hemlock and Geneva. We do not
have a plant at the former location
and we are not one of the ten respon-
sible parties issued notice letters for
the latter.

Response to Article on
Hazardous Waste Sites

To the editor:

This letter is prompted by the arti-
cle, “Remedial Action at Uncon-
trolled Hazardous Waste Sites,” by
A. E. St. Clair and K. T. Ajmera
'[Environmental Progress, 3, 188
(1984)]. Our purpose is to call atten-
tion to what we consider are signifi-
cant flaws in the format used by the
agencies to select a mitigation alter-
native for the McColl site near
Fullerton, California.

We agree with the article’s state-
ment calling for a thorough and sys-
tematic selection process in waste
site mitigation. To this end, Shell Oil
Company and other Potentially Re-
sponsible Parties have worked
closely with the California Depart-
ment of Health Services (DOHS),
Region IX Environmental Protection
Agency (EPA), and numerous other
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state, county and local agencies on
the McColl site mitigation.

This cooperation yielded an exten-
sive technical study costing in excess
of $1MM to quantify the impact of
the site and serve as a basis for se-
lecting an appropriate mitigation
plan. The study’s primary conclusion
was that the McColl site had minimal
impact upon the adjacent community
and environment. A DOHS health
survey indicated periodic odor emis-
sions affected only those closest to
the site.

The evaluation of mitigation alter-
natives (subject of your article) to al-
leviate this problem was under the
sole direction of the DOHS. While
there is a disagreement between
Shell and the agencies regarding
their choice of mitigation alternatives
at McColl, that is not the focus of this
letter. Rather, it is Shell's concern
that the format used by the agency to
select a cost-effective alternative is
flawed, and that steps taken by the
state and its contractor in the detailed
evaluation and cost-effectiveness
phases significantly biased their
study. We are also concerned that
continued use of this format will in-
troduce bias into future efforts at
other sites and will yield additional
recommendations that are not cost-
effective. I have not listed all of our
concerns with the process in this let-
ter, but rather have focused on the
more obvious and more critical
items.

Very early in the detailed evalua-
tion phase for the McColl site, the
DOHS and their contractor signifi-
cantly narrowed the scope of the con-
tainment alternative, resulting in an
abnormally high cost estimate. While
the authors of'the previously-
mentioned article stated that sensi-
tivity evaluations are critical to a
thorough technical analysis, such
evaluations for containment at
McColl were done only in the most
superficial manner. Thus the impact
of the agency’s premises on the engi-
neering design for containment was
never clearly understood nor openly
discussed.

Later, work by an independent
contractor (Brown & Caldwell)
clearly identified the impact of the
agency’s action:

O e A reinforced concrete wall
was not necessary for seis-
mic stability. Cribbing
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(commonly used in civil
projects) with appropriate
piling was determied to be
more effective and signifi-
cantly less costly.

O e The geohydrological data
overwhelmingly indicated
the absence of perched
water at the site. With the
water table at 200 feet, the
40-foot deep slurry wall
surrounding the site was
unnecessary.

These two items alone raised pro-
posed containment costs by an esti-
mated $8-10 million. Had the DOHS

. contractor made a sensitivity analysis

similar to Brown & Caldwell’s, the
premises which influenced their se-
lection of the more costly excavation
alternative over containment could
have been openly discussed and
evaluated.

On the other hand, as stated in the
article, detailed sensitivity studies
were conducted for the excavation
case. This yielded a clearer under-
standing of critical issues and a far
broader range of costs. With their
high cost estimate for containment,
this yielded an unrealistically small
differential cost and favored excava-
tion in the later stages of the selection
process.

An additional premise which fur-
ther biased the selection was that the
site chosen for waste excavated from
McColl would pose no risk to human
health or the environment. In light of
EPA’s recent concerns regarding
leakage at many commercial RCRA
sites selected for disposal of CERCLA
wastes, the decision not to evaluate
the proposed site is incongruous.

A final bias was introduced through
the rating of excavation and contain-
ment alternatives (each of which met
the DOHS criteria). A “multidisci-
plinary evaluation team” of con-
tractor personnel, depending upon
their personal experience, intro-
duced their value judgments into the
evaluation phase. While a sense of
objectivity was gained by applying
numerical values, in this instance it
was an entirely subjective evaluation.
In the early stages of technology
screening, such a technique could
have been used effectively to identify
alternatives which met DOHS crite-
ria. However, it is far too crude a tool
in its present form to apply in the
final selection between alternatives

that otherwise met all criteria. It can
be viewed in this instance merely as a
format which allowed selection of a
high cost alternative.

We understand. that value judg-
ments will necessarily enter into the
final decision process to insure socie-
tal needs are met; however, they
should come only after the technical
evaluation itself is complete. Value
judgments should be introduced by
the controlling agency and not the
contractor. In this way, the impact of
the value judgement is clearly
identified and understood, and is not
shrouded in psuedo-technical re-
quirements.

Many positive results have come
from the McColl experience which
will enhance society’s future efforts
to mitigate abandoned sites. How-
ever, an objective format for com-
paring alternatives and selecting a
cost-effective mitigation method was
not one of them. Instead, value judg-
ments and individual prejudices
were blended into and perceived as
part of the technical evaluation.

In conclusion, we believe careful
analysis of mitigation alternatives is
required in order to select an appro-
priate response to each abandoned
site being evaluated. The technical
evaluation, with appropriate sensi-
tivities, must be kept on a sound
technical basis and free of value judg-
ments. Then the proper decision
makers can add the value judgments
to insure the societal needs are met.
While society may ultimately choose
alternatives that are not cost-
effective, it should do so openly and
with a full understanding of the driv-
ing forces behind each decision.

W. J. Duchie, Manager
Environmental Programs
Health, Safety and Environment
Shell Oil Company

Houston, Texas 77210.

Reply:

We appreciate Mr. Duchie’s com-
ments concerning the methods used
in selecting remedial action at the
McColl site. His views reflect many
of the concerns expressed both by
regulators and by the regulated com-
munity as they have attempted to
deal with the dynamic Superfund
process. This program continues to

Environmental Progress (Vol. 4, No. 1)




evolve, however, and every case pro-
vides the opportunity for applying
lessons learned to subsequent evalu-
ations. Certainly, the McColl case
will be no exception.

Hazardous waste issues involve
the interface of science, politics, and
society in solvinﬁaserious and com-

lex problems that may have very
Eigh stakes. Both value judgements
and technical judgements must be
made in order to integrate all of these
considerations and the diverse per-
spectives of various parties; nowhere
is this more evident than in the
Superfund program.

In the McColl evaluation, judge-
ments made by the regu{atory
agency, consistent with its view of its
ﬁublic mandate, established the

amework within which the analysis
of alternatives was performed. The
responsibility of the contractor was to

perform technical and cost analyses,
to exercise professional judgement
within the agency’s framework, and
then to provide the findings to the
agency as input to its decision. Cost
analyses were based upon the design
criteria and evaluation framework
s]f)eciﬁed by the agency. Evaluations
of factors such as risks, impacts, and
reliability of remedial action re-
quired that professional judgements
be made. Itis inherent in this process
that the personal values and experi-
ences of individuals, along with tech-
nical information, will affect these
judgements. However, responsibilty
for analysis of the contractor’s recom-
mendations, and for the final decision
on remedial action at the McColl site,
rested entirely within the agency.
Subsequently, the agency’s decision
and the supporting analyses were fur-
ther evaluated and approved by EPA

regional staff and headquarters of-
ficials prior to issuance of funds un-
der Superfund.

Individua}s representing a broad
spectrum of perspectives are con-
cerned with thl:e iss?x?(t)lfhow to select
the most acceptable and cost-
effective approaches to hazardous
waste site mitigation. Open and con-
structive dialogue among all these
{)a.tties is essential to achieving reso-
ution of concerns such as those ex-
pressed by Mr. Duchie. To that end,
we can all benefit from his comments
and from any suggestions he may of-
fer in the future as to alternate ap-
proaches.

Ann E. St. Clair
Department Head
Environmental Analysis
Radian Corp.

Austin, Texas 78766.
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Process Simulation of Flue-Gas
Desulfurization Systems with Organic

Solvents

A detailed study of the ability of three organic solvents to absorb sulfur dioxide
contained in flue gas at low concentrations.

Paul M. Bever and George E. Klinzing, University of Pittsburgh, Pittsburgh, PA 15261

Oxides of sulfur and nitrogen are highly toxic gases [1].
Kaplan and Maxwell [2] pointed out that mortality and
morbidity can be correlated to ambient levels of SO;. Fur-
thermore, SO, is the most harmful air pollutant to vegeta-
tion and to some building materials through an effect
which has become known as acid rain. Sulfur (?ioxide isthe
precursor of the chemical that causes 40 to 60% of the acid-
ity of precipitation.

The goal of this work is to optimize a flue gas
absorption/stripping system, which produces concentra-
ted SO, by regenerating the scrubbing liquid thermally.
The streams leaving the scrubbing system are either pure
enough to be emitted to the surroundings without causing
any harm or may even be processed to give a salable prod-
uct. Three possibilities suggest themselves for treating the
concentrated stream produced:

1. Reduction to elemental sulfur by contacting it with
H,S (Claus Process).

2. Oxidation and subsequent hydration to give dilute
sulfuric acid.

3. Drying and liquefaction.

To achieve the absorption/stripping goal a simulation
program, which uses a tray to tray algorithm, is used. The
results of this simulation are evaluated and compared in
terms of utility costs. Figure 1 shows a schematic of the
process studied.

SIMULATION PROGRAM AND STATEGY

The flue gas feed to the column was preset to a basis of 1
mole per unit time. Adaptation of energy requirements
and flow rates to the purification of a flue gas stream of
known size can be achieved by selecting an appropriate
time unit. Consequently, the unit mole in the following
denotes mole per mole flue gas and unit time. Similarly,
calories are equivalent to calories per mole and unit time.

For all processes, removal efficiencies of 90% were con-
sidered as a sufficient design goal and a reasonable basis
for process comparison [3].

Sulfur Dioxide Absorption

The composition of the flue gas was preset as follows:
The concentration of the sulfur dioxide was selected as
1300 mole-ppm while the bulk of the gas stream was as-
sumed to be inert towards absorption and was identified
as nitrogen. In accordance with current practice we as-
sumed that a Venturi scrubber is installed in front of the
absorption unit to remove particulate matter. The flue gas
is supposed to leave this scrubber at 50°C and to be water-

Environmental Progress (Vol. 4, No. 1)

saturated. Hence, the final composition of the flue gas en-
tering the absorpton tower results in the following mole
percentages:
—S80;: 0.11%
— H0: 12.17%
—N::  87.711%
Three solvents as suggested by Sanza [4] were subjected to
detailed studies:
— methyl pyrrolidone;
— a 1.0 Maqueous solution of citric acid, neutralized to
apH of 4.5,
— a 1.0 M aqueous solution of glycolic acid, neutral-
ized to a pH of 4.5

Absorbent
Make Up
A
Clean Gas
Absorber

S

Flue Gas 5
" 4

$0, Conc.

Stripper

v

Lean Soln.

Figure 1. Generalized flow diagram of a flue gas desulfurization system:
1. Partial Cond, Stripping Steam E: tor; 4.

. C p v . P 1
Preheater; 5. Cooler. |. Steam Make-up; Il. Absorbent Solution; IIl.
Stripping Steam.
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The thermal regeneration of the absorbent was also simu-
lated. As options for the energy squ}v, indirect heat trans-
fer by heating steam was available as well as steam
stripping of the solution. Cooling of the first stage, i.e., the
top stage of the absorber, was necessary in the methyl
pyrrolidone study. Both apparatuses, absorber and strip-
per, were assigned three stages. The solution leaving the
stripper was either partly recycled directly to the absorber
or processed mainly for the removal of water, which has
been condensed out of the flue gas or the stripping steam.
For the stripping steam a heat recovery system was de-
signed based on a closed water cycle. The heat released
during the condensation of the water is used by
evaporating water at low pressure. This vapor is com-
pressed and condensed on a higher temperature level,
thereby vaporizing water to supply stripping steam.

The enthalpies for each component in both liquid and
gas stream, were calculated separately and were assumed
not to be subject to any interaction between different com-
ponents. Accordingly, the specific enthalpies were
weighted by the mole fraction of each component and
added together to give the total specific enthalpy of a
stream. Heat capacities were considered to be tempera-
ture independent. Pressure dependence of heat of vapori-
zation ang boiling temperature, however, were taken into
account.

Equilibrium Dota

Equilibrium data were expressed in terms of the
K-value, i.e., the ratio of the mole fractions in gas and liq-
uid phase.

The K-values for SO, were either obtained from an
Antoine type of fugacity equations, which correlated the
experimental data of Sanza and Walker [5], or were calcu-
lated from polynominals in temperature. The coefficients
of these polynominals are functions of the SO, loading of
the liquid phase. They were obtained by fitting a third or-
der polynominals to Walker’s data. Details are described
in the work of Sanza [4]. The equilibrium subroutine and
the data part of the program was adapted to the appropriate
case.

The K-value for nitrogen was set to a very high number,
thus accounting for the assumption that nitrogen is inert
and does not go into solution. The K-values for water and
methyl pyrrolidone ‘were calculated from their pure-
substance Antoine equation and the solid compounds of
the buffer solution, citric acid, and glycolic acid, were con-
sidered to be basically nonvolatile.

Calculation Scheme

For the multicomponent system of components and
trays the calculation procedures designed by Tierney [6]
for distillation and extraction have been modified for ab-
sorption and stripping operations. For the material bal-
ance the following designations are employed:

v; — vapor leaving stage i
i —liquid leaving stage i
a; — fraction of vapor leaving stage j and going to stage

i
by; — fraction of liquid leaving stage j and going to
stage i.
fi —total feed to stage i
Using matrix notation the material balance can be written
as

—

V+L=F+AV+BL (1)

V=(... V)
L=®...0"
F=(f... f
2 February, 1985

where

and A’ = vapor distribution matrix
B' = liquid distribution matrix

Using X*and Y’ as the /* column of the composition matrix,
the component material balance can be written as

A'VY! + B'LX! + F' = VY’ + LX’ (2)

For the energy balance only enthalpy changes and heat
transfer are considered. The enthalpy leaving the i*" stage
is given as

vg + Lk

where g; = vapor enthalf)y
h; = liquid enthalpy

The enthalpy to the i stage is

n n
k'Y ayoge + X bbby + hy

k#l k#l

k#i k#i

If g; is the recuperative heat exchange on stage i, the total
energy balance for stage i is

n n

> wvegt Y bulihi + fi + g = vigi + Lhi
k#l k#l
k#i k#i

®3)

In order to solve the material and energy balances simulta-
neously, a correction of the iteration variables, tempera-
ture and liquid flow, is used to minimize the deviations
from the laws of conservation of mass and energy. This
method is basically the Newton-Raphson algorithm for
two dimensions. The generalized correction equation is

dA =\ 4)

where Ais a vector of which the elements are n correc-
tions for both variables, temperature and liquid
flow rate.
¢is a matrix resulting from the selected numerical
approach. In the case of the Newton-Raphson
method, ¢ is the Jacobian matrix.
X is a vector of which the elements are measures of
the material and energy balance errors.
The calculation procedure has the following steps:
. An initial temperature vector is assumed.
. An initial liquid flow vector is assumed.
. The vapor phase flow vector is calculated from the
overall material balance.
. The equilibrium ratio, K, is evaluated.
. The liquid composition matrix is calculated from the
component material balance.
. The vapor composition matrix is calculated.
. The Jacobian matrices are evaluated.
. Two error vectors are calculated as

o o Kol U O DO =

E=3X-3 (5)

E? = AVG + BLH + Hy + Q (6)
with their norm
n
o=[3 (EPp* (M
i=1
9. The error norms are calculated to ascertain termina-
tion of the routine.
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Simulation Strategy

To achieve the desired result of a simulation, which in
general was 90% removal efficiency of both absorber and
stripper, a number of input variables were manipulated.
After the reflux had been set in the flow distribution ma-
trix for the liquid phase, the following entries were varied.

— The heat being exchanged on the first tray: This es-

sentially corresponds to a heat exchanger on'top of
the absorption tower, if the heating coils could not
be installed on the tray itself. The amount of heat
was assigned negative numbers, which corresponds
to cooling,

— The heat being exchanged on the sixth tray, which is

the bottom tray of the stripper.

— The amount of stripping steam.

— The absorbent feed to the first tray.

In each simulation case it was observed that the interac-
tion between the iteration variables liquid flow rates,
temperatures, and the K-values was critical for the conver-
gence of the solution and its behavior. The energy balance
was of minor influence because its convergence criterion
was less stringent than that of the material balance. Thus, a
change in the heat-exchange vector did not directly alter
the previous result in the desired direction.

RESULTS
Methyl Pyrrolidone

The absorption/stripping process was simulated using
an loop scheme and recycling the liquid exiting the strip-
per to the entrance of the absorber at various recycle ratios.
The recycle ratio R is defined by the liquid being re-
turned to the absorber over the liquid leaving the stripper.
Recycle ratios up to 0.95 were simulated. The results are
presented in Table 1.

With increasing recycle ratio, cooling requirements and
steam consumption increase, while the absorbent, which
has to be added to the process as make up, lessens. The
former effect, which increases the operating costs of the
process, is due to an increasing liquid flow rate in the two
columns. For the once through case, the liquid flow is 1.9
mole per time and mole flue gas, whereas, for R = 0.95,
the liquid flow increases by almost one order of magni-
tude to 13 mole per unit time and mole flue gas. This is
readily explained by the amount of water accumulating in
the liquid phase, which almost reaches 95% for R = 0.95.
In orger to achieve the design goal of 90% SO, removal,
high flow rates for increasing recycle ratios were neces-
sary. The water in the liquid was introduced by the flue
gas, which enters the column water saturated at 50°C, and
by condensing steam.

Table 1 shows the energy requirements and the make up
versus the recycle ratio. The energy requirements com-
bine the energy for cooling and heating with the enthalpy
of the stripping steam. It is evident that the required make
up for a recycle ratio of 0.95 is smaller by more than factor
10 than the one for an open loop system. However, this de-
crease is linear, whereas the energy requirements stay al-
most constant for recycle ratios below 0.6, but increases
drastically above R = 0.8.

124

Costs, s los/mole FG

Solvent
4=
24
Energy "
T T T T T
0. 0.2 0.4 0.6 0.8 1.0

Recycle Ratio

Figure 2. Operating costs vs. recycle ratio for methyl pyrrolidone.

This behavior suggest a minimum of operating costs ata
recycle ratio between 0.6 and 0.95. To determine this min-
imum, a process scheme has been developed and the costs
arising according to this scheme have been considered.
The results are presented in Figure 2. Purification costs
for the methyl pyrrolidone were analyzed. Whether distil-
lation of the absorbent is less expensive than purchasing
fresh pyrrolidone was also investigated. The result of this
analysis shows a significant increase of purification costs
with an increasing water content in the absorbent liquid
from the stripping tower. The purification operating ex-
penses, however, lie well below the costs of fresh
pvrrolidone. Therefore, distillation costs rather than the
costs for purchase of methyl pyrrolidone have been used
for the estimation of the make-up costs.

Figure 2 shows that a minimum occurs at a recycle ratio
of R = 0.8. Atlower recycle ratios, the high make-up costs
increase the overall operating costs. The variation of costs
for energy are minor below R = 0.6 and do not compensate
for the make-up costs. If the recycle ratio increases, SO,
and water accumulate in the circulated liquid; this causes
an increase of the internal liquid flow rate, which affects
the energy requirements. In addition to this, the higher
concentration of water in the bleed stream to the
purification unit causes higher expenses for the water re-
moval. Consequently, the make-up costs go through a min-
imum and increases for recycle ratios above R = 0.8.

TABLE 1. RESULTS OF ABSORBER/STRIPPER SIMULATION.
ABSORBENT: METHYL PYRROLIDONE

Recycle Steam, indirect Steam, direct Cooling Total Energy Req Make-up

Ratio (cal) (mol) (cal) (cal) (cal) (% of max.) (moles) (% of max.)
0.0 0 0.37 3592 3592 12.6 0.42 100.0
0.6 0 0.37 3592 2400 5992 21.0 0.18 42.9
0.8 0 0.43 4174 3800 7974 - 27.9 0.08 19.0
0.9 2000 0.70 6795 7300 16095 56.3 0.06 14.3
0.95 7800 0.80 7766 13000 100.0 0.038 9.0

Environmental Progress (Vol. 4, No. 1)
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Internal recycle—Investigations were carried out to de-
termine whether a partial clean up of the liquid leaving the
absorber will decrease the operating costs for the whole
scrubbing system. The idea was that only a part of the SO
rich solution is heated up for regeneration and is then
cooled down subsequently when it is recyled. This strat-
e%' is expected to save utility costs for heat exchange,
which is a major contributor to the total operation costs.

A study was performed at a recycle ratio of 0.8, which
lies in the vicinity of the optimum case. The internal
recycle, i.e., the amount of SO, rich solution which was re-
turned to the top stage of the absorber without further pro-
cessing the total liquid stream leaving the absorber, was
set to 30%. The result of this study was compared to the
case in which the total liquid stream is stripped. The pro-
cess parameters of these two cases were equal, except for
the heat exchange on the first stage, which was adjusted to
obtain a comparable absorber efficiency for both cases.
Table 2 shows the result of these two simulations. In both
cases the feed of fresh absorbent was the same (0.08 mole)
was well as the steam injected into the stripper (2 mole),
while recherative heat exchange in the stripper was not
employed for either case.

Although the percentage of ‘SO, removal from absorber
and stripper dig not difter significantly, the amount of
cooling to the first tray was higher for the process with in-
ner recycle. This can be explained in the following way.

The hold up of the SO, in the liquid phase is higher for
the internal recycle case because a certain amount of SO,
does not leave the system but is pumped back with the in-
ternal recycle. In order to obtain the necessary driving
concentration difference, the 50, concentration in the lig-
uid has to be decreased by increasing the total liquid flow
in the column. In addition to this, the temperature can be
lowered to decrease the K-value or, in other words, to in-
crease the absorption capacity of the solution.

In fact, both these techniques have been used; see Table
2. The temperatures in the process with inner recycle are 7
to 9°C lower than those for the reference case. This would

TABLE 2. RESULTS OF THE INNER RECYCLE STUDY, COMPARED
TO A SIMILAR CASE WITHOUT INNER RECYCLE

Internal Recycle 0.0 0.3
Feed of Methyl Pyrrolidone 0.08 0.08
Energy Supply
Cooling on the first stage 3800 cal 5000 cal
Heating on the third stage no no
Percentage on SO, removal
Absorber 92.77 92.61
Stripper 99.97 99.97
Process Variables
Liquid flow in the absorber 2.3 mol 4.1 mol
Liquid flow in the stripf)er 2.7 mol 3.3 mol
Temperature range in absorber 31-46°C 24-37°C

cause difficulties in a Yractical design case, because cool-
ing to temperatures below 30°C with a cooling water tower
is not possible throughout the year. In addition to this, the
heat which has to be removed in the internal recycle case
is more than 30% higher. The liquid which is circulated in
the system increases from 2.3 to 4.1 mole per unit time.
This large amount is necessary to dilute the sulfur dioxide
from 366 ppm at the outlet of the absorber to 113 ppm at its
entrance, see Figure 2.

This indicates that the possible advantage of an internal
recycle is by far counterbalanced by the following disad-
vantages for processes with internal recycle:

— The temperatures in the absorber needs to be low-
ered. This elevates cooling requirements and might
even require a refrigeration system.

— The liquid flow circulating in the system is higher,
which means that costs for cooling water pumping
increases.

Citric Acid

Simulation results were performed for recycle ratios
varying between zero and 0.99; see Table 3. The utility
costs are seen to decrease for increasing recycle ratios.
This is not surprising in view of the fact that, in the once
through study, the aﬁsorbent leaves the stripper with al-
most the same concentration as when it is introduced into
the absorber, except for a certain amount of SO, which
stays in solution. This amount, however, could be de-
creased by injecting more stripping steam.

The major cost factor for the process is the supply of cit-
ric acid. This cost contribution can be diminished by
adding a purge treatment and reusing the processed buffer
solution, thus avoiding to a certain degree the necessity to
purchase new citric acid and sodium hydroxide. In fact,
operation experiences [7] indicate that the need for new
citric acid solution is negligible. Therefore, the costs of
$8.18*10~%mole flue gas can be considered an upper limit
of the utility costs.

Internal recycle—The internal recycle study similar to
that for methyl pyrrolidone was performed. In this case,
however, the process pictured in Figure 3 was simulated
for internal recycle ratios varying between 0.1 and 0.9. The
ratio R of external recycle from the bottom of the stripper to
the entrance of the absorber was chosen to be 0.99 in ac-
cordance to the optimum for no internal recycle. The re-
sults are listed in Table 4.

The efficiencies of absorber and regenerator show an
almost linear variation with the internal recycle ratio, how-
ever, in different directions. The efficiency of the ab-
sorber, i.e., the amount of SO, removed from the absorber
referred to the amount coming in with the flue gas drops
from a high of 90% at the reference case (no inner recycle)
to a low of 61%, while the stripper efficiency increases
from 90% to 99%.

The liquid flow rate from the first tray of the absorber to
the second increases from a value of about 1 mole to 9.1

TABLE 3. SIMULATION RESULTS FOR CITRIC ACID; CHANGING RECYCLE RATIO

Absorbent Feed Stripping Steam Steam Make-Up Total
(g-mil) $) ) (g-mol) () ($)

Recycle *10° *10° (g-mol) 108 *10% *108 *10°
0.00 - 9.18 7.37 0.37 4.40 5.46 7.81 7.37
0.30 72 5.78 0.41 4.87 6.12 8.75 5.78
0.50 5.5 4.42 045 5.35 6.56 9.38 4.43
0.70 3.5 2.81 0.49 5.82 6.99 10.00 2.82
0.80 2.5 2.01 0.52 6.18 7.53 10.77 2.02
0.90 13 1.04 0.55 6.53 8.00 11.44 1.05
0.95 0.61 0.49 0.55 6.53 7.87 11.54 0.50
0.99 0.08 0.064 0.58 6.89 8.48 12.13 0.071
With 0.5 M Citric Acid
0.99 0.09 0.072 0.80 9.50 9.00 127 0.082
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Figure 3. Process scheme for the internal recycle case.

moles/time. This behavior was also observed for the
methyl pyrrolidone study.

Glycolic Acid

Glycolic acid was investigated in the same manner as
citric acid. The results are listed in Table 5. The principal
behavior is the same as the one in the citric acid case. The
concentration of the water in the liquid phase does not
vary considerably. The utility costs are decreasing with in-
creasing recycle ratio with R = 0.99 again.

The cost determining factor was the make up material.
As far as cost minimization by purge treatment goes, the
remarks made in the last section hold.

Itis worthwhile to point out that the costs for make up of
the buffer solution are higher in the case of glycolic acid
although it is less expensive than citric acid. This is due to
higher liquid hold up in the absorber for glycolic acid;
therefore, the required amount of make up is higher in the
glycolic acid case. This increased hold up causes a larger
steam input into the stripper. Therefore the selection of
citric acid seems to be more favorable than glycolic acid
regardless if the purge treatment is employed or not.

\" . H °f Abh ol
of Stages

A study was carried out to investigate the influence of
the number of stages in each apparatus on the require-
ments for stripping steam and absorbent make-up. The
number of stages in each column was increased from three
to six in steps of one.

Table 6 contains the results of this study. As expected,
the costs for stripping steam and feed make-up declined
(42%). The savings in stripping steam are more pro-
nounced (63%) than those for the absorbent feed reduction
(39%), which in turn is more expensive. In general the in-
cremental reduction of operating expenses per stage de-
creases for an increasing number of stages.

If the number of stages is increased, an impact between
declining operating costs and increasing equipment costs
is expected. A design of all absorber/stripper systems has
been carried out for packed towers. The heights of the
stripper and absorber columns have been calculated in or-
der to meet mass transfer requirements. The cross sec-
tional areas were selected to accommodate the fluid dy-
namics of the two phases within the packing. If
consideration is given to the heat recovery system for the
stripping steam, the total costs decrease because a smaller
compressor is needed for the circulated steam.

As both operating costs and the costs for the purchased
equipment decline with an increasing number of stages in
the separation apparatus, nothing definite can be said
about an optimum. However, as both cost items tend to
level off, a flue gas desulfurization system with an ab-
sorber and stripper with six ideal stages seems to be most
attractive.

/Stripper Perf Data with the Number

TABLE 4. INNER RECYCLE STUDY FOR CITRIC ACID

Efficiencies Liquid Flow Rate Temperature
Abs. Strip in the Absorber in Abs.
Inner Recycle (%) (&) (mol) (°C)
0 90 90 1.0 51-59
0.1 87 91 1.03-1.04 51-59
0.3 81 93 1.32-1.34 51-59
04 78 94 1.54-1.56 51-59
0.5 74 95 1.84-1.87 51-59
0.6 71 96 2.30-2.33 52-59
0.7 67 97 3.06-3.09 52-29
0.8 64 98 4.56-4.61 53-59
0.9 61 99 9.03-9.09 55-59
TABLE 5. SIMULATION RESULTS FOR GLYCOLIC ACID; CHANGING RECYCLE RATIOS
Absorbent Feed Stripping Steam Steam Make-Up Total
(g-mil) ($) $) (%
Recycle *10° *10? (g-mol) 10° (g-mol) *107 *10°
0.00 15.40 10.6 0.39 4.63 0.086 1.23 10.6
0.50 9.35 6.45 0.485 5.76 0.104 1.49 6.45
0.75 5.40 3.73 0.57 6.77 0.121 1.73 3.74
0.90 2.35 1.62 0.65 772 0.134 1.92 1.63
0.99 0.17 1.17 0.70 8.32 0.142 2.03 1.25
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Cost Consideration

Operating costs were determined to permit a compari-
son to be made between different solvents and the
operating conditions so an optimum could be found. The
operating and equipment costs have a degree of variability
in them; however, they are meant to serve as a basis for
comparison.

In order to get an idea about the cost range of the pro-
cesses under consideration, the operating costs for the
most favorable case have been referred to on an annual ba-
sis. The operational costs for citric acid in a process with
twelve theoretical stages and ata recycle of 0.99 (see Table
6) are 4.78*10—5$/mole flue gas. With a molelcular weight
of the flue gas of 27 kg/kmol and a flow rate of 6890 kgs,
which is tyFical for a 500 MW power plant, [5], these costs
are equivalent to

$4.78*10~%/mol FG*3.048*10"mol FG/yr)
= $385*10%yr

If, however, no new buffer solution is necessary and ev-
erything can be recycled after being processed in a suita-
ble purification unit, only the costs for stripping steam

would arise. On an annual basis this scheme would give a
cost of

(1n

3.56*10~%1/mol FG*(8.048*10mol FG/yr)  (12)
= $28.6*10%yr
or
= $6.63*10~%kWh = 6.63 mils’kWh (13)

This is comparable to the annual costs for other flue gas
desulfurization systems producing salable products, as
listed in the EPA Utility Survey [8]. The annual costs range
from 2.2 mils/kWh for the magnesium oxide process to 14.9
mils/kWh for the Wellman-Work process. Figure 4 gives a
three dimensional plot showing tlile effect of temperature
and pressure on this cost.
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TABLE 6. INFLUENCE OF NUMBER OF STAGES ON OPERATION COSTS

Recycle: 0.99
Absorbent: Citric Acid, 0.5M

Number of stages Absorbent Feed, CA Steam Feed Steam Make-lﬂ) Total
in each unit (mole) (1075§) (mole) (107%8) (mole) (107%8) ( 107%8)
3 9.0*10-° 7.23 08 9.5 0.09 12.7 8.18
4 6.8*107% 5.46 0.49 5.82 0.071 10.02 6.04
5 6.0%10~ 4.82 0.37 4.40 6.4 9.03 5.26
6 5.5%107° 4.42 0.30 3.56 59 8.33 4.78
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Improvements in Acetone Adsorption

Efficiency

The use of a forced air-cooling cycle in a steam-regenerated carbon bed can
lead to a significant increase in efficiency.

M. L. Mastroianni and S. G. Rochelle, Tennessee Eastman Co., Kingsport, Tenn. 37662

Industrial process solvents are recovered by a variety of
unit operations. Solvents in an air stream at low concentra-
tions (10-30% LEL) are usually recovered via fixed carbon
bed adsorption [1-3]. In fixed bed operations, after a car-
bon bed has adsorbed a working charge of solvent, the sol-
vent is removed and collected so that the carbon can be
reused. Multiple adsorbers are used in parallel to facilitate
the regeneration process since a regenerating carbon bed
is isolated from the solvent laden air (SLA).

Adsorbed solvent is usually removed from a carbon bed
by using a steam purge to raise the temperature of the bed.
As the temperature increases, the solvent load on the car-
bon decreases, and the desorbed solvent is carried out of
the carbon bed by uncondensed steam. After the working
charge has been removed, the adsorber is ready to collect
more solvent from the SLA stream. However, the carbon
bed is hot and saturated with water after steaming, and the
adsorption process is more efficient if the adsorbent is rel-
atively c()or and dry. The objective of this study was to
quantify the benefits and disadvantages of adding a cool-
ing cycle to plant scale fixed bed adsorption equipment.

Cooling Cycles

Information in the literature and public opinion on cool-
ing cycles varies from “cooling cycles are essential” to
“cooling cycles are unsafe.” Nonhebel [1]indicates the ad-
sorption process is inefficient without a cooling cycle be-
cause the high water loadings, due to steam regeneration,
reduce the capacity of the adsorbent to hold volatile or-
ganic compounds (VOCs). He also says that some adsorbed
water is desirable so that solvent heats of adsorption can be
negated by the desorbing water. Mantel [2] is neutral on
the subject and suggests that cooling cycles may be unnec-
essary. He feels that the SLA dries and cools a carbon bed
enough to prevent inefficiencies. Some rrocess engineers
feel that a relatively water-free carbon hed is dangerous,
since dry carbon has a very high affinity for particular or-
ganic compounds and no means of dissipating the heats of
adsorption. Hot spots form and may eventually develop
into fires.

Parmele [3] offers a qualitative justification for cooling
cycles by stating that high adsorption efficiencies are im-
possible without a cooling cycle, since hot and wet carbon
beds work against the adsorption process in the beginning
of the adsorption cycle. He also claims that the SLA will
prevent heats of adsorption from raising the temperature of
a carbon bed if solvent concentrations are low. Some acti-
vated carbon vendors state that corrosion problems are
more severe in adsorption systems that do not cool and dry
the carbon before introducing SLA. Evidently, solvent
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degradation reactions are more prevalent in a hot and wet
carbon catalyst environment [4].

While Parmele’s arguments are reasonable, retrofitting
existing solvent recovery systems with cooling cycles can-
not be justified based on qualitative engineering judg-
ments. A computer model o(f]plant scale adsorption equip-
ment was needed to achieve the objective of this study.
The formulation of the adsorption model was straightfor-
ward. However, obtaining the data that was required by
the model and solving the set of equations that form the
model were difficult.

Literature Review

To predict adequately the transient effect of the cooling
cycle on a one-dimensional carbon bed adsorber, the
mathematical model is, by necessity, complicated. The
solutes carried by an incompressible carrier gas compete
for space on the carbon particles and cannot be stugied
separately. The carbon bed is initially hot and wet (having
been regenerated by steam) and is cooled by desorbing
water into the air stream. The local equilibrium loading of
the solutes is affected by the non-isothermal nature of the
process. Finally, the slow approach of the actual loadings
on the bed to the asymptotic equilibrium values infers
significant resistance to mass transfer, which adds non-
linear coupling effects to the problem. To meet these re-
quirements, the governing set of coupled, non-linear par-
tial differential equations (PDEs) were solved, as with
most complicated problems of engineering interest, by nu-
merical solution techniques. The model was limited to ad-
sorption processes since desorption using steam involves
dif}::rent mechanisms. In the literature, only one paper
was found that attempted to study a steam desorption
model [5].

Rhee et al. [6] have reviewed the classical fixed-bed
studies that used numerical solutions and Hlavacek et al,
[7] have reviewed the general literature through 1979 for
the various numerical techniques being used in adsorp-
tion modeling. Typical solution methods since 1979 con-
tinue to follow the same general trend. There are three ba-
sic computation methods: the Method of Characteristics
[8-12], Orthogonal Collocation [13-20], and the Finite
Difference Method [15, 21-33]. The basic equations to be
solved are similar to those of Harwell, et al. [8], with the
second-order diffusion and conductivity terms being
added. No attempt is made to compare this continuous
model to others, such as the cell model [15, 21].

Other researchers [6, 7, 15] have compared the various
solution methods and concluded that particular problems
are often best matched to a particular numerical tech-
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nique. However, Finlayson [34] concludes that the Finite
Difference Method (FDM) is probably best suited for the
most general (and comp]icateS) problems. As pointed out
by Finlayson, two major drawbacks to FDM solutions of
tyaYical convection-diflfusion equations are 1) the numeri-
cally generated oscillations that can occur for large Peclet
numbers, and 2) the inaccuracies that can occur at sharp
gradients over inadequate meshes. Two alternative ways
to avoid these problems without an objectionably large
number of spatial grid points are 1) to use higher-ord%:r
differencing approximations [35], or 2) to use an adaptive
(variable) mesh [7, 15, 25, 36, 37]. Thomson [38] recom-
mends (in agreement with others [39, 40)) that using adap-
tive meshes with standard solution methods is pre eml)fe
to higher-order-accurate schemes with uniform meshes.
An adaptive mesh technique proposed by Eigenberger
and Butt [41] was selecteg for use with a central diﬂé(’er-
enced FDM scheme.

Limitations of Model

In recent work [42], several assumptions were made and
limitations imposed to enable the known physical data to
be incorporated into the mathematical model in a reasona-
ble time frame. These are listed below.

. Constant axial velocity.

. No radial (transverse) variations.

. Constant gas density.

. For each component, the heat of adsorption is equal
to the heat of vaporization.

. For each component, the mass transfer coefficient is
constant throughout a given simulation.

. For any given cross-section, the gas and solid are in
thermal equilibrium.

. Multicomponent Langmuir equilibrium is assumed
with no interaction on a bed between adsorbates.

8. No oxidation reactions.

The use of an ideal multicomponent, Langmuir-type
equilibrium equation had a large impact on the results of
the adsorption model. Several methods are available for
modeling multicomponent adsorption equilibrium data
[43-46]. The Langmuir model [43]is one of the oldest mod-
els that predicts multicomponent results from single com-
ponent isotherms. The ideal adsorbed solution (IAS)
model [44] is not better than the Langmuir model, since
adsorbed component interactions are not considered by ei-
ther. Costaet al. [46] have the best alternative found in the
literature, short of obtaining multicomponent data, for pre-
dicting non-ideal interactions. They use liquid phase ac-
tivity coefficients with the IAS model.

Acetone and water were the components of interest in
this study. Acetone and water single-component equilib-
rium isotherms were available in proprietary literature
[47, 48]. The acetone data, shown in Figure 1, were fit by

N O Gl AW

T
¥ .
/— T!
Xg ™
Figure 1. Acetone equilibrium loadingsvs. c tration and temp
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regression analysis to Equation 9, which is the standard
Langmuir equation. However, a problem developed when
attempting to regress the S-shaped water data shown in
Figure 2, which cannot be adequately represented by the
Langmuir form. To circumvent the difficulty, water load-
ings on carbon at low gas-phase water concentrations were
ignored, and the curves truncated along the dotted lines.
The remaining curves were overlapped using the
truncation/axis-intersection as a common origin, which
produced curves similar to Figure 1. The regressed equa-
tions were then transposed horizontally by a coordinate
transformation, back to their original location, resulting in
Equation 10, The sei)umtely regressed single-component
equations were combined in the final Langmuir form of
the multicomponent equilibrium equation by summing
the denominator terms. The loss of carbon activity with
age was not considered. The errors created by assuming
ideal multicomponent Langmuir adsorption were thought
to be greater than those due to the assumption of new
carbon.

Constant overall mass transfer coefficients (MTCs) in
the rate equations also limit the model. While several
methods are available for predicting MTCs, the data re-
quired by the methods severely restricts their use [49]. Ef-
fective diffusivity and particle geometry are used to calcu-
late a MTC [49, 50]. In this study, the effective diffusivities
of the adsorbing components, as they migrated to the inte-
rior of the carbon particles, were not known. Since pore
and particle diffusion were considered to be the adsorp-
tion rate limiting steps, important mass transfer variables
had to be approximated and assumed constant throughout
a given simulation. Although the MTC for acetone was ar-
bitrarily selected in this study, the ratio of the water MTC
to that of acetone was kept at a constant 5.0 value. The ratio
of air diffusivities for water and acetone is approximately
2.5[51]. While this ratio is probably not applicable to effec-
tive particle diffusivities, the effective diffusivity for water
is probably greater than that for acetone. Later, it will be
shown the MTC for water had little effect on the results.

In actual plant operations the gas phase velocity may
vary by as much as 25% because of temperature gradients
in the carbon beds. Velocity has a large effect on system
performance. Since temperature also affects the gas phase
density, the constant density assumption may have
influenced the outcome of this work. Assuming that the
heats of adsorption were equal to the heats of vaporization
for the adsorbates was a close approximation. According to
Brunaer [43], the integral heat of adsorption for water is
nearly equal to its heat of vaporization. While no data was
found for acetone, Brunaer zﬁso states that the heats of ad-
sorption for organic compounds are generally 1.5 times
their respective heats of vaporization. However, a 50% in-
crease in the heat of vaporization for acetone was not used
and possible effects will be discussed later.

A final limitation that affected the results of this study
was the condition of the carbon bed after the steaming cy-
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Figure 2. Water equilibrium loadings vs. concentration and temperature.
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cle. The initial temperature and water concentration
profiles were assumed to be flat and at equilibrium with
steam at desorption conditions. Also, the bed did not con-
tain acetone. In actual plant operations, an adsorbate heel
is left on the carbon a({)er the desorption cycle. Since the
magnitude of the heel is unknown, the assumed initial
conditions of the carbon bed probably had the same gen-
eral effects on the model as the assumptions for the values
of the equilibrium and mass transfer parameters. In other
words, these three assumptions are closely related and
changing any one affects the solvent adsorption rate.
These effects will be discussed later along with details of
how the MTCs were varied to duplicate operations in ex-
isting carbon beds.

Computer Model

For the two-component, non-equilibrium, non-
isothermal, one-dimensional model of adsorption in a
fixed bed, subject to the proceeding assumptions, the fol-
lowing equations apply. A glossary of notation is listed
elsewhere.

M _ o ¥ v -
R i i et e sl G U
ay ¥, 0 Ko ¢
T_Dza—zz < 9z pr((h q2) (2)
£=(1_€)K1£2_T__Upa0w£+l<u' (T_T')
at pc 922 pc 9z pc
A AH,
3 BH) gy~ s L) iy —a) @)
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il
S = Kilat ~ @) ®)

The first two equations are the mass balances for the
two different solutes in an inert gas stream. The lastterm in
each represents the rate of adsorption/desorption into the
carbon bhed. The third equation represents an energy bal-
ance of the combined gas/bed system. It includes heat
transfer by conduction in the porous bed, convection in the
gas, heat loss to the surroundings and heat addition/re-
moval due to the adsorption/desorption rates of the so-
lutes. The final two equations model the adsorbate load-
ings subject to a non-equilibrium linear driving force.
Since the equilibrium loading g is typically a known (of-
ten regressed) function of the local concentrations and
temperature, the first three equations are non-linear.

These five equations form a set of coupled, non-linear
PDE: to be solved for two solute concentrations in the gas,
an averaged gas/bed temperature, and two solute loadings
on the bed. The five dependent variables are to be found
in profile form down the length (depth) of the fixed bed
for all times under consideration, subject to the specified
boundary and initial conditions,

ax; _ v _ i

oz e = D_,e (Il|z=o ), i=1,2 (6)
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for 0 < z < l(entrance at zero, exit at l), where x:(i = 1,2)
and T; are the feed values. The initial conditions are initial
bed profiles for each of the dependent variables.

For this analysis, three point central difference approxi-
mations (for variable step-sizes) are employed for the spa-
tial derivatives. Following Eigenberger and Butt [41], the
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differences are evaluated at the center of the “element,”
rather than at the center grid. Comparing the two approxi-
mations, centering the difference quotient at the element’s
center tended-to be somewhat more stable when oscilla-
tions began to appear in the convectively dominated solu-
tions. The three-point central differencing results in anon-
symmetric tri-diagonal coefficient matrix, solvable by
Thomas’ algorithm [52].

The time derivative is evaluated as a two-point differ-
ence quotient with a fully implicit weighting of the right-
hand side of the PDEs. For the non-linear source/sink
terms, Quasilinearization [41, 53] is applied to form an or-
derly iteration procedure. The grid-adjuster routine [41]
is basically a check of the smoothness of a parabolic curve-
fitting over consecutive solution values. Through its addi-
tion (with interpolation) or deletion of grid points, the
mesh adjuster gives the appearance of "movin%;’ the grids
so that the region of finer mesh can “follow” sharp gradi-
ents as they move through the bed in time. Due to the vari-
ability of the number and location of grid points, use of any
varying time-step routines [54] becomes very cumber-
some. Thus, only a constant time step was used in this nu-
merical model.

The acetone equilibrium data (as depicted in Figure 1)
were fit by regression analysis to the Langmuir-type
equation

., (A+BT+CT)x,
T TT A+ BT+ & 7,
using the Harwell Subroutine Library’s VAO5A. For water,
the S-shaped equilibrium curves (shown in Figure 2) were
modified, as discussed earlier, and fit by regression anal-
ysis to Equation (10).
« _ Dy + EiT + F,T)[x, — (G + HT + IT?]
Ve =T+ D, BT+ Fz - G + AT + m)(]l

©)

0)

The computer program was written in standard double
precision FORTRAN, and modeling a typical acetone/wa-
ter-vapor/carbon-bed system for a complete adsorbing cy-
cle, required 8 CPU minutes on an IBM 3033 (6500 inte-
gration steps). The number of grid points varied from 20 to
60, averaging 35 during a typical run. (Recall that five
equations are solved at each grid). Also, the number of
non-linear iterations changed due to the amount of varia-
tion in the solution between consecutive time-levels,
which ranged to a maximum of 7 and averaged less than 2.
The numerical results were easily plotted on printer paper
(with reasonable resolution) by using a slightly mosif?ed
form of IMSL routine USPLOT.

Matching Plant Dato

The lack of key input parameters prevented the evalua-
tion of cooling cycles solely with the computer model.
However, operating data for existing plant-scale adsorbers
were available, and the computer model duplicated plant
operations after selecting appropriate values for the un-
known input parameters: MTCs, equilibrium data, and in-
itial carbon bed concentration and temperature profiles.

The shapes of the breakthrough curves were like those
shown in Figure 3. The addition of a solvent heel to the
initial bed profiles raised the left tail of the curve. Scaling
the acetone equilibrium data, by multiplying Equation (9)
by a constant, shifted the breakthrough curve on the time
axis. The curve moved, intact, to the right when equilib-
rium loadings were increased and to the left if the loadings
were decreased. The mass transfer coefficients affected
the slope of the breakthrough curve, as shown in Figure 4.
With this knowledge of the effects of the various input pa-
rameters, the computer model was used to rate several ex-
isting carbon hed operations.

February, 1985 9



10
08 |

- INITIAL

£ SOLVENT

J 08 LOADINGS

-}

§ 04 NORMAL

o RUN

® INCREASED
a5 SOLVENT
- CAPACITY

o 2 2 2 2
0 0.2 04 0.6 08 1.0
= t/tginal
Figure 3. Exhaust acetone conc: vs. time for different bed
conditions.
10.r
08|
2
So8} K,
w
-
R
g 04}
R K
0.2
Ky Ks >K,; >K,
o Il 2 2 2 '}
0 0.2 04 0.6 08 1.0
i' '/tﬂn‘
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Figure 5 shows plant data from a typical carbon bed, and
the computer model predicted effluent concentrations
using two values for the solvent MTC. To simplify the
problem, the assumed equilibrium model and initial con-
ditions were not varied. The time-averaged adsorption
efficiencies for Run No. 1 and the plant data are the same.
The solvent MTC in Run No. 2 was greater than thatin Run
No. 1. Figure 6 shows that the model does not fit the ob-
served temperature data as well as it does effluent con-
centration data. Using a larger value for the heat of
adsorption for acetone would improve the correlation sub-
stantially. The correlation was slightly improved after con-
sidering the heat capacity of the adsorbed water.

The MTCs that were used to model a carbon bed were
also used in computer runs that simulated the addition of a
cooling cycle prior to the adsorption cycle. The duration of
the cooling cycle was limited to the time difference be-
tween the adsorption cycle and the steam cycle. The dry-
ing medium was an air stream equivalent to the SLA but
without acetone.
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Cooling Cycle Results

The effluent concentrations and temperatures in a car-
bon bed system retrofitted with a cooling cycle, as pre-
dicted by the computer model, are shown in Figure 7, 8,
and 9. These results are compared to the efluent concen-
trations of the same system, but without a cooling cycle.
Figures 10, 11 and 12 illustrate bed conditions during an
adsorption cycle, and the only difference in the shape of
the curves, between cooling and no cooling, was a shift in
the time scale. For instance, the water loading curve in
Figure 11 atf = .23 became the water loading curve atf =0
with a cooling cycle. The primary effect of the cooling cy-
cle was to purge the carbon bed of approximately 30% of its
adsorbed water. The drying process had large cooling ef-
fect as illustrated in Figures 9 and 12. The SLA had the
same effects, but as shown in Figure 7, with a major excep-
tion. While drying with solvent laden air, during the time
interval .23 <'f < .38, acetone was being exhausted from
the adsorber. Drying and cooling with pure air prior to the
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Figure 8. Exhaust water concentration vs, time (adsorption cycle begins at
time = .23),

adsorption cycle increases adsorption efficiency by de-
creasing the initial acetone loss.

Most of the water left in the carbon bed after steaming
remains in the carbon indefinitely. Figure 11 indicates
that 65% to 85% of that water never leaves the system. The
residual concentrations of water were slowly moving to-
ward an equilibrium value that coincided with the inlet
conditions of the solvent laden air, §*. = .51. But, the rate of
water mass transfer seemed to be slowed greatly by the
lack of energy available to desorb the water. The only
source of that energy, once the carbon bed temperatures
had equilibrated at T ~ .40, was the heat of adsorption for
acetone. These phenomena explain the insensitivity of the
model to the water mass tmns?er coefficient, the need for
accurate heat of adsorption data, and the need for good
multicomponent equilibrium data.

Unlike water, the major mass transfer limitations for ace-
tone were its mass transfer coefficient and the adsorbed
water. As discussed earlier, the simplifications in the
equilibrium model and initial bed loadings were compen-
sated by adjustment of the MTCs. The driving force for
acetone mass transfer was reduced approximate%y 40% be-
cause of the adsorbed water. Also, it seems likely that the
observed acetone mass transfer coefficient would in-
crease in magnitude if the resistance provided by water
could be eliminated.

The safety concerns about fires developing in carbon
beds that use cooling cycles have not been completely ad-
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Figure 10. Acetone loading profiles at different times.

dressed, but seem to be unsupported. The trends observed
for low concentration acetone recovery indicate that a
cooling cycle will not remove the water heat sink. The
same amount of water removed by a cooling cycle is re-
moved in normal carbon bed operations. The two pro-
cesses have nearly identical final water loadings.

Economics

The engineering objective of this study was to evaluate
the economics of retrofitting existing fixed carbon bed
adsorbers with forced air cooling cycles. Safety concerns
seem to be unsupported because of the residual water left
on the bed. Also, the lower adsorption temperatures are
are said to reduce corrosion problems by slowing solvent
degradation reactions. While these are qualitative state-
ments, they at least favor installing cooling cycles. How-
ever, the computer simulation predicted a 4% increase in
adsorption efficiency via a cooling cycle, which was con-
sidered a si%niﬁcant improvement. The only disadvan-
tages to installing a cooling cycle were the capital required
and the increase in fan operating costs (the effluent air
from one hed was assumed to be the cooling air for another
bed). While the costs are relative, favorable economics in-
dicated a substantial incentive for installing a cooling
cycle.
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CONCLUSIONS

The adsorption of acetone and water from an air stream
into a plant scale fixed carbon bed has been studied with
and without a cooling cycle, after steam regeneration. The
Foverning equations for a two-component, non-equi-
ibrium, non-isothermal, one-dimensional carbon bed
model form a set of coupled, non-linear partial differential
equations. A computer program was developed to solve
these equations numerically by a variable-grid finite-
difference technique.

The computer simulations of the cooling cycle demon-
strated that its primary effect was to purge a carbon bed of
approximately 30% of the water adsorbed during the steam
regeneration. This drying process also had a large cooling
effect on the bed. Both of these effects enhanced the capa-
bility of the carbon bed to adsorb acetone once the bed was
put back on stream. Without the cooling cycle, the solvent
laden air stream also cooled and dried the bed, but, at least
initially, acetone was being exhausted from the adsorber.

The projected 4% efficiency gain in the operation of the
bed due to the addition of a cooling cycle was considered a
significant improvement. The only disadvantages to in-
stalling a cooling cycle were the required capital and the
increased operating costs of the fan. (The effluent air from
one bed was assumed to be the cooling air for a parallel
bed). While the above costs are relative, favorable eco-
nomics indicated a substantial incentive for the installa-
tion.

NOMENCLATURE

¢ = specific heat of bed, Btu/°F-Ib bed (J/kg-°K)

specific heat of gas, Btu/°F-1b gas (J/kg-°K)

1, 2) = diffusion coefficient for each component,

ft*min (m?%s)

€ = void fraction, f® void/ft® bed (m¥m?)

AH{i = 1, 2) = heat of adsorption for each component,
Btw/lb solute (J/kg)

K{i =1,2) = time parameterin the mass transfer rate equa-
tion for component (MTC), min~! (sec™)

Ky = thermal conductivity of bed, Baw/min-"F-ft (J/m-s-°K)

Cpg

D(i

K, = heat transfer coefficient to atmosphere, Btu/min-
°F-ft? (J/m*-s-°K)

I = length, or depth of carbon bed, ft (n)

gi = 1,2) = bed loading for each component, Ib solute/lb
bed (kg/kg)

gi(i = 1, 2) = equilibrium bed loading for each compo-
nent, Ib solute/Ib bed (kg/kg)

py = bulk bed density, 1b be ft’bl)ed (kg/m®)

ps = gas density, Ib solvent/ft® bed (kg/m?)

pC = €Ly + PoCrp

t = time, min (sec)
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Figure 12. Bed temperature profiles at different times.

T = combined gas/bad temperature, °F (°K)

Tr = feed temperature of inlet gas, °F (°K)

T, = ambient temperature, °F (°K)

v = superficial gas velocity (uniform throughout bed),
fYmin (m/s)

x{i = 1, 2) = concentration of each component in gas, Ibs
solute/ft® solvent (kg/m?)

x(i = 1, 2) = concentration of each component in inlet
gas, Ibs solute/ft® solvent (kg/m®)

z = space dimension measured in direction of gas
flow, ft (m)

= superscript refers to non-dimensional parameters

as defined in the attached figures.
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Field Evaluation of Volatile Organic
Compound Removal Efficiency for Full Scale
Carbon Adsorption Systems.

Actual test data show that fixed-bed carbon adsorption systems can consist-
ently operate at 95 percent VOC reduction or greater.

T. P. Nelson, J. R. Blacksmith, and J. L. Randall, Radian Corp., Austin, Texas 78766

The US Environmental Protection Agency (EPA) is cur-
rently evaluating the environmental and health impacts of
volatile organic compound (VOC) emissions from a variety
of industrial sources. As part of this effort, Radian Corpora-
tion has conducted a program (EPA Contract No.
68-03-3038) to evaluate the performance of full-scale
vapor-phase carbon adso:}:tion VOC control systems used
for solvent recovery at industrial surface coating facilities.
The program has focused on the field performance testing
of several fixed-bed, steam-regenerated carbon adsorp-
tion systems used in the rubberized fabric, magnetic tape,
and flexible packaging industries. The primary objective
of the program was to assess the long-term VOC reduction
performance of activated carbon adsorption systems.

This paper summarizes the technical results of the pro-
gram. In particular, it discusses the testing methodology
and analysis of the test results. Also, economic data for the
full-scale carbon adsorption systems will be presented.

BACKGROUND

Surface coating involves the application of a material to a
paper, plastic, metal, fabric, or wood substrate to form an
intermediate or end-product with certain desired charac-
teristics. Often the coating material is suspended or dis-
solved in an organic solvent and is applied to the substrate
in a fluid state. Emissions of solvent vapors or volatile or-
ganic compounds (VOCs) occur during various processing
steps, but primarily from the drying or curing of the wet
coated substrate.

Ithas been estimated that the solvent emissions from the
surface-coating industry account for approximately 10 per-
cent of the 17,000,000 tons per year of man-made non-
methane VOC emissions in this country [1, 2]. Therefore,
surface coating ranks fourth as a VOC source behind fossil
fuel handling and refining, solid waste disposal, and open
sources (e.g., agricultural burning). It is estimated that
over 80 percent of the VOC emissions from the surface
coating industry are controllable [1]. Current available
control technologies include coating process modifica-
tions, the use of low-solvent or solvent-free coatings, and
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the use of add-on control systems, such as carbon adsorp-
tion and incineration, either thermal or catalytic.

Regulatory Activity

The surface coating industry has become the subject of
increasing regulatory activity because: 1) the industry con-
tributes significantly to national and local VOC emission
levels and 2) it has been determined that a significant
portion of the VOC emissions can be controlled in an eco-
nomically and environmentally acceptable manner.

Initial regulation of VOC emissions from surface coating
facilities was imposed by local air pollution regulato
agencies, the most notab{e being Buqe 66—Organic Sol-
vent, adopted by the Los Angeles Air Pollution Control
District. Rule 66 was a technology-forcing regulation
which gave preferential treatment to users of so-called
“non-photochemically reactive” solvents. Other local and
state agencies adopted VOC regulations similar to Rule 66
on an as-needed basis.

The passing into law of the Clean Air Act and its 1977
amendments provided more systematic strategies for fed-
eral and state regulation of existing and new sources of
VOC (and other) emissions [3]. For regulation of existin
sources, the US EPA issued a series of documents referre:
to as Control Technique Guideline (CTG) reports. The
CTG reports were designed to assist state agencies in the
drafting of regulations, referred to as State Implementa-
tion Plans (SIP), most of which are now in place. For regu-
lation of new sources, the federal EPA assumed the re-
sponsibility of drafting applicable regulations, referred to
as New Source Performance Standards (NSPS) or, in the
case of toxic materials, National Emission Standards for
Hazardous Air Pollutants (NESHAP). NSPS regulations
pertaining to new surface coating facilities that have been
promul%ated (finalized) include those for metal furniture,
automobiles and light-duty trucks, graphic arts (publica-
tion rotogravure printing), large appliances, metal coil,
pressure-sensitive tapes and labels, and beverage cans
(3-10). NSPS are currently being considered or drafted for
the magnetic tape, ru{)berized fabric, and flexible
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packaging coating industries. The NSPS which have been
proposed and promulgated are generally based on the use
of low-solvent or solvent-free type coatings or the use of
add-on control technology.

Carbon Adsorption as a VOC Control Option

Add-on VOC control devices, such as carbon adsorption
or incineration systems, have been widely used in the sur-
face coating industry because they are readily available
and generally do notadversely affect the coating process or
product qual)i’ty. In general, incineration of solvent vapors
is selected for surface coating operations that are subject to
VOC emission regulations but use a solvent formulation
for which recovery is technically impractical. By compari-
son, the selection of carbon adsorption for VOC control is
governed by economic, as well as regulatory, incentives.
In particular, carbon adsorption/solvent recovery is suited
for applications having a solvent formulation that is rela-
tively expensive and/or easily recovered (i.e., either com-
prised of a single immiscible solvent or of several com-
pounds that can be easily separated or reused as a mixture).

CARBON ADSORPTION THEORY AND APPLICATIONS

Over the past 50 years, significant research has been
undertaken in academia and industry to achieve both fun-
damental and practical understanding of the adsorption of
organic materials on active carbons. Several theories have
been proposed to analytically predict activated carbon
capacities [11]. Prominent among these is the Polanyi po-
tential theory (with later revisions by Dubinin). With the
potential theory, the adsorption capacity of a particular
carbon-solvent pair can be used to predict the adsorption
capacities of the particular carbon g())r numerous other or-
ganic compounds:

Most of the research to date has been for single organic
components on a single virgin carbon. In actual applica-
tion, most full-scale industrial systems use multicompo-
nent solvents. However, theoretical derivations for
multicomponent systems are complex and difficult to use.
Although multicomponent theories have been developed,
often based on concepts and data for single component
theories, they are not as well developed or understood as
the single component theories.

The gesign and application of full-scale carbon adsorp-
tion systems is a mature science. Designs are often based
on theoretical predictions; however, a significant portion
of design comes from “rule-of-thumb” factors and past
operating experience. During adsorption, solvent-laden
air (SLA) from the surface coating operation passes
through the carbon bed at superficial velocities in the
range of 0.15 to 0.50 meters per second (30 to 100 feet per
minute). Bed depths range from 50 to 125 centimeters (20
to 50 inches). Usually, tﬁe inlet SLA temperature is less
than 38°C (100°F) anxf' the relative humidity is less than 50
percent. For regeneration of the carbon bed, low pressure
steam is typically used to heat the bed and displace the ad-
sorbed solvents. After steam regeneration, most designs
provide for a cooling/drying period before the carbon bed
is placed back in service.

SELECTION OF TEST SITES

Three criteria were used to select the test sites for the
test program. These were: 1) selection of approximately
two carbon adsorption systems in each of the rubberized
fabric, magnetic tape, and flexible packaging industries;
2) selection of well-operated systems; and 3) selection of
systems that processed a variety of solvents. These plants
also had to be willing to cooperate during a two week test
period and during a possible additional week of testing.
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These criteria resulted in the initial identification and
screening of almost 50 carbon adsorption systems. From
the 50 systems, the final screening process resulted in the
selection of six carbon adsorption system test sites. These
sites were initially tested in 1982, with four of the six sites
retested in 1983. The plant types and test dates are as
follows:

oPlant 1—a rubberized fabric manufacturing facility
using methyl ethyl ketone (MEK) solvent, tested in
January 1982; ’

#Plant 2—a magnetic tape producer using a solvent mix-
ture of toluene and tetrahydrofuran (THF), tested in
February 1982 and retested in December 1983;

ePlant 3—a ma%netic tape producer using a solvent for-
mulation of toluene, THF, MEK, methyl isobutyl ke-
t&r;s; (MIBK), and cyclohexanone, tested in March

*Plant 4—a flexible packager using hexane solvent,
tested in June 1982 and retested in November 1983;

Plant 5—a rubberized fabric manufacturer using tolu-
ene solvent, tested in July 1982 and retested in Novem-
ber 1983; and

*Plant 6—a flexible packager using a solvent formula-
tion consisting primarily of toluene and isopropyl ace-
tate (IPAC), tested in August 1982 and retesteg in No-
vember 1983.

The four retest sites were chosen because they did not ex-
perience major operating changes (primarily carbon re-
placement) since the original testing. The design of these
systems and the results of testing are described in the next
sections.

CARBON ADSORBER DESIGN PARAMETERS

The plants tested in this program represent a wide range
of designs. For example, the adsorption systems at the rub-
berizeﬁ fabric and flexible packaging plants feature hori-
zontal carbon beds, although SLA flow direction through
the beds differs (downward for the rubberized fabric
plants and upward for the flexible packaging plants). Con-
versely, the maFnetic tape plants feature adsorption sys-
tems with annular carbon beds although, again, SLA flow
direction through the bed differs (inward for Plant 2 and
outward for Plant 3). The number of carbon beds also
varies considerably depending on plant size. The smallest
system at Plant 1 (SLA capacity of 5.3 Nm?¥sec) has two
beds, while the largest facility at Plant 6 (37.8 Nm?sec) fea-
tures six beds.

The relative SLA flow rates, as compared to the bed car-
bon capacity, average approximately 0.0015 Nm?®/sec/kg
carbon (1.5 scfm/lb carbon) for the six tested systems. Four
of the plants have systems with relative SLA flow rates
closely approximating this average value, but the designs
for the adsorption systems at Plants 2 and 6 deviate
significantly from the mean. The Plant 6 system design
features a relatively conservative 0.00069 Nm?¥sec/kg car-
bon (0.65 scfm/lb carbon), whereas the Plant 2 design is
characterized by a relatively high 0.0026 Nm¥sec/kg (2.5
scfm/lb). Also, the horizontal bed systems generally fea-
ture average design superficial bed velocities of 0.45
m/sec (89 fpm), while the thin-bed designs of the annular
bed systems feature lower velocities, nominally 0.33 m/sec
(65 fpm).

Design solvent types vary considerably, although tolu-
ene is a major design component at five of the six plants.
The lightest liquid molar volume solvent formulations are
used at the magnetic tape plants and the heaviest solvents
are used at the flexible packaging plants. The six designs
are characterized by significant differences in inlet sol-
vent loadings, with inlet concentrations ranging from less
than 1000 ppmv to over 4000 ppmv. On a carbon basis, de-
sign solvent loadings vary over an order of magnitude,
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from 0.0066 to 0.097 kg solvent/kg carbon (0.0066 to 0.097
Ib solvent/lb carbon).

Cost data were also developed for each of the tested fa-
cilities. In 1983 dollars, the total capital costs of the acti-
vated carbon systems range from $267,000 (Plant 5) to
$2,685,000 (Plant 6). The capital cost normalized to the
SLA flow rate ranges from $51,000 to $173,000 per
Nm?¥sec ($24 to $82 per scfm). The normalized annual
costs range from 0.19 to 0.66 $/kg (0.09 to 0.30 $/1b) of re-
covered solvent.

SELECTION AND DEVELOPMENT OF TEST METHODS

Within the test program, the control efficiency of the
carbon adsorption system at each individual test site was
specified as the primary measurement effort. A continu-
ous measurement system was chosen to accurately assess
system performance as a function of changing process
operating variables. These included changes in inlet sol-

vent concentrations due to different surface coating condi-
tions and changes in outlet solvent concentrations due to
cyclic operation of the carbon adsorption systems. The
VOC test method selected was very similar to the total hy-
drocarbon (THC) measurement technique described as
EPA Reference Method 25A [12]. Significant develop-
ment work centered on the design of a computerized data
acquisition system for the THC analyzers.

Several other test methods were used on a periodic basis
to complete the characterization of system performance.
These included EPA reference methods(e.g., for volumet-
ric gas flow rate measurement), ASTM methods (e.g., for
determination of carbon properties), and other routine test
methods (e.g., temperature and pressure measurements).

Table 1 presents a summary of the test parameters and
test methods. Major test methods for the VOC concentra-
tion and carbon analysis are reviewed in the following
subsections.

TABLE 1. TEST METHODS AND EQUIPMENT FOR PERFORMANCE EVALUATION

Test Parameter

Test Method/Equipment

Carbon Data

—T

—Life/Makeup data
—Particle size distribution
—Surface area

—Moisture content
—Condition

—Amount per bed
—Volatiles content

Solvent Composition

pe
—Hydrocarbon content
—H;0 content

Operation: General
—Design

—Operation and maintenance practices
—Problem areas

Operation: Adsorption Mode

—Temperature (in/out)

—Duct pressure

—Relative humidity

—Bed depth/bed area

—Velocity/Volumetric flow rate

—Length of mode (per bed)

—Gas-phase VOC analysis

—Electrical energy consumption

—Temperature of streams to and from
air cooler

—Type and flow rate of coolant to
air cooler

Operation: Regeneration Mode

—Steam conditions

—Length of mode (per bed)

—Temperature of streams to and.from
condenser

—Condenser coolant type and flow rate

—Wastewater analysis (hydrocarbon
dissolved in water)

—Wastewater flow rate

Operation: Cooling/Drying Mode

—Medium/Method
—Temperature (in/out)
—Pressure

—Moisture content (in/out)
—Velocity/Volumetric flow rate
—Length of mode (per bed)
—Gas-phase analysis
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Plant or vendor data

Plant or vendor data

Sieve analysis

BET Method

Xylene extraction

CCl, activity test, retentivity test
Plant or vendor data

Thermal extraction

Plant data
GC
Karl Fischer titration

Plant or vendor data
Plant data
Plant data

Thermometer

Magnehelic® gauge, inclined manometer

In-duct psychrometer

Direct measurement or from plant or design data
EPA Methods 1 and 2

Direct measurement with timer

Byron THC Analyzer, GC

Plant data

Thermometer

Plant or design data

Pressure-plant gauge or data

Temperature (in/out}—thermometer or steam tables
Flow rate—plant data

Direct measurement with timer

Thermometer

Plant or design data
Direct measurement

Observation

Thermometer

Magnehelic® gauge, inclined manometer
In-duct psychrometer

EPA Methods 1 and 2

Direct measurement with timer

Byron THC Analyzer, GC
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Solvent (VOC) Concentration Measurement

A continuous THC sampling/analytical system was used
to measure solvent concentrations in the inlet and outlet
gas streams of each carbon adsorber. A stainless steel rake-
type samsling probe and inert TEFLON sampling lines
were used to deliver continuous gas samples to inlet and
outlet THC analyzers, as shown in Figure 1.

The THC analyzers operate on the flame ionization de-
tection (FID) principle. By this method, the gas sample is
introduced to an airhydrogen flame with subsequent
combustion of any organics in the gas sample. The re-
sulting ionized combustion products establis[})i an electri-
cal current in the presence of oppositely charged elec-
trodes. The strength of the current is directly proportional
to the total amount (concentration) of organics present in
the sample; therefore, the detector current output from a
calibrated THC analyzer can be expressed as a total or-
ganic concentration.

A Byron Model 301 THC analyzer and a Byron Model
401 THC analyzer were used to measure THC concentra-
tions of the adsorber inlet and outlet gas streams, respec-
tively. The Model 301 provides a single THC reading ev-
ery three minutes, while the 401 provides a THC
measurement every minute. The ana];yzers were cali-
brated with multiple concentration levels of certified gas
standards simulating the actual process streams to be ana-
lyzed, i.e., appropriate concentrations of solvent(s) in air.
The analyzer calibration and process sampling data were
automatically monitored, reduced, and stored by a
microcomputer-based data acquisition system. Software
for the acquisition system was developed as part of this
program.

In addition to the THC measurement, a limited amount
of gas-phase data was collected at selected plants using an
FID-based gas chromatograph (GC) in a manner similar to
EPA draft Method 18[13]. The instrument used was a port-
able AID Model 511 GC. The GC technique was used to
speciate the major organic components of the inlet and out-
let gas streams. Speciation of the inlet SLA allowed
confirmation of the plant-reported solvent composition.
SFeciation of the exhaust air showed the partitioning effect
of activated carbon on various solvents.

Carbon Analysis

Samples of virgin and used carbon were collected for: 1)
carbon tetrachloride (CCl,) activity and retentivity testing,
2) surface area determination, 3) volatile content, 4) mois-
ture content, and 5) particle size distribution analysis.

Carbon samples were subjected to CCl, activity testing
according to ASTM D3467 [14]. CCl, activity is an indirect
measure of the pore volume of an activated carbon and,
therefore, the carbon’s adsorption capacity. CCl, activity is
defined as the ratio (in percent) of the weight of CCl, ad-
sorbed by a carbon sample to the weight of the sample,
when the carbon is saturated with CCl, under conditions
listed in the method.

The CCly retentivity testing determines the relative
desorptive capability of activated carbons. In this test, dry
air at specified conditions flows through a CCl,-saturated
carbon sample. The amount of CCl; remaining on the
sample after a specified time period is compared to the
weight of the virgin carbon to yield the retentivity value
and, therefore, information about the relative ease of re-
generation of the carbon.

The specific surface area of the fresh carbon used at
each plant was determined by the Brunauer, Emmett, and
Teller (BET) method, or ASTM C819 [15]. The surface
area available for adsorption is directly related to a car-
bon’s solvent removal efficiency. The method, which is
based upon the adsorption of nitrogen at its boiling Yoint,
is a standard carbon analysis technique used for relative
comparisons of carbon adsorption capacity.
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Figure 1. VOC sampling and analytical system.

Selected virgin and bed carbon samples were thermally
desorbed at 600°C to determine the weight loss or volatile
content of the carbon. The moisture portion of the
volatilized matter was accounted for by the xylene extrac-
tion method of ASTM D2867 [16].

Determination of particle size distribution for virgin and
used carbon from each plant was performed according to
ASTM D2862 [17]. Carbon particle size distribution indi-
cated the degree of attrition of the bed.

PROGRAM TEST RESULTS

Performance parameters for the six tested carbon ad-
sorption systems are compared in Table 2. All six plants
were originally tested in early 1982. During these tests,
data were taken to characterize the VOC removal
efficiency of the carbon bed systems and to characterize
the conditions of the carbon. Four of the six plants were
retested using the same methods approximately 18 to 22
months later. A comparison of the changes in performance
was made in an attempt to define the effects of long-term
carbon degradation. In general, the data in Table 2 indi-
cate significant differences in performance from plant to
plant and from test period to test period. However, these
differences were not always attributable to carbon
degradation.

The inlet VOC measurements for the six tested systems
varied between plants and between test periods. Average
inlet solvent concentrations ranged from nominally 1000
to 4000 ppmv. These solvent loadings correspond to ap-

roximately 5 to 20 percent of the lower explosive limits
LELs). Average adsorption times per bed for the six facili-
ties showed significant variation, ranging from 64 to 560
minutes. Adsorption temperatures were generally less
than 38°C (100°F) except for Plant 5. Steaming(desorption)
periods ranged from 25 to 55 minutes, with the mean equal
to approximately 30 minutes. Steam/recovered solvent ra-
tios varied considerably, ranging from less than 1.0 kg/kg
(1.0 Ib/lb) at Plant 6 to 20 kg/kg (20 Ib/Ib) at Plant 1. Steam
temperatures ranged from 110°C to 150°C (230°F to 300°F).

The average VOC control efficiency data presented in
Table 2 indicate that, with the exception of the Plant 1 sys-
tem, all tested adsorption systems were capable of
achieving efficiencies of 95 percent or dgreater. (Mechani-
cal problems at Plants 4 and 5 caused considerable de-
creases in the VOC control performance during the repeat
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testing.) Average removal efficiencies exceeding 99 per-
cent were measured for two of the systems during the orig-
inal testing.

The Plant 2 system showed VOC control performance
degradation from 99+ percent (original testing) to 92 per-
cent (repeat testing). Several operating factors may have
contributed to this reduction in performance, including
solvent formulation changes and changes in adsorption
and desorption temperatures. However, these changes
would not be expected to be the primary causes for the
significant performance decrease measured. Rather, de-
creasing activity of the carbon appeared to be the primary
cause. The deactivation of the carbon at Plant 2 was
confirmed when the four-year-old carbon was replaced
after the repeat test period. Subsequent plant measure-
ments indicated VOC removal efficiencies exceeding 98
percent. These results suggest a useful carbon life for the
Plant 2 system of approximately four years.

Plant 4 experienced significant mechanical malfunc-
tions during the repeat test period, resulting in a very low
overall VOC reduction performance. However, the low
level of baseline emissions (i.e., the VOC emissions
excluding excursions due to the mechanical valve
malfunctions) indicated that the system was experiencing
VOC removal performance similar to that of the original
test period. This was verified by VOC analyses performed
by tlfe plant after the faulty valves were replaced (after the
repeat test period), resulting in VOC removal levels simi-
lar to those measured during the original testing. With a
carbon age of 4.5 years during the repeat test, the useful
carbon life at Plant 4 was estimated to be relatively long
(i.e., greater than 5 years).

For Plant 5, the degradation in VOC control efficiency
was primarily due to mechanical problems, in particular, a

leaking steam valve and channeling in Bed B (these were
confirmed and repaired during a system shutdown sev-
eral weeks after the repeat testing was completed). Varia-
tions in cycle timing, higher operating temperatures,
lower inlet solvent concentrations, and increased carbon
age appeared to account for a smaller portion of the per-
formance decrease. The operating probl[()ems and other pro-
cess variations prevent accurate comparison of the data
sets. However, one major result is apparent; the useful car-
bon service life for the Plant 5 system is at least five years,
based upon VOC removal levels of 98 percent measured
during the original test period.

Plant 6 VOC control efficiencies were similar during
both the original and repeat test periods, averaging almost
98 percent. Service time of the bed carbon was relatively
short (0.2 to 1.6 years) compared to those of the other tested
systems (2.0 to 6.5 years), and operating conditions were
much more similar during the two test periods than for the
other tested systems. Also, conservative design principles
are incorporated into the Plant 6 carbon adsorption system.
Because Plant 6 is a conservative design and has exhibited
alack of performance degradation between the two test pe-
riods, the useful life of the carbon is projected to be rela-
tively long, perhaps in excess of five years.

CONCLUSIONS

The test data generated during this study show that
fixed-bed carbon adsorption systems can consistently op-
erate at 95 percent VOC reduction or greater, even after
several years of operation. The VOC reduction perform-
ance, however, is greatly affected by system maintenance
and operation. Corrosion may be a major factor in system
malfunctions for several systems. General neglect of the

TABLE 2. COMPARISON OF TEST RESULTS — PLANTS 1-6

Rubberized Fabric Magnetic Tape Flexible Packaging
Plant i 5 2 3 4 6
Original Original Repeat Original Repeat Original Original Repeat Original Repeat
Test Test Test Test Test Test Test Test Test Test
Solvent type MEK toluene toluene THF/ THF/ THF/ hexane h tol / tol /
toluene® toluene® toluene/ IPAC IPAC
MEK/
MIBK/
cyclo-
ex-
anone
Adsorption mode length, 95° 150 200 64 65 47 120 90 470° 560°
min. R
SLA flow rate, Nm¥sec 5.4 4.3 3.7 4.6 4.5 9.4¢ 8.3 10.7 15.8¢ 16.0¢
(scfm) (11,400) (9,100) (7,800) (9.800) (9,500) (19,800) (17,700) (22,600) (33,400) (33,900)
Average inlet solvent con- 2,190 1,940 896 1,470 1,140 3,220 1,260°¢ 940¢ 904 847
centration, ppmv
VOC control efficiency, % 84.9 97.6 80.5 99.7 95.2 94.7 99.0¢ 46.7¢f 97.5 97.9
Desorption mode length, 55 50 40 32 32 35 25 25 30 30
min
St]e(amlre(lc}(’)\]'}e;red solvent, 20(20) 82(8.2) 15(15) 52(5.2) 6.5(6.5) 6.0(6.0) 4.6(4.6) 11(11) 1.0(1.0) 0.8(0.8)
g (Ib/Ib)
Cari/:n age, years 04 5.0 6.5 2.0 3.8 0.4 3.0 4.5 0.2 1.6
Cost Information (1983 dollars)
Total capital, $10° 622 267 650 1,800 1,334 2,685
Relative caapitnl cost,
$10¥Nm¥sec ($/scfm) 110(56) 51 (24) 108 (51) 173 (82) 129 (61) 72 (34)
Total annualized cost, $10° 262 125 325 1,430 494 839
Relative annualized cost, $/kg
recovered solvent ($/1b) 0.53 0.19 0.61 0.66 0.51 0.28
(0.24) (0.09) (0.28) (0.30) (0.23) (0.13)

@ Original THFtoluene percentages were 50/50; repeat test percentages were 75/25.
L Crcle timing controlled by exhaust gas (breaktt th) hyd h )}

¢ Flow rate measured when 4 of the 6 beds were in ;,rvicze (2 beds were on permanent standby).

¢ Process Train 1 conditions (total system capacity was twice that of Process Train 1).
M made at inlet/c outlet.

1 Removal efficiency is low due to steam valve leakage (99 percent efficiency was measured after repair of the valves).

18 February, 1985

Environmental Progress (Vol. 4, No. 1)



system is also a prime contributor to poor performance.

Measurements of system performance and carbon prop-
erties indicate that the useful carbon life may be as short as
a few months to as long as several years. Also, there are no
known procedures to accurately predict useful carbon life.
Currently used test methods, such as the CCl, activity test,
do not appear to provide the data needed to measure ad-
sorption capacity for used (degraded) carbons. Therefore,
it is recommended that new test methods be developed to
measure adsorption capacity (and other carbon properties
such as retentivity and fouling) of used carbons, and that
procedures be developed to use that data for estimating
carbon life. Additional carbon life tests may include gas-
phase testing of the SLA stream to determine the presence
of possible contaminants which can foul the carbon bed.
Measured levels of contaminants could possibly be related
to useful carbon lives.

As part of the testing, an investigation of the mechanisms
for carbon degradation is needed. Most degradation is be-
lieved to be caused by one or more of the foﬁowing mecha-
nisms: 1) adsorption or physical blockage of the micropore
structure by contaminants, 2) obstruction of adsorption
sites by by-products of organic polymerizations or reac-
tions on the carbon surface, or 3) chemical reaction
involving the carbon surface leading to a reduction in the
availability of active sites. Information in the literature on
these mechanisms is limited.

Also, methods to extend the useful carbon life should be
investigated. In some applications, carbon life is accepta-
ble under current conditions; however, in situations
where carbon life is very short (i.e., less than one year), the
extension of acceptable carbon performance through in-
stallation of a carbon bed protection device can be cost ef-
fective. Selection of an appropriate carbon bed protection
device will be determinedpin E\rge part by the mechanisms
by which the bed becomes deactivated. Current methods
for extending carbon life include pretreatment of the SLA
stream with a fabric filter, a sacrificial guard bed, or a wet
scrubber.
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Environmental Protection Agency’s Risk

Management Policy

A much needed clarification of the risk assessment and risk management pro-
cedures of the U.S. Environmental Protection Agency (EPA).

David R. Patrick, U.S. Environmental Protection Agency, Research Triangle Park, NC 27711

The principal authority under the Clean Air Act (CAA) for
control of toxic air pollutants is section 112, entitled Na-
tional Emission Standards for Hazardous Air Pollutants.
Section 112 defines “hazardous pollutant” as an “air
pollutant to which no ambient air quality standard is appli-
cable and which in the judgment of the Administrator
causes, or contributes to, air pollution which may reasona-
bly be anticipated to resultin an increase in mortality or an
increase in serious irreversible, or incapactitating reversi-
ble, illness.” The Act provides that regulations under sec-
tion 112 be established at a level to protect the public
health with an “ample margin of safety.”

To date, seven po lutantsiave been listed as hazardous
under section 112. However, regulations that have been
promulgated or proposed for these seven differ to some ex-
tent both in basis and in final level of control. This has re-
sulted in part because of difficulty in interpreting the
Clean Air Act. For example, what is an “ample margin of
safety” for a pollutant, such as a carcinogen, witgh no
Froven threshold of effect? These differences also result

rom a number of hasic scientific uncertainties, including

defining the real extent of the air toxics problem and es-
tablishing toxicity to humans based on mathematical ex-
trapolation from high-dose animal tests or occupational ex-
posure to low-dose public exposure at ambient concen-
trations.

For several years, EPA had focused on technology solu-
tions to these problems. In fact, that was the basis for pro-
posed benzene regulations [1] in 1980 and 1981 and pro-
Eosed arsenic regulations [2] last year. In those cases, the

asis for control was best available technology, or BAT,
with additional control applied if the risk remaining after
application of BAT was judged to be unreasonable.

By BAT, EPA meant the best control available, consider-
ing economic, energy, and environmental impacts. BAT
could be different for new and existing sources within a
source category and could be equal to or more stringent
than the best technology defined for New Source Per-
formance Standards under section 111.

In that approach, the use of risk numbers generally was
confined to areas of broad comparisons, e.g., in selecting
source categories to evaluate and in assessing the incre-
mental change in risk that results from application of
various control options. The use of the absolute value of
the risk numbers was avoided because of the many
uncertainties.

There were legitimate concerns with this approach, par-
ticularly in the limited use of risk assessment for a health
based statute and the use of technology and cost, which are
not mentioned in section 112, as key factors in decision-
making. While these concerns were being deliberated last
summer, Administrator Ruckelshaus spoke before the Na-
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tional Academy of Sciences (NAS) [3]and issued a call fora
more rational system for assessing and managing risks to
the American public. He stated, amonﬁaother things, that
risk assessment should be improved, that risks should be
weighed against the benefits of continued use and the risk
of substitutes and environmental transfer, and that the
public should be involved in the process to a greater ex-
tent. Risk assessment is defined as the scientific process
where factual information on toxicology and exposure is
used to estimate the health effects of exposure of individu-
als and populations to hazardous materials or situations.
Risk management is the more judgmental process of
weighing policy alternatives and selecting the most appro-
priate regulatory action, integrating the results of risk as-
sessment with engineering data and with social, eco-
nomic, and political concerns to reach a decision.

Risk Assessment

EPA’s approach to risk assessment for suspected carcin-
ogens may be divided into several steps. The first is a
qualitative evaluation of the evidence to determine
whether a substance should be considered a human car-
cinogen for regulatory purposes. The next stage is quanti-
tative: how large is the risk of cancer at various levels of
exposure? The result of this examination is a dose-
response function which gives the lifetime risk per unit of
exposure (or “potency”). The next stage is to estimate how
many people are exposed to the substance, and at what lev-
els. These exposure estimates thenare combined with the
dose-response function to obtain estimates of the public
health risk caused by emissions of the pollutant into the
environment.

All stages of the process are subject to uncertainties be-
cause of gaps in scientific knowledge and data limitations.
One step that has great uncertainty is estimating the dose-
response function. The fundamental problem is in
extrapolating from data on the relatively high doses in the
epidemiological or animal toxicological studies, to the far
lower exposure levels found in the environment. In other
words, it is necessary to extrapolate to doses often a thou-
sand or more times lower than those at which increased
cancer rates have been observed.

Scientists have proposed many different mathematical
models for high dose to low dose extrapolation. EPA has
in the past generally relied on the linear, non-threshold
model. This model, also called the “one-hit model,” rests
on tlllle assumption that cancer is initiated by a single hiton
a cell.

Therefore, risk is proportional to dose. This model tends
to predict the most conservative risk estimates at low
doses; in fact, most other models predict much smaller
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risks at low doses. More recently, EPA has adopted the
multi-stage model which has a linear component at low
doses [4]. This model assumes that cancer is caused by a
series of mutational steps,.whose occurrence rest both on
dose and potency. This model also results in a conserva-
tive estimate. Most scientists accept these models as giv-
ing plausible upper limit estimates for a chemical’s po-
tency at low levels of exposure. In other words, the
potency of a substance is unlikely to be higher that esti-
mated using the linear model, but could be substantially
lower. Use of the linear non-threshold model reflects
EPA’s decision to err on the side of caution in the face of
uncertainties. The final result of the linearized extrapola-
tion is a “unit-risk factor,” which gives the estimated up-
per limit lifetime risk per unit of exposure.

Exposure levels for each specific source category nor-
mally are derived using emissions estimates, dispersion
modeling, and population data. For any given level of
emissions, dispersion models can predict concentrations
at different distances from the emission source. By
combining these estimated concentrations with census
data, the number of people exposed at different levels can
be estimated. These models can vary in complexity de-
pending upon the desired accuracy of the results. While
exposure assessment focuses primarily on the media of di-
rect concern to the analysis, all important routes of expo-
sure will be evaluated and included.

The final public health risk estimates are the product of
the exposure levels and the estimated unit-risk factor. Two
summary measures are of particular interest: “maximum
individual risk” and “total population impact.” The former
refers to the estimated increased lifetime risk from a
source that is faced by the individual exposed to the pre-
dicted highest annual average concentration of the
Eollutant. Lifetime individual risk is expressed as a proba-

ility, e.g., one chance in ten thousand of getting cancer in
the person’s lifetime. For comparison, the average lifetime
risk of contracting cancer for all causes in the United States
is currently about 1 in 4. Estimates of maximum individual
risk must lze interpreted cautiously since very few people
reside at the points of maximum concentration.

The second measure, “total population impact,” takes
account of people exposed at all concentrations, low as
well as high. It is expressed in terms of estimated annual
number of cancer cases, and provides a rough measure of
the overall impact on public health. A total population im-
pact of 0.05 per year, for example, means that the modeling
predicts that emissions of the specific pollutant from the
source category will cause one case of cancer every 20
years.

" The two estimates taken together provide a better de-
scription of the magnitude and distribution of risk in a

community than either number taken alone. “Maximum
individual risk” tells us the worst risk, but not how many
people are at risk. “Total population impact” describes the
overall health impact on the entire exposed population,
but not whether there are people at very high risk. Two
chemicals or regulations could have similar population im-
pacts, but very different maximum individual risks, or vice
versa. Consequently, any sensible “risk management”
system cannot rely on either measure alone; both are
important. :

Risk Management

Given the linear non-threshold assumption regarding
risks from non-threshold pollutants at low doses, tﬁe only
absolutely risk-free approach to setting standards for these
pollutants would be to reduce exposures to zero. However,
this would require extensive plant closure and we do not
believe that Congress intended section 112 standards to
cause that type of widespread disruption to the national
economy. Thus, EPA has sought to establish an approach
to risk management that allows for an appropriate control
of emissions of hazardous air pollutants without an auto-
matic closing of all sources ofp the pollutant.

The risk management approach that EPA has adopted
for section 112 pollutants is as follows:

1. The agency should evaluate all source categories of the
pollutant to determine which categories cause
significant public health risks.

2. The source categories that are judged to cause
significant risk are then evaluated. EPA examines the
various options available to reduce emissions from
these sources, including controls similar to those
imposed under section 111 of the Clean Air Act (New
Source Performance Standards) and closing the plant.
Options are examined in terms of control efficiency,
technical feasibility, and costs and reductions in risk
that they achieve.

Using this risk management approach, regulatory deci-

sions for arsenic and benzene as hazardous air pollutants

under section 112 have been proposed or announced as in-
tended. Important risk management information for these

pollutants is summarized in Tables 1 and 2.

Summary

In summary, EPA has recently begun to articulate more
clearly its position on risk assessment and risk manage-
ment for toxic air pollutants. To this end, final decisions
have been announced on benzene regulations and should
be announced soon on radionuclides and arsenic. In addi-
tion, EPA has committed to decisions on whether or not to

TABLE 1. ARSENIC (PROPOSED JULY 20, 1983)

Maximum Lifetime Risk

Aggregate Risk

Total After

Source No. of Emissions Best
Category Plants (Mt/yr)  Current Control
Copper smelters

High arsenic 1 282 9x10* 23 x10*

Low arsenic 14 738 1.7 x 10" 04 x 1072
Glass manufacturing 15 37 25 x10™* 4 x 10
Primary lead 5 43 1x 10 1x10*
Secondary lead 40 55 9x10* 9x10*
Zinc oxide 2 5 7x10*  7x10*
Cotton gins 320(?) 2 7x107%  7x10°°
Primary zinc 5 0.3 6x10°® 6x10°
Chemical 8 0.04 2x107*  2x10*

* R - Proposed.

N - Proposed not to regulate.

Environmental Progress (Vol. 4, No. 1)

(Cases/yr)
After Price
Best Capital  Annualized Increases
Current Control Cost 10% Cost 10°¢ % Status*
44 0.85 35 1.5 0.5 -0.8 R
04 0.16 35.3 95 0.1 44 R
0.29 0.05 274 49 0.04-3.1 R
0.03 0.03 —_ — N
14 14 — N
0.006 0.006 — — N
P P — — N
0.002 0.002 — — N
0.003  0.003 — - N
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TABLE 2. BENZENE (EARLY 1984 ESTIMATES)

Aggregate Risk

Maximum Lifetime Risk (Caseslyr)
Total After After
Source No. of Emissions Best Best Capital Annualized
Category Plants _(Mt./yr) Current Control Current Control Cost 10°$ Cost 10°$  Status*
Fugitives 229 7900 2 x 1072 5x10* 045 0.14 5.5 04 R
(Chem & Refining)

Coke By-product 55 29000 8 x 107 4x10* 26 0.23 30.9 (1.3) R
Maleic Anhydride 3 960 8 x 10-3 5x10"° 003 0.02 6.4 2.8 N
Ethylbenzene Styrene 13 210 1x10™* 9x10° 0.006 0.0006 2.7 1.0 N
Storage 126 620 4x10° 23x10° 0.04 0.03 73 1.3 U
Linear Alkylbenzene 5 260 1x10™ 7 x 10" 0.025 0.004 1.6 0.6 U
Nitrobenzene 5 240 2 x 107 2x10°* 0.014 0.001 0.1 0.03 U
Chlorobenzene 4 110 1x10™* 6 x10° 0.017  0.0001 1.1 04 U
Ethylene 34 480 1x10°¢ 3x 10 0.003 0.0002 13.3 42 U

* R - Intend to regulate.
N - Proposed not to regulate.
uU- Uns:cided.

regulate 20-25 additional substances by the end of 1985
[5?. Those decisions will rely substantially on risk
assessment.

The risk assessment/risk management process that is be-
ing used is not a Rosetta Stone with which we can com-
pletely decipher the problem of toxic air pollutants. We
just are not knowledgeable enough yet to resolve many of
the scientific and technical questions. It is, however, a
framework for rational and responsible decision-making
that allows the Administrator of EPA to make decisions ap-
pr}(l)plriate to the needs of the public and the nation as a
whole.
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Air and Radiation, and his responsibilities include
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sessment of candidate air toxics, and recommenda-
tion for regulatory actions. He is a registered Pro-
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Anaerobic Treatment of Concentrated

Industrial Wastewater

Anaerobic digestion with the production of methane appears to be a possible
treatment for industrial landfill leachate. Actual test results.

Patricia Corbo and R. C. Ahlert, Rutgers University, Piscataway, N.]. 08854

Groundwater and surface water contamination can be due,
in part, to infiltration of leachate from sanitary and indus-
trial landfills. Typically, leachate contains a great diver-
sity of organic and inorganic compounds; thus, an effi-
cient treatment scheme must involve several process
steps. A number of renovation techniques have been ex-
plored, including physical/chemical treatment and biolog-
ical treatment. Biological treatment has been found to be
applicable to leachate from recently constructed sanitary
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landfills [1]. These “new” leachates contain volatile acids
and alcohols that are easily degraded microbiologically.
Physical/chemical methods are best applied to biologi-
cally stabilized leachates. The application of biological
treatment to industrial landfill leachate has not been con-
sidered until recently.

Biological treatment is considered to be the most cost-ef-
fective method for the reclamation of wastewater contami-
nated with organic materials. Often, it has the second ad-
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vantage of complete assimilation of organic compounds
and their removal from the environment. Incineration is
the only alternative method that can accomplish this same
end. Anaerobic treatment is particularly suited to the
leachate used in this study because the major conta-
minants are precursors to anaerobic methane formation.
These contaminants, short-chain, volatile fatty acids and
alcohols, are most likely the products of the degradation of
organic compounds in the landfill itself, and can be ex-
pected to be present in other industrial landfill residuals
as well.

Microbial degradation that results in the formation of
methane from soluble organics is carried out by three gen-
eral groups of bacteria [2]. Hydrogen-producing bacteria
hydrolyze, oxidize, and ferment complex organics to short-
cgain, volatile fatty acids, alcohols, and other neutral prod-
ucts. A second group, non-fermentative obligate proton re-
ducers, oxidize volatile fatty acids greater than two carbon
atoms and alcohols greater than one carbon atom in chain
len%:h to acetate and carbon dioxide. Methanogens form
methane from acetate or hydrogen and carbon dioxide. At
this point, the wastewater is considered stabilized.

Methane is formed from Reactions 1 and 2 listed in
Table 1. Approximately 70% of the methane is formed from
acetate, i.e., Reaction 2. If a wastewater contains sulfate or
nitrate, competition for hydrogen occurs, leading to inhibi-
tion of methane production until the sulfate or nitrate is de-
pleted. Sulfate reducing bacteria compete for acetate, also,
and have growth rates on acetate and hydrogen that are
slightly higher than the methanogens [5, 6]. The competi-
tion for hydrogen and acetate can%ae explained by the free
energy values for the Reactions listed in Table 1. The ther-
modynamic feasibility of methane formation from acetate
or hydrogen and carbon dioxide is less than for the sulfate
reductions (AG is less negative); the sulfate reduction is
less feasible than the nitrate reduction.

It is generally accepted that the methanogens obtain
metabolic energy from the production of methane, al-
though the mechanism is not completely understood.
Methanoﬁens have also been considered to be sensitive to
certain chemicals, ions, and metals that are commonly
found in leachates. However, recent studies have found
methanogens to be tolerant of many such substances,
when an adaptation period is allowe(( [71.

LEACHATE DESCRIPTION

The leachate used in this study originates from an indus-
trial landfill and is supplied by the USEPA. Significant
characteristics are summarized in Table 2. A high dis-
solved organic carbon (DOC) content is observed; acetic,
propionic, and butyric acids account for approximately
40% of the organic solutes. High sulfate ion concentrations
result from the pretreatment process employed to remove
suspended matter and heavy metals that are inhibitory to
biological processes. Pretreatment consists of lime coagu-
lation followed by recarbonation and acidification with
sulfuric acid.

The carbon-to-nitrogen ratio found in the leachate,
100:10, is acceptable for biological growth; the ty]iical re-
quirement is 100:6. However, the phosphorous level is
low; phosphorous in the form of phosphate must be added.
Sodium and calcium levels are Eigh, but do not appear to
cause toxicity.

CULTURE DEVELOPMENT

An anaerobic culture seed was obtained from the
Berkeley Heights, N.J., sewage treatment plant and two
cultures were developed. Two-liter reactors are mounted
on magnetic stirrers. Water at 37°C is passed through a cop-
per coil immersed in each reactor. Gas is collected over 1N
sulfuric acid solution.
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TABLE 1
Reaction AG® K]J/Reaction*
1. H* + HCO; + 4H, — 3H;0 + CH, -135.9
2. CH;COO- + H,0 —» HCO;5 + CH, -31.0
3.804 + H* + 4H, —» HS™ + 4H,0 -151.9
4. SOy~ + CH,COO~ — 2HCO; + HS™ =717
5.NO;s + H; -» NO; + H;0 —-163.2
6. 2NO;” + 2H* + 3H; — 2N, + 4H.0 —794.1

*AG" is the free energy evolved at standard conditions, 1 atm,
25°C and adjusted for the biological pH of 7. Calculated hy
Thauer, Ref. [4].

TABLE 2. LEACHATE CHARACTERISTICS

Parameter Concentration, kg/m*
COD 43.0
DOC 16.0

TKN 1.60
NH,-N 112
Phosphorous 0.014
Acetic Acid 7.43
Propionic Acid 1.36
Butyric Acid 4.56
Dissolved Residue 17.0
Sulfate 3.4
Sulfide Not Detected
Nitrate 0.011
Nitrite 0.002
Na*, Ca** 1.70-17.0

The initial culture (leachate culture) was adapted to a
medium containing 50% leachate, 0.002 kg/m® yeast ex-
tract and 0.0016 kg/m® KH;PO,. This medium is added ata
volume of 0.05 liter, every third day, to 1.5 liters of culture.
Culture pH is about 7.4 and the gas composition is 80%
methane, 18% carbon dioxide, and trace amounts of hydro-
gen sulfide. Hydrogen sulfide is also present in the reac-
tor at about 0.10 kg/m®. This culture has been maintained
in the laboratory for nine months.

Because three components of the leachate constitute a
large portion of the DOC and because these compounds
are key intermediates in anaerobic digestion, it was
deemed desirable to study the organisms that utilize these
compounds. To accomplish this, a culture was selected for
acetate-, propionate- and butyrate-utilizing organisms
(VFA culture). A medium of acetic acid, 0.017 kg/m?; propi-
onic acid, 0.003 kg/m?; butyric acid, 0.01 kg/m® NH,HCO;,
0.078 kg/m®;, KH,PO,, 0.0009 kg/m® and yeast extract,
0.002 l;g/m“ is added at 0.05 liter, every second day. The
ratio of acids in this artificial leachate is similar to that
found in the prototype leachate. This culture has been
maintained in the laboratory for nine months. Gas compo-
sition is 71% methane and 29% carbon dioxide; culture pH
is 7.3.

TOXICITY EXPERIMENT

The objective of this investigation is to compare the
rates of utilization of acetate, propionate, and butyrate in
leachate, containing possible toxicants, to a control using
artificial leachate, with no toxicants. The experiment is
performed using the culture selected for the volatile fatty
acids (VFA culture) and the method developed by Miller
for the cultivation of anaerobes [8].

A volume of 0.05 liter of culture is transferred to 0.1-liter
serum bottles that are filled with a gas composition of 70%
nitrogen and 30% carbon dioxide, capped with rubber
stoppers and aluminum seals. Full strength leachate, 0.005
liter, with appropriate amounts of yeast extract and phos-
phorous, is injected into duplicate flasks. This corre-
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sponds to approximately a one-tenth dilution of leachate,
six times hi% er than the dilution to which the leachate-
digesting culture is adapted.

Gas volume is measured using a water-lubricated, cali-
brated glass syringe. Samples are taken twice daily and fro-
zen for later analysis. Duplicate control flasks are dosed
with an artificial medium composed of acetic, propionic,
and butyric acids as found in the prototype leachate, with
appropriate amounts of nitrogen, phosphorous, and yeast
extract.

LEACHATE BATCH EXPERIMENTS

The objective of these experiments is to evaluate
leachate dissolved organic carbon (DOC) removal and
breakdown, or the appearance of specific compounds, to
assess rate limiting kinetics.

Batch experiments using leachate are performed in du-
plicate 0.5 liter serum bottles capped with a rubber stop-
per containing a glass stopcock. A septum is held at the top
of the stopcock; a hypodermic needle is inserted to remove
samples and measure gas.

A medium containing (per liter) yeast extract, 0.002 kg,
0.02 liter of a 1 M phosphaté buffer adjusted to pH 7;
resazurin, 0.000001 kg; and 0.001 liter of a trace metal solu-
tion [9] is boiled to remove oxlygen and cooled under nitro-
gen. After cooling, 0.065 liter of leachate, 0.002 kg
NaHCOj3, 0.00025 kg cysteine hydrochloride and 0.00025
ki Na,S + 9H,0 are added and the pH is adjusted to 7.1.
The serum bottles, previously purged with nitrogen, are
filled to 0.35 liter and 0.05 liter of either leachate culture
or VFA culture are added as the innoculum.

ANALYTICAL METHODS

Volatile fatty acids and low molecular weight com-
pounds are assayed usinga Hewlett-Packard Model 5880A
Gas Chromatograph equipped with a flame ionization de-
tector. A three-foot, glass column (1/4 inch OD, 2 mm ID)
packed with Supelco Carbopack C/0.3% Carbowax
20M/0.1% H4PO, is used for separation of components.

Gas analysis is performed by gas chromatografhy usin
a thermal conductivity detector. A ten-foot, stainless steel,
1/8 inch OD column packed with Chromosorb 102 is used
for separations.

DOC measurements are performed using the ampoule
method and an Oceanography International Carbon
Analyzer.

RESULTS AND DISCUSSION
Toxicity Experiment

The effects of diluted (one-tenth) prototype leachate on
as production, compared to a control receiving artificial
eachate are shown in Figure 1. The control reactor pro-
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Figure 1. Gos production for control and test reactors during toxicity
experiment.
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duced a larger amount of gas; it received a higher dose of
volatile fatty acids than the test reactor. However, the rates
at which gas was produced were virtually the same, indi-
cating that inhibition of methanogens is not a factor.

Acetate, propionate, and butyrate levels are compared in
Figures 2-4. Butyrate and propionate removals show a
slight lag, about 20 hours, followed by a rapid decrease at
rates comparable to the controls. The propionate control
shows a lag or adaptation period of approximately 40
hours, possibly due to the relatively high concentration of
propionate (0.225 kg/m®); a typical level in the master cul-
ture is 0.100 kg/m® The rates of acetate removal are ap-
proximately the same, although the control shos a consist-
ently higher concentration.

Batch Experiment #1 with One-Twentieth Dilution and
Leachate Digesting Culture

Variations in the DOC of one of the duplicate reactors
during the experimental period are described in Figure 5.
The overall decrease from 1.097 kg/m? to 0.423 kg/m?® is
equivalent to 61% removal. The dip,in DOC from 50-100
hours, followed by an increase, may be due to non-
metabolic uptake and release of DOC, or rupture of cells
with release of cell contents.

The rate of methane production, Figure 6, is very slow
for the first 200 hours. This is most likely a result of
sulfate-reducing bacteria competing for hydrogen and ace-
tate. The extended lag period followed by rapid methane
production cannot be attributed to cell growth, since
methanogens are known for extremely slow growth. The
volume of methane in m® per kg of DOC removed is 1.22,
compared to typical reported values of 0.91-0.93 [3].

The fate of the volatile fatty acids is described in Figure
7. The concentrations of these compounds provide clues to
the degradation of leachate and rate-limiting steps. Ace-
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Figure 2. Acetate concentrations for control and test reactors during toxic-
ity experiment.
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Figure 3. Propionate concentrations for control and test reactors during
toxicity experiment.
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Figure 4. Butyrate concentrations for control and test reactors during tox-
icity experiment.

DOC, kg
[ ERRAEERRRE]

&
2

T
LI R R A

TIME, h
Figure 5. Dissolved organic carbon profile for Batch Experiment #1.
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Figure 6. Methane production during Batch Experiment #1.

tate levels increase, followed by decreases, as expected.
The formation of acetate is faster than the removal. Propio-
nate and butyrate both increase, vary, and then decrease.
This variability is indicative of the formation of propionate
and butyrate from longer chain compounds. The formation
of iso-butyrate is observed (not shown); separate experi-
ments suggest it results from the metabolism of butyrate.

Batch Experiment #2 with One-Twentieth Leachate Dilution and
VFA-Digesting Culture

The rate of methane formation during a batch experi-
ment with a culture not adapted to leachate is shown in
Figure 8. The rate is linear, with no inhibition observed, in
contrast to the results from the leachate-digesting culture.
The fate of the volatile fatty acids is described in Figure 9.
Acetate increases and decreases; the rate of removal is
slower than the rate of production. Propionate increases,
remains fairly constant, then decreases. The formation of
propionate may be the result of metabolism of other com-
pounds in the leachate. Iso-butyrate (not shown) increases
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Figure 9. Volatile fatty acid profiles for Batch Experiment #2.

slightly and remains steady at a very low concentration
(0.070 kg/m°®). Butyrate decreases raﬁidly after a short lag
period, in contrast to the results of the leachate-digesting
culture.

SUMMARY AND CONCLUSIONS

Anaerobic digestion with the production of methane ap-
ears to be a possible treatment for industrial landfill
eachate. The study of volatile fatty acids during batch ex-
periments has provided several insights into the degrada-
tion of organic solutes in this complex wastewater. A one-
tenth dilution of leachate led to a very slight lag period for
the removal of acetate, propionate, and butyrate, with an
unadapted culture of selected organisms. Leachate com-
Fone nts do not affect the bacterial culture adversely, at a
evel fairly high concentration. However, the build-up of
conservative or non-degradable compounds could affect
the bacteria in a continuous process.
Anoverall DOC reduction of 61% was observed during a
batch experiment using a leachate dilution of five per cent
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and a culture adapted to leachate. The build-up of butyrate
indicates a breakdown of other, larger organic species in
the leachate. This was not observed when a similar experi-
ment was performed using a culture selected for volatile
fatty acid degradation. Apparently, the organisms respon-
sible for the formation ofiutyrate from higher compounds
are not present in this culture.

Inhibition of methane occurs when the leachate adapted
culture is dosed with leachate, presumably because of sul-
fate reducers. This problem could be eliminated by
removing the sulfuric acid step from the pretreatment
scheme or selecting a culture from a seed that does not con-
tain sulfate reducers. The rate controlling step is probably
acetate removal, hence the formation of methane. This is
typical of anaerobic digestion systems [I1]. Current re-
search is using higher concentrations of leachate to study
the effects on the microbial population. The degradation of
other compounds in the leachate is being studied also.
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Fate of Contaminants During Treatment of
H-Coal Process Wastewaters

Details of a treatment train capable of significantly improving the quality of
H-Coal process wastewaters, reducing contaminant concentrations to low

levels.

Charles J. Drummond, Richard P. Noceti, Ronald D. Miller, Thomas J. Feeley, II1, and James A. Cook, U.S. Department
of Energy, Pittsburgh Energy Technology Center, Pittshurgh, Pa. 15236

The ultimate fate of the components present in the process
wastewaters produced by coal liquefaction and gasifica-
tion facilities is of interest to those developing effective
treatment strategies. Conversion processes generate
wastewaters containing relatively high concentrations of
phenol, ammonia, cyanide, and hydrogen sulfide, as well
as other organic and inorganic compounds [1]. These com-
ponents are not unique to coal conversion process

Reference in this report to any specific commercial product, process, or service is to
facilitate und ding and does not ily imply its end or favoring by
the United States Department of Energy.
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wastewaters and are also found in various combinations in
wastewaters of the petroleum, steel, and chemical process
industries, among others. The bulk of the contaminants
must be removed from the wastewater prior to reuse or dis-
charge to the environment.

This paper reports the results of a treatability study of
H-Coal liquefaction process wastewater. Previous investi-
gations have demonstrated the applicability of conven-
tional treatment technology in controlling the wastewater
from gasification and liquefaction pilot plants [2, 3, 4]. It
can be concluded from these earlier stu£es that no single
treatment operation is capable of reducing all of &e
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wastewater contaminants to acceptable levels. With this in
mind, a fully integrated treatment train and selected com-
ponent unit operations, maintained and operated at the
Pittsburgh Energy Technology Center, were employed to
evaluate the treatment of recycle process water from the
H-Coal Pilot Plant facility in Catlettsburg, Kentucky.
Treatment operations included dissolved-gas stripping,
solvent extraction, biochemical oxidation, activated-
carbon adsorption, and wet-air oxidation. The effluents
from the individual unit operations were analyzed for both
gross characteristics and specific compounds. The
specific compounds were determined in a more detailed
analysis that employed high performance liquid chroma-
tography, gas cEromatography, and atomic absorption
spectroscopy. To further elicit the fate of the contaminants,
acute bioassays were performed on the treated and
untreated effluents. The results of this study allow a de-
termination of the degree of treatment required to meet
plant-specific design criteria by comparison of water
quality requirements with the detailed analysis of the
wastewater after each step in the treatment train.

EXPERIMENTAL
Materials

The wastewater treated in this series of experiments was
obtained from the 1.8 x 10°kg/day (200 ton/day) H-Coal pi-
lot plant in Catlettshurg, Kentucky, during run Number 11.
Kentucky Number 9 coal was the feedstock to the pilot
plant during this run. The wastewater employed in tﬁese
studies is combined liquefaction sour water originating
from the separator and fractionation areas shown in Figure
1. The samples were collected under nitrogen from sample
point 401 in twelve, 200-liter polyethylene-lined drums
and shipped to the Pittsburgh Energy Technology Center.
The wastewater was transferred to 830-liter stainless steel
tanks and stored at 4°C under nitrogen until required for
the investigation. The gross characteristics of the
wastewater, as received, are reported in Table 1.

Operations and Equipment

The experimental wastewater treatment train employed
in this investi%ation is shown in Figure 2. The main treat-
ment train included 1) dissolved-gas stripping, 2) solvent
extraction, 3) biochemical oxidation, and 4) activated-
carbon adsorption. Alternative treatment configurations
were also investigated. These included wet-air oxidation
of the raw wastewater and biochemical oxidation of both
diluted and undiluted dissolved-gas-stripped wastewater.
The individual unit operations employeg in this study are
described below.

A 170-liter batch-stripping still equipped with a
3-meter, stainless steel, water-cooled reflux condenser
was used to strip ammonia from the wastewater. The still
was charged with raw sour water, heated to 90°C, and
sparged with nitrogen. This operation was conducted in
two steps. Free ammonia and hydrogen sulfide were re-

WASTE HEAT
RECOVERY

TO GAS PURIFICATION

FUEL OIL

LIGHT OIL
BOTTOMS
NAPHTHA

SOUR  FRACTIONATION
WATER
Figure 1. Schematic of the H-Coal Process.
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TABLE 1. H-CoAL COMBINED LIQUEFACTION SOUR WATER
AS RECEIVED

Values in mg/L
except pH
pH 9.0
Total Organic Carbon (TOC) 11,030
Chemical Oxygen Demand (COD) 51,900
Phenols (4-aminoantipyrine method) 9,150
Total Dissolved So]itf; (TDS) 5,000
Alkalinity 12,000
Chloride 180
Biochemical Oxygen Demand (BOD) 15,900
Total Ammonia 5,500
Free Ammonia 4,850
Sulfide 3,900

moved from the wastewater at the pH of the wastewater.
The stripping still was operated in tﬁis manner until no re-
maining sulfide species were detected. Lime [reagent-
grade Ca(OH),] was then added to the contents of the
stripping still to adjust the pH of the wastewater to be-
tween 10 and 11. Sparging with nitrogen at 90°C was then
resumed to remove fixed ammonia from the wastewater.
The dissolved-gas-stripping operation was continued at
the elevated pH until the ammonia concentration de-
creased to less than 200 mg/L.. After the stripping operation
was completed, suspended particles of lime were removed
by filtration through Whatman No. 3 filter paper. The
wastewater was then neutralized with sulfuric acid. The
noncondensed gases from the dissolved-gas-stripping op-
eration were passed through Calgon type BPL activated
carbon to remove hydrogen sulfide before they were
vented to the atmospi:ere.

Solvent "extraction of the dissolved-gas-stripped
wastewater was accomplished in a 36-stage, continuous,
counter-current, liquid-liquid extraction column manufac-
tured by the York Process Equipment Company (Model
No. XB-3-36). The column is 1.22 m (48 inches) high, with
an inside diameter of 7.6 cm (3 inches). It is constructed of
Pyrex glass and employs a series of agitators on a central
shaft, with horizontal annular baffles forming 36 stages.
The column was operated at a solvent-to-water ratio of g 10

H-COAL PROCESS
COMBINED LIQUEFACTION

SOUR WATER
S
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—
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LIME P
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EXTRACT REACTORS)
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Figure 2. Experimental t train,
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(by volume), with methyl isobutyl ketone as the dispersed
phase. A wastewater flow rate of 0.4 L/min was fed to the
column. Residual methyl isobutyl ketone was removed
from the raffinate by sparging with nitrogen at 40°C until
the methyl isobutyl ketone concentration was determined
by liqui(f, chromatograhy to be less than 100 mg/L.

All of the biochemical oxidation reactors contained an
acclimated, mixed culture originally obtained from the
biological treatment unit at the Clairton Coke Works of the
U.S. Steel Corporation. The bacteria are mainly of the ge-
nus Pseudomonas. Vessels used in the biochemical oxida-
tion kinetic model studies were 7-liter and 35-liter,
complete-mix, aerobic activated-sludge reactors that have
been described previously [2, 3]. These reactors were op-
erated over a ten-month period to allow acclimation of the
biomass, and data collection during steady-state perform-
ance. The 35-liter reactor was fed raffinate from the sol-
vent extraction column and was the subject of detailed
analysis. The 7-liter reactors were fed wastewater from the
effluent of the dissolved-gas-stripping still for compari-
son. One reactor was fed undiluted, stripped H-Coal pro-
cess wastewater, while two others were fed a solution con-
taining H-Coal process wastewater diluted with tap water.
Solutions of magnesium sulfate, ferric chloride, and a
phosphate buffer were added to all of the wastewater fed to
the biological reactors to provide the required nutrient
concentrations. The feed rate of the reactors was
controlled by precision positive-displacement pumps.
The feed solutions were stored in stainless steel tanks at
4°C to minimize biological activity prior to introduction to
the reactor. The aeration chambers were maintained at
room temperature (approximately 24°C).

A continuous activated-carbon-adsorption column was
operated as the final step of the treatment process.
Effluent from the 35-liter biochemical oxidation reactor
was allowed to flow through a sand bed, then through an
acrylic column, with an inside diameter of 1.9 cm and abed
height of 0.78 m, that was charged with 100 g of Calgon
Filtrasorb-400 granular activated carbon.

A4-liter sample of untreated H-Coal process wastewater
was provided to Zimpro, Inc., for laboratory wet-air oxida-
tion tests. All oxidation experiments were performed in ti-
tanium laboratory autoclaves at temperatures of 250°C,
275°C, 300°C, and 320°C. The autoclaves were charged
with 100 mL of raw wastewater and with air that supplied
120 percent of the oxygen equivalent of the sample chemi-
cal oxygen demand (COD). The charged autoclaves were
then placed in a shaker mechanism, heated to the desired
oxidation temperature, and held for one hour. Immedi-
ately after oxidation, the autoclaves were quenched with
tap water. The characteristics of the wet-air oxidized
wastewater, as determined by Zimpro, Inc., are given in
Table 2. The results of additional characterization re-
ported in this paper are for the sample oxidized at 275°C.

Bioassays

Short-term (acute) bioassays were employed using the
fresh water invértebrate Daphnia Magna to determine me-
dian effective-concentration (48-h EC;) values for the
treated and untreated H-Coal process wastewaters. All
tests were performed according to Standard Methods [5]
and U.S. Environmental Protection Agency [6] procedures
for acute assays, and were conducted in an environ-
mentally controlled laboratory at 20 + 0.5°C. Natural con-
ditions were simulated via a 12-h light/dark lighting re-
gime. Serial test dilutions were prepared for the untreated
and treated wastewater on a volume percent basis with
spring water. The spring water had a pH of 8.1; total alka-
linity of 210 mg/L (as CaCO;); and total hardness of 230
mg/L (as CaCOs). Tests were started by inoculating ten
neonate D. magna (less than 24-h old) in covered, 250-mL
glass beakers containing replicate 100-mL volumes of
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TABLE 2. WET-AIR OXIDATION OF H-COAL PROCESS

WASTEWATER
Oxidation Temperature, °C 250 275 300 320
Time at Temperature, min 60 60 60 60

8200 5300 4800 3300
2210 1990 1560 1380

Chemical Oxygen Demand,mg/L
Total Organic Carbon, mg/L

Total Kjeldahl Nitrogen, mg/L 4730 4650 4760 4760
Ammonia (reported as N), mg/L 4060 4450 4360 4350
Soluble Chloride, mg/L 125 124 138 118
Biochemical Oxygen Demand, mg/L. 3530 3350 3110 2330
Total Sulfur, mg/L 4760 4880 4970 4960
Sulfate Sulfur, mg/L 4970 4980 4970 4970
pH 27 30 30 37

NOTE: Oxidation and analysis performed by Zimpro, Inc., Rothschild, Wisconsin.

each test dilution. A control beaker of spring water was
also inoculated with an equal number of organisms and in-
cluded with each test run.

Acute toxicity values and 95 percent confidence limits
were determined for the wastewater samples using a com-
puter program based on the Litchfield-Wilcoxon log-
probit method. For the purpose of our study, the 48-h EC;,
was defined as the percent concentration of wastewater
that affects half of the test population over a two-day test
period. Immobilization of the test organism was used as
the bioassay endpoint.

Anclytical Methods

The general characteristics of the wastewater—phenols
(by the 4-aminoantipyrine method), cyanide, thiocyanate,
total carbon, total inorganic carbon, total organic carbon,
chemical oxygen demand, chloride, total ammonia,
sulfide, and biochemical oxygen demand—were deter-
mined by the Analytical Chemistry Branch at the
Pittshurgh Energy Technology Center using Standard
Methods [5].

The organic components of the wastewater, the sludges
formed, and the extract from solvent extraction were deter-
mined either by high-performance liquid chromato-
graphic analyses or gas chromato%lraphic analyses. High-
performance liquid chromatographic analyses (LC) were
carried out on a Hewlett-Packard model 1084B chromato-
graph. A Regis Hichrom C-18 reverse-phase column
packed with 5 um Spherisorb §5 0DS-II, which was pro-
tected by a Brownlee MPLC cartridge-type guard column
with similar packing, was used for all LC analyses. Sol-
vents were a pH 4 phosphate buffer prepared with J. T.
Baker HPLC-grade water, and J. T. Baker HPLC-grade
acetonitrile. Flow was 1.00 mL/min at a column tempera-
ture of 50°C, with detection at 220 nm and 273 nm, respec-
tively, on duplicate sequential runs.

Gas chromatographic analyses (GC) were completed on
a Hewlett-Packard model 5840A chromatograph equipped
with a flame ionization detector and fitted with an Alpine
West 30-m X 0.20-mm silica capillary coated with a 0.1-um
film of Superox 20M. Operating conditions, retention in-
dices, and behavior of monohydric phenols on the Superox
column are described in detail in the literature [7].

Liquid chromatographic analyses were carried out with
external standards; GC analyses used p-tert-amylphenol
as an internal standard. Before injection, samples for LC
analysis were filtered through Acrodisc-CR disposable
syringe filters with a 0.45-um pore diameter. Gas
chromatographic analysis was preceded by continuous ex-
traction of a 10-mL aqueous sample with Baker Resi-
Analyzed methylene chloride in Lab Glass microextrac-
tors. Volume adjustment of the extract to 5mLresulted ina
twofold increase in unknown concentrations in the extract.
The extracts were dried before injection by passingdown a
short, disposable column packed with sintered anhydrous
sodium sulfate.
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Elemental analyses were conducted by two laborato-
ries. Certain elements (magnesium, iron, cadmium, cop-
per, and lead) were determined by the Analytical Chemis-
try Branch at the Pittsburgh Energy Technology Center
using atomic absorption spectroscopy. Silicon, fluoride,
and the remainder of the metals were determined by
Huffman Laboratories, Wheatridge, Colorado.

RESULTS AND DISCUSSION

Discussion of results obtained during this investigation
is divided into four sections: 1) the general characteristics
of the wastewater, 2) the specific organic species
identified, 3) the elements chosen for analysis, and 4) the
aquatic toxicity of the wastewater.

General Characteristics

The general characteristics of the H-Coal process
wastewater at each step in the treatment train are given in
Table 3. This table includes values for specific
contaminants, such as cyanide, thiocyanate, chloride, am-
monia, and sulfide. It also includes parameters that en-
compass a wide range of contaminants in a single measure-
ment, such as phenols determined by the
4-aminoantipyrine method (4-AAP Phenols), total organic
carbon (TOC), chemical oxygen demand (COD), and bio-
chemical oxygen demand (BOD).

Wet-air oxidation, at 275°C for 60 minutes, is seen to be
capable of practically 90 percent reduction of the COD.
The sulfide present in the wastewater is completely oxi-
dized to sulfate, while approximately 77 percent of the
TOC is removed from the wastewater. Wet-air oxidized
wastewater would require further treatment to remove the
remaining contaminants. Because of the small volume of
wastewater oxidized by Zimpro, Inc., further treatability
testing was not possible. The remaining BOD of 3350
mg/L suggests that the effluent from the wet-air oxidation
of H-Coal process wastewater could be amenable to bio-
chemical oxidation. This is in agreement with liquid
chromatographic analysis of this sample, which shows the
presence of a complex mixture of carboxylic acids.

The other columns in Table 3 describe the results of a
sequence of treatment operations forming an integrated
treatment process. Except for wet-air oxidation, the char-
acteristics of the effluent from one treatment operation
describe the influent to the successive treatment opera-
tion.

The untreated H-Coal process wastewater was first sub-
jected to dissolved-gas stripping. In the free leg of this
stripping process, most of the free ammonia and greater

than 99 percent of the sulfide are removed at a pH of 9 or
less. Approximately 97 percent of the inor%anic carbon,
mostly carbonates, is also removed. Most of the cyanide
present in this wastewater is removed in this step, leaving
0.02 mg/L of cyanide in the wastewater.

Lime is added to the wastewater to allow further re-
moval of ammonia by shifting the equilibrium between
un-ionized and ionized ammonia. The dissolved-gas
stripping operation was continued until 200 mg/L of am-
monia remained in the wastewater, removing 96 percent of
the ammonia in the untreated H-Coal process wastewater.
Approximately 8 percent of the 4-AAP phenols were also
stripped from the wastewater, potentially contaminating
systems employed to recover sulfide and ammonia in a
commercial-scale facility.

After dissolved-gas stripping, the wastewater was sent to
a solvent extraction column. Contact with methyl isobutyl
ketone in the extraction column removed the bulk of the
4-AAP phenols, leaving 40 mg/L requiring further pro-
cessin%. Approximately 93 percent of the TOC and 92 per-
cent of the COD were also removed in this step. The or-
ganic compounds extracted by the methyl isobutyl ketone
are primarily. biodegradable. A BOD of 950 mg/L re-
mained after solvent extraction.

After removal of residual solvent, the wastewater was
subjected to biochemical oxidation. The 4-AAP phenols
were removed to levels below the limit of detection, and
essentially all of the BOD was removed from the
wastewater. Biochemical oxidation removed 71 percent of
the TOC and 75 percent of the COD. Effluent from the
biochemical oxidation reactor could be considered for
reuse in a facility in certain applications.

Biochemical oxidation effluent was subjected to
activated-carbon adsorption as the last step in the treat-
ment process. It is expected that the quality of water ob-
tained from the activated-carbon column would be suita-
ble for either reuse in the facility or discharge to the
environment. This combination of wastewater treatment
operations is capable of producing water with very low
concentrations of 4-AAP phenols, TOC, COD, and BOD.

Orgonic Species

The distribution of organic compounds throughout the
treatment train is of primary interest in this study. The con-
centrations of the organic compounds measured are given
in Table 4. Attention was directed towards phenolic com-
pounds, since liquid chromatographic determination of
twelve specific phenols accounted for greater than 98 per-
cent of tﬁe total organic carbon. It should be noted that the
concentration of p%xenols determined by the 4-aminoanti-

TABLE 3. CHARACTERIZATION OF H-COAL PROCESS WASTEWATER DURING TREATMENT

Dissolved-Gas Solvent

Wet-Air Stripping Ezth‘:cﬁon Activated-Carbon Column Effluent
Untreated Oxidation Free-Leg  Fixed-Leg*  Stripped of  Biochemical Bed Volume®
H-Coal at 275°C (pH as (with lime) Residual Oxidation 2.61- 6.68- 11.18- 18.92- 26.34- 30.32-
Wastewater  (Zimpro, Inc.)  received) addition) Solvent Effluent 645 11.18- 16.35 25.65 29.93 37.04
4-AAP Phenols 9150 — 8560 8390 40 =1 021 =1 0.03 =1 0.02 =1
Cvanide 0.12 - 0.02 0.02 0.02 0.01 — — - 0.02 — 0.02
Thiocyanate 15 — 10 =5 <5 <5 = <5 - =5 - =5
Total Carhon 11400 2560 10400 9700 740 240 — 45 —_ 45 - 50
Total Inorganic 370 5 10 5 15 30 - 40 - 35 - 30
Carbon
Total Organic 11030 2555 10390 9695 725 210 - 5 - 10 - 20
rhon
Chemical Oxygen 51900 5300 34600 27000 2220 550 — 15 — — —_ =10
Deman
Chloride 180 125 80 150 90 90 — 90 — 110 - 100
Total Ammonia 5500 4450 1000 200 160 110 — 100 — 120 - 140
Sulfide 3900 — =10 s10 <10 =10 - s10 - =10 - =10
Biochemical 15900 3350 — - 950 5 - — — 5 - 10
Oxygen Demand
NOTE: All concentrations given in mg/L.
* Values given are for the wastewater after removal of lime sludge and adjustment to pH = 7.0.
® One Bed Volume is defined as the total volume of the column ied by the activated-carbon bed (221.2 cm?).
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TABLE 4. SPECIFIC ORGANIC COMPOUND ANALYSIS OF H-COAL PROCESS WASTEWATER DURING TREATMENT

Dissolved-Gas Solvent Extraction
Wet-Air Stripping Raffinate
Untreated Oxidation Lime Stripped
H-Coal at 275°C Sludge,? of Residual
Wastewater, (Zimpro, Inc.), Effluent, gkg Raffinate, Solvent, Extract,?
m, mg/L mg/L (dry wt.) mg/L mg/L mg/L

Resorcinol 285 25 260 — 20 20 =
Catechol 145 =0.5 50 — 3 =0.5 -
2-Methylresorcinol 95 =0.5 90 — 1 =<0.5 —
Phenol 9860 150 8930 370 75 65 52360
m- and p-Cresol 2300 40 1600 245 55 25 13310
o-CresoF- 910 15 410 30 10 10 4685
3,4-Xylenol 125 1 105 15 2 3 300
2,3- and 3,5-Xylenol, 125 1 90 50 2 4 1290

and 4-Ethylphenol
2,4- and 2,5-Xylenol 320 5 135 — 4 4 —_
3-Ethylpheno{ - — — 30 — — 895
4-n-Propylphenol — — - 2 - - 120
4-Indanol — — — 10 — — 340
5-Indanol — — — 15 — — 245

NOTE: All i d d by liquid ch hy except as noted.

* Organic compound ions d ined by gas ch graph

pyrine method is significantly lower than the concentra-
tion of phenols determined by LC (9150 and 14165 mg/L,
respectively). There are several possible reasons for this
discrepancy [8]. The 4-aminoantipyrine method does not
determine para-substituted phenols in which the substitu-
ent is an alkyl, aryl, nitro, benzoyl, nitroso, or aldehyde
group. An example of this would be para-cresol. And, be-
cause phenol itself is used as the standard for this colori-
metric procedure, and ring substitution generally reduces
the response in this method, concentrations reported for
mixed phenols are low. In addition, steam distillation of
phenols from the highly colored wastewater is required
prior to their spectrophotometric determination with
4-aminoantipyrine. Incomplete steam distillation has
been observed with these wastewaters, resulting in even
lower values being reported.

The calculated stoichiometric carbon equivalents of the
organic compounds identified in H-Coal process
wastewater are given in Table 5. This table allows a com-
parison of the concentrations of specific compounds with
the total organic carbon (TOC) concentration measured for
the sample. This is done by multiplying the fraction of the
molecug.r weight of the compound contributed by carbon
by the concentration of the compound.

As can be seen in Table 4, phenols are generally de-
pleted as they traverse the treatment train. Wet-air oxida-
tion was not part of the integrated treatment and will be
considered separately. Bioeffluent and carbon column
effluent concentrations were below the detection limits
(ca. 0.5 mg/L) for any of the components listed and are not

resented. An item of note is the increase in unidenti-

able TOC shown in Table 5, from about 190 mg/L in the
raw water to about 770 mg/L in the dissolved-gas-stripping
effluent. This was attributed to the formation of
unidentified products during the stripping process, possi-
bly by phenolic-coupling reactions. These reactions,
which are oxidative in nature, were prevented from
occurring in the raw water by the high hydrogen sulfide
levels. The materials formed are not generally susceptible
to extraction by methyl isobutyl ketone. After extraction,
627 mg/L unidentifiable TOC remains in the wastewater,
which would be consistent with the phenolic-coupling
postulate.

Further inspection of Table 4 shows that wet-air oxida-
tion of the raw water for 60 minutes at 275°C depletes
monohydric phenols to about 1 to 2 percent of their origi-
nal values and essentially destroys catechol and 2-methyl-
resorcinol. Resorcinol itself either is more resistant to wet-

TABLE 5. STOICHIOMETRIC CARBON EQUIVALENTS OF THE ORGANIC COMPOUNDS IDENTIFIED IN H-COAL PROCESS WASTEWATER

Wet-Air Oxidation Solvent Extraction
Untreated H-Coal at 275°C Dissolved-Gas- Raffinate Stripped
Wastewater (Zimpro, Inc.) Stripping Effluent of Residual Solvent
Carbon  Percentof Carbon  Percentof  Carbon  Percentof  Carbon  Percent of
Equivalent, Measured Equivalent, Measured Equivalent, Measured Equivalent, Measured
mg/L TOC mg/L TOC mg/L TOC mg/L TOC
Resorcinol 187 1.7 16 0.6 170 1.8 13 1.8
Catechol 95 0.9 0 0 33 0.3 0 0
2-Methylresorcinol 64 0.6 0 0 61 0.6 0 0
Phenol 7550 68.4 115 4.5 6838 70.5 50 6.9
m- and }J—Cresol 1788 16.2 31 12 1244 12.8 19 2.6
o-Creso. 708 6.4 12 0.5 319 3.3 8 1.1
3,4-Xylenol 98 0.9 1 0 83 0.9 2 0.3
2,3- and 3,5-Xylenol, 98 0.9 1 0 71 0.7 3 0.4
and 4-Ethylphenol
2,4- and 2,5-Xylenol 252 2.3 4 0.2 106 1.1 3 04
Calculated Total Organic 10840 98.3 180 7.0 8925 92.0 98 13.5
Carbon Equivalent
Measured Total Organic 11030 — 2555 — 9695 — 725 —
Carbon
Unidentified Organic 190 1.7 2375 93.0 770 8.0 627 86.5
Carbon
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air oxidation than any of the other phenols or is being
formed from the oxidation of phenol. This latter postulate
must be rejected on the grounds that in known oxidations
of phenol with oxygen or ozone, resorcinol is not a product.
Only 7 percent of the TOC of the wet-air oxidizetf sample
was identified as phenols. Liquid chromatographic analy-
sis of this sample showed the presence of a complex mix-
ture of carboxylic acids, the expected products for this type
of reaction.

Elements

Elemental distribution during operation of the treat-
ment train was also of interest, especially distribution of
those elements affecting reuse and disposal. As can be
seen in Table 6, the metals tend to concentrate in the lime
and bio-sludge. This is not unexpected, as the increased
pH of the lime slurry should precipitate heavy metals, and
the bio-sludge is an effective chelating surface for most of
the same metals. Calcium from lime addition during
dissolved-gas stripping is also accumulated in the bio-
sludge. Fluoride ion is concentrated in both the lime
sludge, presumably as CaF,, and the bio-sludge. Values for
silicon, present as SiO;, are somewhat erratic, but Table 6
makes it apparent that the source for silicon is the lime
added in the fixed-leg-stripping operation. This is also the
case for selenium, lead, and barium, and is most noticeable
with barium, where the aqueous concentration increased
from =0.10 to 8.2 mg/L. It should be noted that the lime
used in this study was reagent-grade calcium hydroxide.

The calcium and barium values reported for the ac-
tivated-carbon column effluent in Bed Volumes 6.68-
11.18, 18.92-25.65, and 30.32-37.04 are much higher than
expected and appear to be the result of contamination of
the samples. Analyses of additional samples (Bed Vol-

umes: 2.61-6.45, 11.18-16.35, and 26.34-29.93) showed cal-
cium and barium concentrations consistent with those re-
ported for preceding treatment operations.

Aquatic Toxicology

Acute toxicity tests were performed on the untreated
H-Coal process wastewater and on samples taken after
each treatment operation. Bioassay and chemical charac-
terization results are shown in Table 7. A progressive re-
duction in acute toxicity followed each unit operation of
the integrated treatment train. Acute toxicity removal was
also recorded after wet-air oxidation. The complete treat-
ment sequence resulted ina 99.9 percent decrease in acute
toxicity, from a 48-h ECy, of 0.03 percent for the untreated
wastewater to 64.0 percent for the activated-carbon-
column effluent (Bed Volume: 6.68-11.18). The decrease
in acute toxicity after treatment accompanied significant
reductions in the inorganic and organic components of the
wastewater.

The histogram of the relative toxicity of each of the unit
operations’ effluents to the untreated, wastewater, shown
in Figure 3, demonstrates the effectiveness of each of
these unit operations. The initial step of the integrated
treatment train involved dissolved-gas stripping to reduce
the high concentration of ammonia present in the waste-
water. This unit operation removed over 96 percent of the
total ammonia, reducing the toxicity of the wastewater by
75 percent. The addition of calcium hydroxide in the fixed
leg of the dissolved-gas-stripping process may account for
the slight increase in toxicity observed for this sample in
comparison to the free leg of the dissolved-gas-stripping
process.

The largest reductions in acute toxicity occurred after
solvent extraction of the wastewater with methyl isobutyl

TABLE 6. ELEMENTAL ANALYSIS OF H-CoAL PROCESS WASTEWATER DURING TREATMENT

Solvent
Dissolved-Gas Stripping m:::‘ Activated-Carbon Column Effluent
Untreated  Free-Leg  Fixed-Leg* Stripped of  Biochemical Bed Volume®
H-Coal (pH as (with lime Lime Residual Oxidation 2.61- 6.68- 11.18- 18.92- 26.34- 30.32-
W ived) ddition)  Lime® Sludge  Solvent Effluent Biosludge  6.45 11.18 1635 2565 2993 37.04
Magnesium 07 0.9 07 — - 20 10 <10 —_ 10 — 10 — 8
Calcium 3 20 800 — _ 700 600 118400 4 1500 500 1900 K 1800
Copper 0.1 0.1 0.1 =05 3.7 0.1 0.1 100 - =0.1 — =<0.1 — <0.1
Lead =<0.1 =<0.1 =<0.1 <05 =05 02 0.2 - — =0.1 — =<0.1 — 0.2
Iron 1.0 1.0 0.8 200 250 02 0.1 1400 — =0.1 —_ =0.1 — =<0.1
Cadmium s0.01 - - =0.2 =0.5 <0.005 <0.005 34 —_ =0.01 - - — —
Mercury =<0.002 —_ - =0.1 6.7 =<0.002 =0.002 =0.1 — =0.001 — — — —
Barium =<0.1 - —_ 600 200 8.2 76 200 03 370 04 — 0.7 —
Arsenic 0.12 — — 16 43 0.06 0.03 64 - 0.04 - - - -
Selenium 0.02 — — 1.2 36 0.05 0.01 12 — 0.03 - — — e
Beryllium =0.01 — — 0.49 0.24 =<0.01 =<0.01 0.25 — =0.01 — - -— s
Silicon =20 - - 17900 27600 4.6 33 13200 - 2.0 - - - —_
Fluoride 4 - — =200 300 02 0.2 200 — 0.5 - - - -

Note: All concentrations given in mg/L (except lime, lime sludge, and biosludge concentrations which are based on the dry weight of the sample and given in mg/kg).
* Values given are for the wastewater after removal of lime sludge and adjustment to pH = 7.0.

® Lime denotes the reagent-grade calcium hydroxide (Ca(OH):) added to the wastewater to raise pH during dissolved-gas stripping.

¢ One Bed Volume is defined as the total volume of the column occupied by the activated bed (221.2 em?).

TABLE 7. ACUTE TOXICITY AND CHEMICAL CHARACTERIZATION OF TREATED AND UNTREATED H-COAL LIQUEFACTION WASTEWATERS

4-AAP Total
48-h EC;, Phenols TOC COD NH; Sulfide
(%) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Untreated Wastewater 0.03 9150 11030 51900 5500 3900
Dissolved-Gas Stripping
free-leg 0.15 8560 10390 34600 1000 =10
fixed-leg 0.12 9100 10100 34600 200 =10
Solvent Extraction 255 50 890 2580 180 =10
Biochemical Oxidation 53.0 =1 140 340 110 =10
Activated-Carbon 64.0 =1 5 15 100 <10
Adsorption
(Bed Volume: 6.68-11.18)
Wet-Air Oxidation 0.32 — 2555 5300 4450 —
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Figure 3. Relative toxicities of treated and untreated H-Coal

ketone and after biochemical oxidation. The effluents
from the solvent extraction column and the biochemical
oxidation reactor were over 20 times less toxic than their
respective influents.

Activated-carbon adsorption (Bed Volumes 6.68 to
11.18) was responsible for the lowest observed toxicity, a
48-h EC;, 0f 64.0 percent. Analysis of the activated-carbon-
column effluent revealed phenol, TOC, COD, and total
ammonia concentrations of =1 mg/L, 5 mg/L, 15 mg/L, and
100 mg/L, respectively. However, this effluent contained
1500 mg/L calcium. This high calcium concentration may
contribute, in part, to the acute toxicity remaining after
activated-carbon treatment. These high calcium values
were unexpected. Analyses of other composite samples
from the activated-carbon column showed calcium con-
centrations between 400 mg/L and 700 mg/L, as reported
in Table 6, suggesting that the composite samples chosen
for the acute toxicity assays were contaminated with lime.
The barium concentration for Bed Volumes 6.68 to 11.18 is
also much higher than for the other samples analyzed, with
a concentration of 370 mg/L. Because of the possible con-
tamination of the samples tested, the aquatic toxicity of the
uncontaminated samples may be lower than that reported.

A sample of the untreated wastewater also underwent
laboratory wet-air oxidation at 275°C for 60 minutes. Due
to the high acidigr (a pH of 3.0) of the wet-air oxidized
sample, the test dilutions were adjusted to pH 7.8 with
reagent-grade calcium hydroxide prior to assaying. At this
pH, the 48-h EC;y, of the effluent was 0.32 percent. Al-
though this represents an 11-fold decrease in acute toxic-
ity, it is comparatively small when viewed in light of the
overall acute toxicity reduction and probably reflects the
high total ammonia concentration remaining in the
wastewater. The calcium added to this sample for neutrali-
zation might also contribute to the residual acute toxicity.

SUMMARY

The treatment train investigated is capable of signifi-
cantly improving the quality of H-Coal process waste-
water, reducing contaminant concentrations to low levels.
The detailed characterization of the effluents from each of
the unit operations in the treatment sequence allows a de-
termination of the degree of treatment required for
specific applications for reuse in the facility or for dis-
charge to the environment. The observed aquatic toxicity
of the wastewater was drastically decreased over the treat-
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ment train employed, indicating that any contaminants re-
maining in the wastewater (whether identified or not) do
not contribute significantly to its aquatic toxicity.

Measurements of the constituents in the sludges formed
during treatment indicate that certain elements could ac-
cumulate in the lime sludge and the bio-sludge, requiring
proper disposal. The concentration of various organic con-
stituents measured in the extract from solvent extraction
can be used to determine the value of the crude phenolic
stream that could be recovered as a by-product.

The sequence and choice of unit operations used in this
treatability study are not intended to suggest an optimal or
preferred treatment system. Alternate arrangements and
other combinations of wastewater treatment unit opera-
tions and processes should be considered in the design ofa
coal liquefaction facility. Removal of phenols, by solvent
extraction of the wastewater, before dissolved-gas
stripping would reduce organic compound contamination
in the processes used to recover ammonia and sulfur from
the sour gas produced during dissolved-gas stripping.
However, more careful consideration of the solvent used
in phenol extraction would be necessary because of poten-
tial interaction with the high concentration of sulfide

resent in the wastewater. Solvent extraction also

enefits biochemical oxidation of this wastewater. Dilu-
tion is a potential alternative to solvent extraction but re-
quires a greater volume of wastewater under aeration.
Wet-air oxidation could be used in place of both dissolved-
gas stripping and solvent extraction. The use of activated-
carbon adsorption in the treatment of this wastewater
would depend on the quality of water required. Activated
carbon removes color and residual organic contaminants,
producing a high-quality water.

Treatment operations not included in the scope of this
study might also be required in a system treating H-Coal
process wastewater. If ammonia concentrations %ess than
100 mg/L are required for a particular reuse application or
for discharge to the environment, the use of biological
nitrification or other processes could be necessary.

Environmentally acceptable coal liquefaction facilities
canbe constructec( if these factors are carefully considered
and thoughtfully incorporated into their design.
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Gasifier Wastewater Treatment: Phase |
Cooling Tower Assessment

Details of an advanced study of the treatability of wastewaters from the fixed-

bed gasification of lignite.

M. D. Mann, W. G. Willson, and J. G. Hendrikson, University of North Dakota, Grand Forks, N. D. 58202, S. L. Winton,
Radian Corp., Austin, Texas 78766

The Great Plains Gasification Associates (GPGA) plant at
Beulah, North Dakota, and many other gasification plants
in the future will be generating millions of liters of
wastewater per day. Due to the limited number of
gasifiers operating in this country, there is a need to de-
velop environmental data concerning the wastewaters
produced from the various gasification processes. The
University of North Dakota Energy Research Center
(UNDERC) has been operating a pilot-scale oxygen blown
fixed-bed gasifier with lignite to provide wastewaters for
subsequent characterization, and treatment and reuse
studies. UNDERC also has a pilot-scale wastewater treat-
ment system designed according to proposed commercial
applications. These capabilities have led to the develop-
ment of an extensive wastewater treatment/reuse program
at UNDERC.

The principal goal of the gasification research at
UNDERC is to develop environmental data on the
treatability of wastewaters from the fixed-bed gasifica-
tion of lifnite. The extent of treatment is dictated by end
use, or ultimate disposal options available at a given loca-
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tion. In water deficient regions such as the western
United States, the reuse of wastewaters as makeup for an
evaporative cooling tower will be a key factor in
minimizing plant water requirements and the volume of
water requirin% ultimate disposal. Research activities at
UNDERC are focused around the cooling tower, where
the reuse of treated gasification wastewaters has not been
demonstrated in this country. The extent of treatment
needed to produce a makeup to the cooling tower which
minimizes the environmental and economic risks is un-
known. The most cost-effective approach is to provide
minimal treatment. Fixed-bed gasification wastewaters
are represented by solvent extraction for reduction of or-
ganic contaminants (e.g., phenols) and steam stripping
for reduction of ammonia and acid gas (e.g., hydrogen cya-
nide and sulfide). However, this wastewater still contains
several thousand mg/liter of COD and significant quanti-
ties of ammonia. The behavior of these contaminants ina
cooling tower with respect to drift loss, biological activity,
and associated fouling of heat transfer and other surfaces,
system corrosion, and the solubility of dissolved solids is
unknown.
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TEST PROGRAM OBJECTIVES

The objective of Phase I cooling tower testing was to
evaluate the effectiveness of using minimally treated
wastewater (solvent extracted and steam stripped—
referred to as stripped gas liquor) as makeup to a cooling
tower. This level optieatment was chosen as it corresponds
to the current GPGA design for wastewater treatment.
Wastewater generated in tl%: slagging fixed-bed gasifier
(SFBG) was pretreated in the UNDERC treatment train to
produce wastewater with phenol and ammonia concentra-
tions which correspond to those published for the GPGA
design [1]. The UNDERC cooling tower and associated
test equipment was designed to simulate heat duties and
tube velocities reported for the GPGA design. This equip-
ment was used as part of the two-month test of the environ-
mental and operating problems associated with the use of
stripped gas liquor as cooling tower makeup.

PREPARATION OF STRIPPED GAS LIQUOR

Wastewater for use in the Phase I cooling tower assess-
ment was produced from slag%'ing fixed-bed gasification
of lignite. The lignite chosen for wastewater production
came from the Ingian Head mine near Mercer, North Da-
kota. In addition to having favorable ash properties for
slagging operations, this lignite was from the same seam,
and in fact, within a few miles of the mine to supply the
GPGA plant. Thus, the choice of the coal was made to
lessen possible differences with respect to GPGA in the
nature of organics in wastewater, which are thought to be
coal specific.

The UNDERC gasifier, which has been previously de-
scribed [2, 3, 4], is a pilot-scale slagging version of the com-
mercial dry-ash, fixed-bed process. Wastewaters are col-
lected in a quenching vessel (spray cooler) where the
product gases and devolatilization products from the
gasifier are cooled by contacting with a cooled recirculat-
ing stream of gas liquor. Water vapors, tars, and oils are
condensed, and soluble gases such as NH;, CO,, HCN, and
H,S are scrubbed from the overhead gases. Wastewater is
separated from tars and oils by gravity in a tar/oil/water
separator.,

Pretreatment Of Gasification Wastewater

Pretreatment of the gas liquor consists of filtration
through coarse gravel to remove residual suspended tars,
solvent extraction for reduction of phenolic compounds,
and stripping of dissolved gases such as ammonia, hydro-
gen sulgde, and hydrogen cyanide. The solvent extrac-
tion is performed in a 0.15 m-diameter by 3.0 m high York-
Scheibel agitated,packed glass column. Diisopropyl ether
is used at a solvent-to-wastewater ratio of 1:11 to reduce
phenol concentrations to approximately 150 mg/liter. The
solvent and final phenol concentration were chosen to
simulate the proposed operations at GPGA using the
Phenosolvan Process [1].

The solvent-extracted gas liquor is steam stripped in a
0.20 m diameter by 3.5 m high packed column. A steam
rate of approximately 0.23 mg/liter (1.9 Ib/gal) SGL pro-
duces a final effluent with an ammonia level of 500
mg/liter. This level of stripping is performed to match pub-
lished GPGA design data, and does not represent the total
removal of the free ammonia. Wastewater from the steam
stripper is referred to as stripped gas liquor (SGL). Table 1
presents steady-state concentrations of the wastewater as
it is processed through the pretreatment train.

Comparison Of Stripped Gas Liquor

UNDERC analysis of SGL indicates that some differ-
ences exist in the organic contaminants in the SFBG
wastewater versus design analysis for Great Plains [1]. A
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TABLE 1. STEADY-STATE WASTEWATER CONCENTRATIONS
AFTER SUCCESSIVE PRETREATMENT STEPS

Filtered Extracted Stripped

(mg/liter) (mg/liter) (mg/liter)
Methanol 1450 1440 230
Acetone 40 50 10
Acetonitrile 420 370 2
Isopropyl ether 0 3410 0
Propionitrile 85 38 0
Phenol 4560 210 160
Cresol 2480 33 30
Dimethyl Hydantoin 2280 2340 2140
Ethyl-methyl Hydantoin 510 520 490
Acetate NA NA 180
p 8.3 8.5 8.9
Alkalinity 23200 23100 1500
Ammonia 7890 7980 565
Sulfide 370 300 8
Cyanide 75 63 39
Thiocyanate 230 200 210
CcoD 27900 16200 5700

typical analysis of the stripped gas liquor is compared with

e analysis of SGL anticipated as feed to the cooling tower
by GPGA in Table 2.

The reported analyses for the SGL and for the GPGA de-
sign were generated at SASOL in 1974 from operation on
1.1 x 107 kg of North Dakota lignite [1]. The major differ-
ences are the concentration of fatty acids, the presence of
significant amounts of hydantoins, and higher COD in the
UNDERC wastewaters. The differences are the result of
higher operating temperatures in the UNDERC slagging
gasifier as compared to the Lurgi.

TEST EQUIPMENT DESCRIPTION

A schematic of the cooling tower test loop is presented in
F igure 1. The system consists primarily of a cooling tower
and instrumented test heat transfer equipment. The de-
sign operating conditions for major equipment items are
presented in Table 3. This equipment is described in de-
tail by Willson et al. [5].

Cooling Tower

The test cooling tower is a packaged Baltimore Aircoil
Company, Model VXT-20WC with a forced draft fan and
operated in a counterflow configuration. The cross sec-
tional area of this tower is 0.46 square meters which al-
lowed a liquid/gas ratio simulating that proposed by
GPGA. A forced draft fan equipped with dampers controls
air flow through the tower to maintain a constant cooling
water sump temperature of 28°C. The cooling tower ex-
haust duct is equipped with ports for sampling equipment
and velocity and temperature (wet and dry bulb) measure-
ments.

As indicated previously, the major objective of the
UNDERC Phase I cooling tower test was to investigate the
proposed use of minimal%y treated process wastewater as
cooling tower makeup. To make this investigation as
meaningful as possible, efforts were made to design and

TABLE 2. COMPARISON OF STRIPPED GAS LIQUOR (MG/LITER)

GPGA UNDERC
Methanol —a 230
Fatty Acids 1600 290
Phenol 150 160
Hydantoins — 2600
3 500 570
COD 2900 5700

“ No analysis of these compounds available.
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Figure 1. Schematic of UNDERC pilot cooling tower system.

oqlerate the UNDERC pilot cooling tower in a manner
which closely simulated the operating plants for the
GPGA cooling tower. The UNDERC tower uses a more
dense packing than the GPGA tower but uses less packing
depth to compensate. The key points are a high degee of
similarity in the water circulation rate (in terms of liters per
min per meter squared of packing surface, (1.19 versus 1.22
(liter/min)/m?)), air flow rate (0.89 versus 0.77
(m*min)/(liter/min)), identical circulating water tempera-
tures, and system turnover time (15 versus 20 min) be-
tween the GPGA and UNDERC towers respectively [6].
Because of these important similarities, the UNDERC pi-
lot cooling tower should produce a realistic simulation of
the operating conditions in a commercial cooling tower.

Test Heat Exchangers

The cooling water leaving the cooling tower was
pumped through two instrumented shell-in-tube test heat
exchangers operating in parallel. The flow rates and met-
allurgy for each tube are given in Table 3. Each tube has its

own How controller, inlet and outlet thermistors, and dif-
ferential pressure gauge for monitoring heat transfer and
fouling buildup.

Dy ic Deposit Moni

In addition to the test heat exchangers, two Calgon Dy-
namic Deposit Monitors (DDM) were operated in parallel
with the test heat exchangers. In the DDM, the cooling
water flows across a heating element. As fouling occurs,
the skin temperature of the heating element increases to
maintain a constant heat flux into the cooling water. The
change in these data can be correlated to determine the
rate of degradation of the performance of heat transfer
equipment. Cooling water Eow through the DDM’s was
set at a linear velocity of 0.31 m/sec across the heating ele-
ment as per the manufacturer’s recommendation to accel-
erate fouling and corrosion.

RESULTS AND DISCUSSION
Process Performance

The operability and performance of the test cooling
tower system is important in evaluating the results ob-
tained from the test program. The process performance is
based on the operating conditions achieved during the test
run and the factors which affected performance. Discus-
sions of the issues of biofouling, corrosion, and inorganic/
organic fouling are presented in later sections. A detailed
Eresentation of the material discussed in this paper has

een prepared [5].

A significant problem associated with the cooling tower
involved excessive foaming of the circulating water. This
problem occurred immediately after startup of the system
using stripped gas liquor. Three antifoam agents were
tested, all of which successfully controlled foaming. Ini-
tially, a gl‘ycol-based antifoaming agent was used at a dos-
age rate of 5 ml every 2 hours (equal to a “shock treatment”

TABLE 3. DESIGN OPERATING CONDITIONS

Design/
Parameter Typical Value
Cooling Tower
Recirculating Water Rate, liter/min 34
Makeup Water Rate, liter/min 0.95
Cycles of Concentration 10
Air Rate, m¥min 25
Inlet Water Temperature, °C 49
Outlet (Basin) Water Temperature, °C 28
Heat Exchanger 1 (HE-1) Heat Exchanger 2 (HE-2)
Tube Type/Velocity (m/sec)
Tube #1 304L §S/0.91 carbon steel/0.91
Tube #2 316 SS/0.91 carbon steel/1.52
Tube #3 304L SS/1.52 carbon steel/0.91
Tube #4 316 SS/1.52 carbon steel/1.52
Shell-side Water
Temperature, °C 88 50
Tube Wall Temperature, °C 60 38
Dynamic Deposit Monitor DDM-1 DDM-2
Cooling Water Velocity, m/sec 0.31 0.31
Heat Flux, W/m? 8000 27000
Initial Skin Temperature, °C 38 65
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of approximately 10 mg/liter). Two silicon-based antifoam
agents (Calgon CL37 and Union Carbide UC #3882) were
used at dosages of 5 ml every 1 to 2 hours (shock treatment
of 10 to 20 mg/liter).

Comparison of the cooling tower blowdown with the
makeup concentrations are presented in Table 4. The av-
erage cycles of concentration, as measured by the chloride
ion, was 9.6. Most of the inorganic constituents cycled up
from 8 to 9 times in the cooling tower. Notable deviations
from this pattern are ammonia and alkalinity which cycled
up less than two times, as well as all organic compounds
except hydantoins. The reason for this phenomenon can
be attributed to a combination of stripping, biological ac-
tivity, and fouling mechanisms. These mechanisms are
discussed in more detail in subsequent sections.

Biofouling

Biofouling is a detrimental phenomenon which can oc-
cur in recirculating cooling water systems. Microbial
fouling is primarily caused by bacterial growth. Such
growths interfere with cooling water flow and ultimately
reduce the heat transfer efficiency of the system and may
cause reduction in processing capacity or unscheduled
shutdown [7]. These biofilms also enhance corrosion pro-
cesses by several mechanisms and are detrimental to all
iron based and many other alloys [8, 9]. The cooling water
atthe UNDERC test facility contains a vast array of organic
and inorganic compounds, many of which provide an ideal
environment for microbial growth suspended in the water
and on the heat exchanger surfaces. Therefore, related bio-
logical problems were expected and special attention was
given to the identification of any such problems.

The UNDERC cooling tower was seeded to ensure mi-
crobial access during the 50-day test run. Seed consisted of
acclimated activated sludge and a phosphate-buffered soil
extract. The microbial testing conducted on water
samples, test coupons, and cooling tower deposits in-
cluded total aerobic heterotrophic bacterial and fungal
counts, microbe identification, testing for nitrifying bac-
teria, iron oxidizers, and sulfur oxidizers.

The total heterotrophic aerobic bacterial count (THAC)
was used to monitor the level of biological activity in the

TABLE 4. COOLING TOWER MAKEUP AND BLOWDOWN STREAM

CHARACTERIZATION
Chemical/Physical Makeup Blowdown
Constituent (mg/liter) (mg/liter)
Total Suspended Solids 37 890
Total Dissolved Solids 3500 30,000
BOD 1600 5,900
TOC 2500 17,000
COD 6300 45,000.
Dissolved Oxygen 0.52 6.4
Phenol 140 150
Cresol 30 19
5,5-Dimethyl Hydantoin 1800 15,000
5-Ethyl-5 Methyl Hydantoin 460 3,900
Acetone 18 20
Methanol 190 57
Acetate 180 1100
pH, Units 9.1 8.0
Conductivity, umho/cm 2700 8100
Alkalinity as CaCO; 1500 2600
Ammonia 550 1200
Sulfate 19 170
Chloride 25 220
Total Cyanide 31 280
Thiocyanate 200 1700
Calcium 23 27
Sodium 180 1600
Silicon 3.9 25
Iron 15 130
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Figure 2. Test coupons removed from the UNDERC tower basin after com-
pletion of Phase | testing. (From left: concrete, 304L stainless steel, 304L

inless steel, 316 stainless steel, carbon steel, concrete, carbon steel,
316 stainless steel).

cooling tower. The total counts quadrupled within 14 days
after the tower was seeded and leveled off at around 4 x
108 counts/ml. Little variation was noted in counts taken at
various points in the system.

Test coupons were examined after the run for signs of
corrosion and biofouling. Deposits on the stainless steel
and carbon steel coupons are essentially the same as those
observed on the test heat exchanger tubes (see Figure 2):
1) athin black layer of deposit with no corrosion evident on
stainless steel, and 2) on carbon steel, deposits were very
thick, under which heavy pitting and corrosion were ap-
parent. The moderate to i)igh THAC per cm? (6.2 x 10° to
2.0 x 10°) measured on these coupons demonstrates that
these coupons were biofouled andpindicate that corrosion
of the carbon steel was biologically enhanced.

Throughout the cooling tower test program, all of the
heat exchanger tubes experienced some degree of fouling,
Data collected from test heat exchanger HE-1 indicated
very little, if any, decline in the heat transfer coefficients
for the stainless steel tubes and no difference between the
types of stainless. The low velocity tubes showed a loss of
less than 10% in heat transfer coefficient while no long-
term effects were noted in the high velocity tubes.

All four carbon steel tubes in HE-2 experienced rapid
increases in pressure drop accompanied by corresponding
decreases in the heat transfer coefficient. Figure 3 shows
trends typical of the carbon steel tubes. In the low velocity
tubes, the heat transfer coefficient decreased by 30% to
60%. A 10% to 25% loss of heat transfer was noted in the
high velocity tubes.

Data from the Dynamic Deposit Monitors also indicate
that, at low velocities, the use of SGL as makeup water will
have a severe effect on heat transfer. In DDM-1, operated
at a skin temperature of 38°C, a 44% reduction in heat
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Figure 3. Typical data for heat transfer coefficient and pressure drop for
carbon steel heat exchanger tubes aged in Phase | testing.
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transfer was noted over a 41 day period. In DDM-2, oper-
ated with an initial skin temperature of 65°C, the heat
transfer loss was 31% over the same period of time.

Fouling deposits from each tube were dried and
weighed after the test. The stainless steel tubes in both
heat exchangers accumulated deposits that amounted to
less than 40 g/m? tube surface area. The accumulation of
fouling was significant in the carbon steel tubes—up to
750 g/m? for tube #1, the most heavily fouled tube. A
comparison of the deposit accumulation in tubes with dif-
ferent velocities indicates a much greater accumulation in
the low velocity tubes than in the high velocity tubes.

Analysis of attached growth coupons showed that
Pseudomonas spp. are the major cause of biofouling. They
are likely to be enhancing corrosion, or harboring anaero-
bic bacteria such as sulfate reducers, which more aggres-
sively increase metal loss and pitting. Biofouling of the
heat transfer surfaces had a major impact in the terms of
heat transfer reduction and an increase in pressure drop
across heat exchanger equipment. The control of these or-
ganisms would be absolutely essential in a full scale indus-
trial system.

Corrosion

The corrosive effects of using SGL as a cooling tower
makeup were evaluated during this test using several dif-
ferent methods. Corrosion rates were determined for car-
bon steel, 304L and 316 stainless steel using weight loss
coupons and Rhorback Corrosometer and Corrator probes.
Metallurgical examination of the heat exchanger tu‘l:es was
also used to determine the implications of the corrosive-
ness of the SGL.

The corrosion rates measured during this test are shown
in Table 5. The carbon steel coupon analysis indicated that
corrosion rates of 12.5 to 24.2 mils/year can be expected in
an uninhibited cooling tower system using SGL as
makeup. The carbon steel coupons showed heavy accumu-
lations of biofouling and corrosion products on the coupon
surfaces. Results from the stainless steel coupons and cor-
rosion measuring probes indicate very little corrosion for
304L stainless steel (<0.08 mpy).

After the run, heat exchanger tubes were removed and
sectioned for detailed analysis. Tube sections were exam-
ined for pitting and changes in metal structure using an
electron microscope. Fouling deposits consisted main%y of
black and red rust tubercles covered with biofouling de-
posits. Cleaned carbon steel sections showed evidence of
pitting over the entire surface.

A photomicrograph of Tube #3 is shown in Figure 4.
The outside of each tube was exposed to distilled waterata
temperature of 50°C. The inside surface of the tubes were
exposed to the concentrated éas liquor. Severe pitting with
pits ranging between 2.5 to 6 mils deep was noted on the
carbon steel tubes as a result of exposure to the SGL. Table
6 summarizes the electron microscope analysis of all car-
bon steel tube sections. Should localized pitting occur at
the maximum rates indicated by the test results (6 mils per
50 days), pitting failures could occur within a few years
after system startup. Photomicrographs of the stainless
steel tube sections indicated that exposure to the concen-

TABLE 5. CORROSION RATES FOR SGL FED COOLING TOWER

Corrosion Rates
(mpy)

Monitoring
Location

Velocity Temp Carbon 304
(m/sec) (°C)  Steel Stainless

Cooling Tower Basin <0.03 28 12.5 0.02

DDM Inlet 0.58 28 24.2 —
Heat Exchanger Outlet 0.12 36 14.3 0.03
Cooling Tower Inlet 0.58 49 22.6 0.08
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Figure 4. Photomicrograph of carbon steel heat exchanger tube surface
(Tube #3 from heat exchanger 2).

trated gas liquor in the cooling tower had a negligible ef-
fect on the stainless steel tubes.

During the cooling tower test, Type V concrete test cou-
pons were exposed at three locations in the cooling tower.
Observation of the concrete coupons that were exposed to
the flow of cooling air (above the spray nozzles, and be-.
tween the packing and basin water) indicated that, al-
though the cementin% material appeared to be intact, ap-
proximately 2 mm of the ‘aggregates had dissolved as a
result of reactions with acids in the system.

The coupon that had been submerged in the basin water
was noticeably stained and the surface of the coupons ap-
peared to be quite friable when brushed with a steel brush.
The aggregates in the basin coupon were loose and could
be readily dislodged. The basin coupon also had several
very fine fractures randomly distributed throughout the
matrix.

TABLE 6. ELECTRON MICROSCOPE ANALYSIS OF CARBON
STEEL SECTIONS

Exposure  Fluid Velocity Pits Depths
Tube Time, in Tube, e
Number Days m/sec mils  mils/year®
1 50 0.91 4 24
2 12 1.52 35  75-125
2A 38 1.52 2.5 20
3 44 0.91 6 41

“ Based on 300 days of service at the observed pitting rate.

February, 1985 37



Data collected during this test indicated that corrosion
will be a major concern for cooling systems using SGL as
makeup. The carbon steel data indicate that general corro-
sion rates are in the 12.5 to 24 mils/year range. Pitting cor-
rosion will also be a critical problem in a SGL fed cooling
system. These data indicate that carbon steel should be
used selectively with a large corrosion allowance if the
bare metal is to be exposed to the cooling water. The use of
lined pipe or other piping material (FRP or stainless)
and/or corrosion inhibitors, biocides and dispersants
should be considered.

Atmospheric Emissions

During Phase I testing, three independent sampling
campai%ns to determine the atmospheric emissions from
the cooling tower were conducted. Measured exhaust air
concentrations for the major species are presented in
Table 7. Component material balances on the UNDERC
cooling tower indicated that an average of 91% of the phe-
nol in t%'ne makeup to the cooling tower was stripped during
the cooling cycle. Eighty-one percent of the ammonia and
25% of the methanol were also stripped. Material balances
also indicate that approximately 75% of the methanol was
biodegraded, while only a small portion of the phenol was
available for consumption by the microorganims.

A comparison of exhaust air concentrations to OSHA/
NIOSH maximum exposure limits indicated that, although
exposure limits are not exceeded by any of the constituents
in the exhaust air, the measured exhaust air phenol con-
centration (8000 pg/m®) far exceeds the reported phenol
odor threshold of 165 ug/m®. These results are discussed in
detail elsewhere [10, 11].

CONCLUSIONS

A vast amount of data was collected and evaluated dur-
ing this test. The major results have been presented with
the more important conclusions concerning the use of SGL
as cooling tower makeup summarized here.

Ammonia, alkalinity, phenol, and other non-hydantoin
organics were removed from the cooling water by
stripping and/or biological degradation with the phenol
concentration in the exhaust air exceeding the odor
threshold.

Foaming of the circulating water will be a problem using
SGL as makeup, and foaming control will be required.
Both glycol and silicon based agents were used success-
fully to control foaming during this test.

The SGL feed cooling system supported a high level of
biological activity (1 to 10 million/ml), predominantly
Pseudomonas aeruginosa. This high level of activity led to
severe biofouling of all carbon steel surfaces. Biofouling
control will be a key factor in maintaining clean heat trans-
fer surfaces in an industrial system using similar
wastewater. Fouling of stainless steel was not a major
problem.

TABLE 7. COOLING TOWER EXHAUST AIR CHARACTERISTICS

Parameter 04/29/83  05/03/83  05/11/83
Ammonia 31,100 NA 22,600
Phenol 9,920 6,100 7,920
Methanol 2,960 NA 1,950
Cresol 2,400 3,570 880
Acetone 440 NA 480
Acetonitrile ND NA 125
5,5-Dimethylhydantoin ND ND 100

Note: All Values are reported in pg/m®
ND - Not Detected
NA - Not Analyzed.
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General corrosion rates of 12.5 to 24 mils/year were mea-
sured for carbon steel in various parts of the system. Corro-
sion rates increased with increasing temperature and ve-
locity. Under deposit pitting penetration rates of 20 to 125
mils/year were measured. These rates indicate that carbon
steel will not provide an adequate service life if used as
thin walled heat exchanger tubing without the use of cor-
rosion inhibitors and biocides. Both 304L and 316 stain-
less steel heat exchanger tubes showed no significant
metal loss from either general or pitting corrosion. Hydra-
tion of Type V concrete occurred after exposure to the SGL
cooling water, resulting in increased friability and loos-
ening of the bonding between the concrete and the
aggregate.

Results from this study indicate that the use of stripped
gas liquor similar to that produced by the UNDERC pilot
gasifier as cooling tower makeup is limited by a number of

tentially serious operating problems. This water could

e used for cooling tower makeup only after additional
treatment or possibly with the use of biocides, corrosion
inhibitors, and other control methods.
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Wastewater Treatment Systems for
Synthetic Fuels Plants Based on Peat and Qil

Shale

An up-to-date review of the sources and treatment of wastewaters from
synthetic-fuels plants based on peat and oil shale.

Irwin Frankel and Marvin Drabkin, U.S. Synthetic Fuels Corp., Washington, D.C.

This paper briefly describes the wastewater treatment
systems being used or proposed for use in synthetic fuel
projects which were based on peat and oil shale, and
which were under consideration by the United States Syn-
thetic Fuels Corporation (SFC) as of January 1984. The
spectrum of projects under consideration by the SFC at this
date is, as expected, somewhat varied.

The wastewater technologies utilized are functions of
three major factors:

® Nature of the fossil fuel raw material.

e Nature of the fuel conversion process.

® Site-Specific considerations, i.e., zero discharge of

wastewater.

As a result of the above factors, plus the individual
choices of each project for wastewater technology, one
finds little commonality in approach. In order to acquaint
the reader with some essentials of the two peat and the
five oil shale projects under consideration, reference is
made to Tables 1 and 2.

Source material for this paper, unless otherwise noted,
was derived from internal files and from proposed infor-
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mation submitted to the SFC. All material was reviewed
with sponsors prior to this presentation.

NORTHERN PEAT ENERGY

A combined anaerobic/aerobic process is proposed for
wastewater treatment. It consists of a mesophilic anaero-
bic contact reactor followed by an aerobic sludge tank. The
excess sludge from the aerobic stage is returned to the ana-
erobic stage and digested there (Figure 1).

Extensive pilot plant tests have been made by Sorigoma
AB in Sweden with wastewater from the wet-carbonizing
of peat. In these tests, BOD reduction was greater than
95% and COD, 75%. About 60% of the COD entering the
anaerobic reactor was converted to a gas composed of 70%
(vol.) of methane and 30% of CO;. This gas will be col-
lected and utilized in the Northern Peat project. Nitrogen
concentration in the wastewater is high, but some phos-
phorus (as phosphoric acid) is required for microbial
nutrition.
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TABLE 1. PEAT AND OIL SHALE PROJECTS UNDER CONSIDERATION BY THE SFC
(AS OF JANUARY 1985)

Basic Process

Wet Carbonization
KBW Entrained-bed

Principal Product

Solid fuel pellets
Methanol

gasification
True In-situ retorting
Dravo Circular

Raw shale oil
Shale oil syncrude

Project Feed Stock
Northern Peat Energy Maine Peat
Peat Methanol North Carolina
Associates (PMA) Peat
Seep Ridge Utah Oil Shale
Means Kentucky Oil
Shale Grate retorting
Paraho-Ute Utah Oil Shale

Paraho retorting

Shale oil syncrude

Cathedral Bluffs Colorado Oil Union Oil ahove-gmund re- Shale oil syncrude
Shale torting plus modified in-situ re-
torting
Union Colorado Oil Union Oil above-ground re- Shale oil syncrude
Shale torting
TABLE 2. TABULATION OF PROCESS WASTEWATER SOURCES AND TREATMENT TECHNOLOGIES
Principal Wastewater
Source of Process Treatment
Project Wastewater Basic Approach Technologies

Northern Peat

Wet “carbonization” of

Treat and discharge
via NPDES permit
Treat and discharge
via NPDES permit

Sorigoma (Swedish)
technology

SWS*, Alkaline chlori-

nation, and bio-

Energy peat

PMA Raw syngas cleanup;
Methanol synthesis

Seep Ridge Retort water and off gas
condensate

Means Retort water and off gas
condensate

Paraho-Ute Retort water and off gas
condensate

Cathedral Above ground retort

Bluffs water and off gas con-
densate, and MIS retort
water and off gas con-
densate

Union Retort water and off gas
condensate

*SWS—Sour Water Stripping

Typical wastewater from Finnish peat analyzes for a
BODS5 of about 7,000 mg/liter, COD of 17,000 mg/liter,
TSS of about 20 mg/liter, and pH of 4-5. The BOD and
COD values for Maine peat are reported fo be somewhat
lower. Treated wastewater will discharged to the
nearby Penobscot River, returned to the peat bogs, or a
combination of both.

PEAT METHANOL ASSOCIATES (PMA) PEAT GASIFICATION
PROJECT—WASTEWATER TREATMENT

The basic approach to wastewater treatment in the PMA
project is to treat process and non-process wastewater sep-
arately, followed by discharge of the combined treated
effluent to surface waters under an NPDES permit.

The project wastewater treatment system consists of six
main areas:

on uETHANE

Awaznomic susar aznosic susee
Tanx Tane Trrivent

’ l
Figure 1. Northern Peat Energy wastewater treatment system.
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aeration and other
treatments
Thermosludge boiler
commercial disposal of
sludge

SWS, commercially
available technologies
including wet air oxi-
dation

SWS, proprietary bio-
logical treatment
SWS, codisposal
wispent shale

Zero discharge

Zero discharge

Zero discharge

Zero discharge

Zero discharge SWS, codisposal

wispent shale

1. Inorganic Treatment

2. Biological Treatment

3. Coagulation/Flocculation Treatment

4. Polishing Pond Treatment

5. Sludge Treatment

6. Stormwater Treatment

The various treatment systems are given in schematic
form in Figure 2. The inorganic treatment system consists
of a combined NH; and cyanide still where pH adjustment
and steam stripping are used to remove free NH; and cya-

Figure 2. PMA wastewater treatment scheme.
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nide. Stripped off-gases are incinerated. Remaining fixed
cyanide and NH, are removed from the wastewater by al-
kaline and breakpoint chlorination, and metals precipi-
tated by lime addition. Treatment is in the order given.

Organic pollutants are primarily removed by the biolog-
ical treatment system which consists of activated sludge
biological treatment (with the addition of suitable nutri-
ents), to achieve nitrification, followed by denitrifica-
tion.

Combined wastewater treatment streams from the inor-
ganic treatment system, the biological treatment system
and the sludge treatment system (along with various pro-
cess area blowdown streams) are treated by lime softening,
followed by coagulation/flocculation/settling and
filtration prior to discharge to polishing ponds. It should
be noted that the combined stream has very low levels of
organic contaminants prior to this treatment sequence.

Two ponds in series are designed to retain the total
wastewater flow for approximately 30 days each following
the lime softening/filtration and neutralization treatment
processes. Natural degradation processes serve to polish
the wastewater before micro-screening, reaeration, and
final discharge to surface waters.

Sludge generated in the wastewater treatment plant is
first held in a sludge-receiving tank where gravity thick-
ening is achieved. Supernatant liquor overflows the thick-
ening tank and is routed back to the lime softener. The
thickened sludge is pumped at a controlled rate to a belt
press filter where the sludge is dewatered by compres-
sion to a high solids cake for disposal.

All of the major treatment steps described above have
been verified in laboratory-scale treatment studies using
simulated wastewater.

SEEP RIDGE

Crude shale oil is presently being recovered as an
oil/water emulsion from the retorts. Water and oil are sepa-
rated in a heater/treater unit followed by an API separator
for the oily water. This water is then stream stripped for
removal of ammonia and other gases, is combined with
lesser quantities of wastewater from other sources, and is
pumped with water treatment chemicals (mostly soda ash)
to the KTI Thermosludge boiler. The water is largely con-
verted to steam in this unique unit, leaving behind a
pumpable sludge which is commercially disposed of. San-
itary wastes are handled by a separate system (Figure 3).

MEANS

During normal operations, the wastewater treatment
system will operate automatically by level control instru-
mentation and require only periodic operator monitorinf%.
In the event of hydraulic or contaminated surges, the off-
specification wastestream can be diverted to an emer-
gency diversion basin.

Plant-generated wastewaters (which contain high con-
centrations of dissolved organics, inorganics, and ammo-
nia) are primarily utilized as dust suppressant spray water

sTEAM ae
STRIPPER soiLER

————
BTEAM TO USERS

Wau..

PRODUCED
WATER

| 8LUDGE TO COMMERCIAL DISPOSER

Lt »
BLUDGE TO EVAP. POND
(CONTINGENCY)

EVAPORATION

Figure 4. Means Oil Shale wastewater treatment system.

or for moistening spent shale following suitable treatment.
This stream is initially subjected to wet air oxidation (at el-
evated temperature and pressure), where the COD is re-
duced by about 90%. After pressure let-down and gas sepa-
ration, the ammonia is steam-stripped to about 50 mg/liter
to permit treatment of this wastestream by bio-oxidation.
In a roughly parallel subsystem (see Figure 4), the process
sewer water, plus non-process wastewaters such as con-
taminated storm water and water from the emergency di-
version basin, pass through a primary separation (a corru-
gated plate interceptor), where any suspended solids and
oil are concentrateg and then pumped to the equalization
mixer tank along with the wet oxidation effluent just up-
stream from the bio-oxidation step.

The equalized organics-contaminated stream is com-
bined with sanitary wastewater and pumped to the bio-
oxidizer to reduce COD and BOD, and its effluent passes
to a clarifier. Overflow from this clarifier is then chlorin-
ated, and the disinfected effluent is then used as dust
suppressant on spent shale. Underflow from the bio-
sludge clarifier is combined with underflow from the pri-
mary separator, and both are introduced into an aerobic di-
gestor which is mechanically (mixer) aerated. At regular
intervals the aerator is turned off, the digested sludge is al-
lowed to settle and then pumped to a polymer mixing tank,
followed by mechanical dewatering. The 20% solid sludge
cake is trucked off-site to an authorized landfill, and
filtrate is recycled to the bio-aeration tank.

PARAHO-UTE PROJECT

This oil shale project (as is the case with all Western oil
shale projects) is based on zero discharge with reuse of all
wastewaters (after suitable treatment), principally for
spent shale moisturization. Three types of wastewaters
will be associated with the proposed commerecial facility:

1. Organic-laden wastewaters from process facilities

2. Inorganic-laden wastewater from water treatment

units and boiler and cooling tower blowdown

3. Sanitary wastewaters

The wastewater treatment systems consist of essentially
three treatment schemes, each designed to treat one of the
three types of wastewater listed above. These treatment
schemes are shown in schematic form in Figure 5.

#70 CONTROL NOx
SITE RUNOFF

Figure 3. SEEP Ridge wastewater treatment system.
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Figure 5. Paraho-UTE wastewater treatment.
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Organic wastewaters include stripped water from sour
water treatment (the major effluent to wastewater treat-
ment), condensate from steam users, retort service
wastewater, and process area runoff. These are combined
in a equalization basin provided with oil skimming
facilities.

Equalized wastewater is combined with recycle from bi-
ological treatment units, oxygenated with a stream of pure
oxygen from an on-site cryogenic oxygen plant, and pro-
cessed in a biological treatment system consisting of
proprietary-design  fluidized bed reactors. Effluent
exiting the biological treatment system is stored in a reten-
tion pond (along with other effluent streams) from which
water is used in retorted shale disposal operations.

Table 3 compares some of the anticipated characteristics
of influent to the wastewater treatment system (sour water
treatment effluent), and retention pond water.

Biomass exiting the biological treatment system is sepa-
rated from the fluidized beg reactor growth media (sand),
with the growth media then returned to the reactors and
the resultant sludge thickened in gravity thickeners. Su-
pernatant from the thickeners is returned to the equaliza-
tion basin and the underflow is stabilized in aerobic di-
gesters using oxygen. Stabilized'sludge from this system
together with sanitary sludge and water treatment lime
sludge are combined and used in retorted shale wetting
operations.

Inorganic wastewaters including boiler feedwater treat-
ment backwash and cooling tower blowdown, are stored in
the wastewater retention pond and used for retorted shale
wetting.

Water treatment filter backwash, boiler blowdown, and
treated sanitary wastewater are combined, clarified,
filtered, and reused as cooling tower makeup.

Package wastewater treatment systems are used for sani-
tary wastewater and mine water treatment. Sludges from
both of these systems are used for retorted shale wetting.

The principal process wastewater treatment step (bio-
logical treatment of stripped sour waters from the oil shale
retorting process in fluidized bed reactors) has been
verified in pilot scale tests.

CATHEDRAL BLUFFS

Although interconnected, the process and the non-
process wastewater treatment systems are sufficiently
complex that these systems are shown on separate flow
sheets (Figures 6 and 7, respectively). It should be noted
that biological processes are not used on any wastewater
emanating from any of the Above Ground Retorts (AGR),
the Modified In-Site (MIS) retorts, or the Oil Upgrading
(OUG) areas. Some waters are stream-stripped, and oily
waters pass through an API separator. All process
wastewaters are subsequently recycled to the extent possi-
ble, but are principally used to cool and moisturize spent
shale, or recycled to any MIS retorts which are in a
quenching mode.

The principal source of input water into the treatment
system is the mine water. After pH adjustment, flocculent
treating, and sand filtration, the partially treated mine
water is directed to a number of users (see Figure 7). Prin-
cipal users are the cooling water system, potable water

TABLE 3. PARAHO-UTE PROJECT COMPARISONS OF ORGANIC
WASTEWATER INFLUENT AND RETENTION POND TREATED

WATER
Anticipated Value
Wastewater
Parameter Stripped Wastewater Retention Pond
COD, mg/liter 18,000 1,000
BODs, mg/liter 9,000 63
TSS, mg/liter 50 95
pH 89 6.5-8

42 February, 1985

' SOUR GAS

SOUR WATER
SEVERAL SOURCES

RECYCLE WATER
TO OIL UPGRADING

F-——mm— - - >

i SOUR GAS
L

MIS RETORT STRIPPER >

GAS CONDENSATE ___N_> RECYCLE &

IN-PLANT USES

SPENT SHALE

[ SPENT SHALE

AGR WASTEWATER cooLNG & fF---—---- >
e —— MOISTURIZATION SPENT SHALE
MIS RETORT TO DISPOSAL
WATER

MIS RETORT IN
QUENCHING
MODE

Figure 6. Cathedral Bluffs Process wastewater treatment system.

COOLING MO

|sowoomn

serTing &
FILTRATION

o araae [
ouin,

ne sTAGE
o sTEau aen.

- 70 meveartation
wisc. usens

ok senvice mo L an
ey svateus romo seranaton
"o 10 Aan FaCILITIES
X
OILY 10 sEWERD

Figure 7. Cathedral Bluffs non-p

"o

excess 10

REVEQETATION
oiscuanaE

system.

users, boiler feedwater preparation, service water sys-
tems, vegetation, and the AGR area. Excess mine water is
reinjected into the earth or is discharged to the Piceance
Creek.

Treated mine water that is used for potable and boiler
feedwater (BFW) purposes is further treated in a first
stage demineralization (reverse osmosis). The reject water
from R.O. is pumped to the cooling water system blow-
down pond, where it is stored for eventual usage in spent
shale wetting. The R.O. product water is divided into a po-
table water source ancF as a feed to the second stage
demineralization, which is the required next step for an
adequate (}uality BWF.

Sewage from the mine support area and the surface facil-
ities is gravity fed to a collection sump, then pumped to a
packaged biological treatment system. The treated
wastewater is chlorinated and held in a chlorine contact
chamber for 30 minutes before discharge. This water is
used for spent shale revegetation, but any excess is dis-
charged to the Piceance Creek.

MIS wastewaters have been characterized at Occiden-
tal’s Logan Wash test site. EPA has studied various treat-
ment methods for MIS gas condensate using freshly gener-
ated wastewater [1]. Treatment of stripped MIS waste-
waters by reinjection into the spent MIS retorts was
evacuated by Oxy during the recent Retort 7 and 8 runs at
Logan Wash and appears to be a viable approach in terms
of organics reduction [2].

Environmental Progress (Vol. 4, No. 1)



UNION OIL PARACHUTE OIL SHALE PROJECT (PHASE | AND Il)
WASTEWATER TREATMENT

The Union Oil Parachute oil shale project will feature
zero discharge of wastewaters (both process and non-
process). All wastewaters generated in both the Phase I
and Phase II projects will be used in cooling and wetting
the retorted sEale prior to placement on a spent shale pile
in the valley of the East Fork Parachute Creek. The pro-
cess wastewaters will be first stripped to remove H,S and
NH; prior to reuse for spent shale moisturization. Table 4
summarizes the major sources and treatment of the various
wastewater streams prior to reuse. The treatment of pro-
cess wastewater is shown in Figure 8 in schematic form.

TABLE 4. TREATMENT OF UNION OIL PARACHUTE SHALE PLANT

WASTEWATER
Mine/Retort
Description Treatment
Mine Inflow None required

Retort Condensate
Ammonia Scrubber Water

Deasher Water
Demineralizer Regenerant
and Rinse

Boiler Blowdown

Cooling Tower Blowdown
Fractionation Condensate

Stream stripping & oil water
separation

Stream stripping & oily water
separation

Direct to shale cooling

None required

None required
None required
Stream stripping & oily water

separation
Aeration
Oil/water separation

Sanitary Sewage
Storm Runoff Within Process
Area

Raw Shale Oil
Upgrading Plant

Hydrotreater Wash Water

Cooling Tower Blowdown

Demineralizer Regenerant
and Rinse

Boiler Blowdown

Sanitary Sewage

Storm Runoff

Stripping
None required
None required

None required
Aeration
Oil/water separation

Source: Union Oil Parachute Phase II Project Permit Amendment
to the Colorado Mined Land Reclamation Division, 1983
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Figure 8. Union Parachute Phase Process wastewater treatment.
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Secondary Utilization of Trace Halogenated
Organic Compounds in Biofilms

It is shown that, under proper conditions, many potentially hazardous
halogenated organic compounds present at very low concentrations can be
biotransformed by fixed film reactors plus a growth-sustaining substrate.

Edward ]J. Bouwer, The John Hopkins University, Baltimore, MD 21218

The movement and fate of trace and toxic organic com-
pounds has become of increasing concern because of the
potentially harmful effects such materials can have to hu-
mans and to the environment. Some trace organic com-
pounds are biodegradable when present in millimolar

Environmental Progress (Vol. 4, No. 1)

concentrations and might be expected to be degraded
when discharged to the environment. The potential for
degradation of trace organic compounds is generally en-
hanced when bacteria are attached as biofilms to solid sur-
faces in natural water bodies, soils, aquifers, or engineered
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treatment systems, such as trickling filters, rotating bio-
logical contactors, and activated-carbon columns. The sub-
strate concentration and electron acceptor are factors that
affect biotransformation of organic micropollutants. This
paper presents results of experimental evaluation of the
concept of secondary utilization by biofilms, which al-
lows trace concentrations of organic contaminants to be
biotransformed to still lower levels.

A steady-state biofilm model that incorporated many of
the factors affecting the biofilm kinetics for a sin%le
growth-rate-limiting substrate was developed and evalu-
ated by Rittmann and McCarty [1, 2]. Their model solution

ielded both the steady-state flux of substrate into a
iofilm and biofilm thickness using independently de-
termined rate parameters. Their research indicated both
theoretically and experimentally [3] that, for a single trace
organic compound under steady-state conditions, at least a
minimum concentration (Spy,) is necessary to support a
sufficient bacterial population to decompose the com-
pound because microor%anisms require energy to main-
tain themselves. This limiting value is given by the
relationship
Sun = K gy 0
Smin is the minimum-substrate concentration for exist-
ence of a steady-state biofilm, K, is the Monod half-
maximum-rate concentration, b is the first-order decay
coefficient, k is the maximum specific rate of substrate
utilization by the bacteria, and Y is the cell yield. At con-
centrations below Spin, the entire biofilm would be in net
decay and would eventually cease to exist. Hence, in order’
to sustain a biofilm reaction for the long term, the rate-
limiting substrate must be present at a concentration
greater than Sy, Values of Sy, may be on the order of a
fraction of a mg/L to several mg/L depending on substrate,
electron acceptor, and organism.

Many organic micropollutants are present at concentra-
tions below Sy, and would aparently go unutilized. How-
ever, simultaneous utilization of many different substrates
is possible. An organic compound which is at a concentra-
tion below Sy, may be biodegradable by secondary utili-
zation. In secondary utilization, the organic compound,
which does not provide significant energy or cari‘))on for
bacterial growth, can be utilized as a secondary substrate
by a bioﬁ%m that is grown and sustained through utiliza-
tion of a primary substrate, which is present ata concentra-
tion greater than its Spi. A primary substrate provides the
organism energy and carbon for cell synthesis, whereas
secondary substrates may or may not contribute either to
cell growth. A secondary substrate need not share enzy-
matic pathways with the primary substrate, although the
bacteria must be capable of transforming both compounds.

Loboratory Evaluation of §

The concept of secondary utilization was evaluated
through basic continuous-flow column studies for periods
longer than a year with mixed bacterial cultures, using aer-
obic and methanogenic conditions [4, 5, 6]. Glass beads
were used as the support media for the biofilms in order to
minimize adsorptive effects, and acetate was used as the
primary substrate to sustain bacterial growth. A group of
priority pollutants was selected as secondary substrates at
concentrations between 10 and 30 ug/L. These studies in-
cluded inorganic nutrients and buffers.

Trace concentrations of chlorinated benzenes were de-
graded by biofilm bacteria sustained with acetate as the
primary substrate under aerobic conditions, but these
same compounds persisted under methanogenic condi-
tions (Table 1). Between 10 days and 5 months were re-
quired for acclimation of the biofilm culture to the chlo-
rinated aromatics. The number and position of chlorine
atoms on the benzene ring affected the initial acclimation

dary Utilization

TABLE 1. AVERAGE UTILIZATION OF SUBSTRATES FED CONTINUOUSLY TO AEROBIC AND METHANOGENIC BIOFILM REACTORS

Aerobic Biofilm Column*
(20-min detention time)

Methanogenic Biofilm Column*
(2-day detention time)

Influent Conc. % Influent Conc. %
Substrate png/L Removal ug/L Removal
Primary
Acetate 1 mgL 982 100 mg/L. 99 % 1
Secondary
Chlorinated Aromatics:
chlorobenzene 113+ 25 913 2+t5 015
" 1.57 = 0.3 85 +6 —_ —_
1,2-dichlorobenzene 96 +24 97 +1 15+3 0=x15
1,3-dichlorobenzene 98 18 71+8 10+ 3 015
1,4-dichlorobenzene 108 + 1.8 99+ 1 10+3 015
1,2,4-trichlorobenzene 92 + 16 95 +3 11 %3 015
Nonchlorinated Aromatics:
ethylbenzene 912 91 120 £ 4 7 +26
styrene 7615 > 99 792 8 =26
naphthalene 13.8 £ 3.5 9 =1 288 7 -2 =29
Halogenated Aliphatics:
chloroform 285 + 4.2 -2 +20 28+ 7 99+ 1
carbon tetrachloride t — 17+1 > 99
1,2-dichloroethane — 22 +3 -1%20
1,1,1-trichloroethane 159 £33 S =97 182 973
1,1,2,2-tetrachloroethane — 27 +1 97 +3
tetrachloroethylene 9.8 £3.7 240 15+4 76 = 10
bromodichloromethane t 26 =3 > 99
dibromochloromethane t — 25+ 2 >99
bromoform t — 26 + 2 > 99
1,2-dibromoethane t 27 2 > 99

*One standard deviation of the mean values are given.

tCompound not included in feed to aerobic column. These compounds were not degraded in aerobic batch cultures.
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period and the extent of transformation. Chlorobenzene,
1,3-dichlorobenzene, and 1,4-dichlorobenzene were oxi-
dized to CO, without detectable intermediates in the pres-
ence of bacteria, confirming removal by biooxidation [5].

The low-molecular-weight halogenated aliphatic com-
Eounds studied were not degraded by the aerobic biofilm,

ut evidence for secondary utilization of these compounds
was obtained under med:a,ano enic conditions (Table 1).
Degradation of the brominated aliphatics to below detec-
tion limit occurred with almost no acclimation period re-
quired, while significant removals of: the chlorinated ali-
phatics did not occur until after a 10 to 15 week lag period.
Nearly complete oxidation of some of the chlorinated ali-
phatics to CO, under methanogenic conditions confirmed
removal by biooxidation [6]. Both biological and chemical
processes appeared to be acting to transform the bromi-
nated compounds. A few of the halogenated aliphatics
were transformed in the presence of active denitrifying
bacteria.

Secondary Utilization Rates

Modeling of secondary utilization is based on the rela-
tionship between the primary and secondary substrate.
Since the primary substrate is the rate-limiting organic
electron donor which contributes energy and carbon to the
long-term growth and maintenance of the biofilm, the
utilization of the primary substrate and growth of the
biofilm are described by the steady-state ﬁioﬁlm model
of Rittmann and McCarty [1]. Steady-state utilization of
secondary substrates is described by coupling the biofilm
thickness, which is controlled from degradation of the pri-
mary substrate, with individually determined rate parame-
ters for each secondary substrate.

For secondary substrates, the Monod-type expression
used to model substrate utilization reduces to first order
(8r<<K)

ds, _ _ kXS
i &

Here, S is the concentration of substrate at a point within
the biofilm and X, is the active cell density. Conse-

uently, for trace substrates, there will be a linear relation-
ship between substrate flux into the biofilm and sub-
strate concentration, and the fractional removal in a
fixed-film reactor should be nearly constant for any con-
centration in the feed. This was observed for chloroben-
zene utilization under aerobic conditions (Table 1). When
the influent concentration of chlorobenzene was de-
creased from 11.3 to 1.57 ug/L, this resulted in a corre-
sponding decrease in effluent concentration, resulting in
85 percent removal or about the same as that obtained pre-
viously.

Once acclimation has occurred, then rate of degradation
of secondary substrates appears to be a function of active
organism concentration and the ratio of k to K,. Modelin
the rate of acetate (primary substrate), chlorobenzene, an§
1,4-dichlorobenzene (secondary substrates) utilization in
the aerobic biofilm reactor results in apparent k to K, ra-
tios for the substrates of 3.8, 2.5, and 11 L mg™ day™, re-
spectively [7]. The ratio of k to K for acetate and chloroform
biotransformation in the methanogenic biofilm reactor
was 0.63 and 0.85 L mg~! day~!, respectively [7]. Although
the utilization kinetics for each substrate appeared to be
unique, the ratio of k to K, for each secondary substrate was
similar to the value for the primary substrate. The k/K, ra-
tios were within the range expected for aerobic and
methanogenic heterotrophic bacterial growth under low
substrate concentrations [8].

A simple batch model using first-order decomposition
kinetics may be adequate to describe biotransformation for
large-scale subsurface contamination with low numbers of
active organisms and slow groundwater movement. Here,
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biotransformation rates will be slow and limited by the re-
action rate rather than mass transport. Degradation half-
lives under aerobic and methanogenic conditions re-
sulting from typical subsurface organism concentrations
[9] and rate constants derived from the biofilm column
modeling studies are shown in Table 2. These calculations
show that, even at extremely low organism concentrations
in the ground, significant biotransformation rates of or-
ganic micropollutants can occur.

Summary

Secondary utilization is a means by which bacteria are
able to degrade very low concentrations of organic com-
pounds, even those which are lower in concentration than
the Spi, concentration for the primary substrate. The labo-
ratory results clearly indicated that, under proper condi-
tions, many potentially hazardous halogenated organic
compounds present at very low concentrations can be
biotransformed by fixed-film bacteria provided with an
additional growth-sustaining substrate. Secondary utiliza-
tion is a promising concept for explaining and modeling
biotransformation of organic micropollutants in the envi-
ronment. Kinetic concepts developed for primary sub-
strates appear to be applicable to secondary substrates.
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TABLE 2. HALF-LIVES OF BIOTRANSFORMATION MODELED WITH
FIRST-ORDER KINETICS AS A FUNCTION OF ACTIVE ORGANISM

CONCENTRATION
Organism

Concentration Degradation Half-Life, days
mg/L No./mL* Aerobic Respirationt Methanogenesis§

10 107 0.014 0.14

1 10¢ 0.14 1.39

0.1 10* 1.39 13.9

0.01 10* 13.9 139

0.001 10° 139 1,390

*Organism dry weight taken as 107 g/cell. tAssumed k/K, = 5
L/mg cells-day.
§Assumed k/K, = 0.5 L/mg cells-day.
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Oxidation of Cyanides in Industrial
Wastewaters by Ozone

Fundamental kinetic and mechanistic data for the reactions of 0zone with cya-
nide provide a solid basis for practical applications.

M. D. Gurol, W. M. Bremen, and T. E. Holden, Drexel University, Philadelphia, Pa. 19104

Various industrial processes such as metal finishing, pho-
tographic bleaching, and iron and steel manufacturing pro-
duce substantial amounts of wastewaters which may con-
tain as much as 30,000 mg/L of free cyanide and metal
complexes of cyanide. Chlorination at high pH is the
standard treatment process for cyanide containing
wastewaters. However, chlorine must be used in consider-
able excess to destroy cyanogenchloride, the toxic inter-
mediate product of the cﬂlorine-cyanide reaction. The ad-
dition of excess chlorine increases the total solids content
of water, making it undesirable for recycling and reuse
purposes, and leaves high chlorine residual which is toxic
to aquatic life. In addition, various chlorinated organics
may be produced if the wastewater contains organic
substances.

Ozone is an alternative process for oxidation of cyanides.
However, the lack of information on the chemical kinetics
and the mechanism of the ozonation reactions of cyanide
compounds has limited the widespread application of
ozone by preventing engineers from making reliable de-
sign decisions and ¢ost estimations. Previous researchers
[1-8], investigating the ozonation of cyanides in semi-
batch or continuous-flow reactors, have generated rate
equations of lumped parameters which combine the kinet-
ics of chemical reactions and the kinetics of ozone absorp-
tion, and are therefore empirical and system-specific.
Furthermore, there is disagreement in the literature as to
the effects of metal complexation of cyanide on the reac-
tion kinetics [3, 4, 6].

The objectives of this study are to generate fundamental
kinetic and mechanistic data for the reactions of ozone
with cyanide by distinguishing between the mass transfer
of ozone and the oxidation and decomposition reactions of
ozone, and to understand the effects of complexation of cy-
anide with copper and iron.

The kinetics of the fast chemical reactions of ozone with
free cyanide were studied by using a stopped-flow spec-
trophotometer. The stoichiometric relations among the
reactants and the products, and the effect of complexation
were investigated by an ozone bubble reactor under dy-
namic conditions, as reported earlier for phenolic com-
pounds [9, 10].

46 February, 1985

EXPERIMENTAL METHODS

Ozone was produced from oxygen by a Welsbach, Model
T-408 ozone generator. The experimental set-up is shown
in Figure 1. The percentage of ozone produced in the oxy-
gen gas was controlled by changing the power input to the
generator. The gas flow meter was calibrated before and
after the experimental runs by using a soap-film column
connected to the downstream of the reactor and the KI
traps.

The reactor was a 500-mL gas washing bottle with a
sintered-glass dispersion tube to deliver ozone gas to the
bottom of the reactor. To keep the temperature of the con-
tents of the reactor constant at 20°C, water was continu-
ously circulated by a water pump from a 20°C water bath
through a water jacket around the reactor. Excess ozone
gas passed out through the top of the reactor into a gas
washing bottle containing KI solution. The concentration
of ozone in the effluent gas, (Os)r, was measured by tak-
ing samples from the KI trap during each experimental run
and titrating the iodine in the samples with Na,S,0; ac-
cording to Standard Methods [11). Two gas washing bot-
tles containing KI solution were connected to the system
in parallel to the reactor to determine the quantity of ozone
applied to the reactor, (Os)in. Before each experimental
run, the ozone-oxygen mixture was diverted around the re-
actor into these traps for a constant period of time. Samples
taken from the traps were titrated as explained above.

by-pass Reactor

(valve exhaust

Figure 1. Experimental set-up
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Kinetic studies were performed using a Durrum, Model
110 Stopped-Flow Spectrophotometer in which solutions
of cyanide and ozone were mixed in a 20-mm light path,
0.063-mL cuvette with a deadtime of less than 2
milliseconds. The reaction temperature was maintained
constant at 20°C. The concentration of ozone was moni-
tored by measurement of the absorption of UV light at 260
nm. Absorption by cyanide and the buffer salts at this
wavelength was negligible. The data of absorption vs. time
were recorded by a Tektronix, Model 5115 Storage Oscil-
loscope, and then were either traced manually on graph
paper, or photographed by a Polaroid camera attached to
the oscilloscope screen. The experiments were repeated
several times, usually using different time scales, to insure

reproducibility.

TEST SOLUTIONS AND ANALYTICAL METHODS

All solutions were prepared from deionized and glass-
distilled water. The pH of ozone solution was adjusted to
2.5 with dilute sulfuric acid in order to minimize ozone
loss by decomposition. Ozone gas was bubbled through
this solution in the bubble reactor until equilibration.
Ozone solution was kept as stock (20-30 mg/L ozone) for
subsequent use in the stopped-flow spectrophotometer.
Free cyanide solutions were prepared by dissolving
NaCN in phosphate buffers. The pH of the cyanide solu-
tions was adjusted by sodium hydroxide or sulfuric acid to
avalue predetermined by mixing ozone solutions at pH 2.5
with an equal volume of cyanide solution to obtain the de-
sired pH in the mixture. This procedure simulated the
equal-voiume mixing in the stopped flow spectrophotom-
eter.

Copper complexes of cyanide were prepared by dissolv-
in? NaCN and CuCN in phosphate buffer. Since the origi-
nal ratio of cyanide to copper was 4:1, the predominant
species in solutions before ozonation was Cu(CN), 2. Solu-
tions of iron-cyanide complexes were prepared by dissolv-
ing K;Fe(CN)s in buffer solutions; hence Fe(CN)s® was
the gredominant species in the unozonated solutions.

The concentration of ozone in stock solution and in the
gas phase was measured by the KI method [11]. In ozo-
nated cyanide solutions ozone was measured by both the
KI and the Indigo methods [12], which yielded similar re-
sults, indicating the absence of any interferences by the re-
action products. Free cyanide and cyanate were measured,
respectively, by titration with silver nitrate [11] and by
acid hydrolysis [11]. Solutions of copper-cyanide com-
plexes were treated with EDTA under acidic conditions at
50°C for decomplexation of cyanide [13]; the concentration
of cyanide was measured colorimetrically after it reacted
with chloramine-T at neutral pH [11]. The concentration of
cyanide in solutions of iron-cyanide complexes was mea-
sured by monitoring the light absorbance of Fe(CN)s™ at
410 nm [14]). However, when copper was added to iron-
cyanide solutions, it interfered witi the absorption at this
wavelength. Therefore, these solutions were exposed to
UV radiation at acidic pH in the presence of sodium
sulfide for decomplexation [15]. After the addition of bis-
muth nitrate and pH adjustment to 11.5, cyanide ion was
measured by an Orion cyanide electrode.

KINETIC ANALYSIS

For a batch system the general rate expression for the re-
action of ozone with cyanide can be expressed as

~d [0s)dt = k [CN7]* [Os]" 1

where [0;] and [CNy] are the concentrations of ozone and

the total cyanide, and k is the reaction rate constant.
Kinetic studies were performed with the stopped-flow

spectrophotometer in at least 5-fold and up to 1300-fold
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stoichiometric excess of total cyanide. Under such condi-
tions, Equation 1 becomes

—d [O3Y[Os]™ = kops 2
where
kops = k [CN,I" 3)

As will be shown later, the order of the reaction with re-
spect to ozone is 1.0. Hence, the integrated form of Equa-
tion 2 becomes

In (A/A0) = ks - t 4)

Where A and Ao are the absorption at time ¢ and zero, re-
spectively, and are directly proportional to the concentra-
tion of ozone in water. The function in (A/Ao) was plotted
as a function of time, according to Equation 4; the psuedo-
first order rate constant, k., was determined from the
slope of the straight-line drawn by using a linear regres-
sion model.

The reaction order with respect to total cyanide, n, was
determined by plotting log ko, vs. log [CN], according to
the following equation for various pH values.

log ks = log k + n log [CN7] (5)

The reaction rate constant, k, was obtained from the inter-
cept of the linear regression lines.

The rate of self-decomposition of ozone at several pH
values was determined by a similar procedure. For this
case, the cyanide solution was replaced by a buffer
solution.

Kinetic experiments were performed for initial cyanide
concentrations of 1.9 X 107*-0.46 M (5-12,000 mg/L), and
ozone concentrations of 1.0 X 10™-3.1 x 10™* M (5-15
mg/L) in the pH range of 2.5 to 12.0. The reactions were
observed to be very %ast. For example, in the presence of
3.8 X 107* M cyanide, the reaction was completed within
12 milliseconds, following a pseudo-first order reaction
kinetics with a rate constant of 118 sec™, as shown in Fig-
ure 2. On the other hand, it took 4.5 seconds for ozone to
disappear by self-decomposition, yieldin%la decomposi-
tion rate constant of 0.88 sec™". Assuming that the decom-
position is initiated by a reaction step which is first-order
with respect to both ozone and the hydroxide ion [16, 17],
the second-order rate constant for the decomposition of
ozone is calculated as 560 L/mole-sec, which is consistent
with the rate constant reported by Forni et al. [17] as 540 +
20 L/mole-sec. This and similar results at other pH values
indicated that the rate of hydroxide-ion-initiated decom-
position of ozone is negligible compared to the rate of the
reaction of ozone with cyanide ion.

The pseudo-first order rate constants observed in the
presence of different concentrations of excess cyanide,

15
fg‘ 10}
~
RS
& -
! 5k ® k=118 sec
0 1 T 1 1 T T T 1 1 1
() 2 4 6 8 10

time (msec)

Figure 2. Pseudo-first-order plot for ozone decay at pH 11.2 in the pres-
ence of 3.8 X 10~ M total cyanide.
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koss, were plotted in Figure 3 as a function of total cyanide
concentration, [CNy], according to Equation 5, tor pH
values 11.2,9.5 and 7.0. For equal concentrations of [CN7),
koo increased with increasing pH, reaching a value of ap-
proximately 1000 sec™" at pH 11.2 for a [CN7] value of 0.25
M. This rate, which corresponds to a halflife of 0.7
milliseconds, is about the maximum which can be ob-
served by the stopped-flow instrument used in this study.

According to Figure 3, the dependence of k., on [CN7]
seems to vary with pH. An statistical analysis for a 95 per-
cent confidence interval (p = 0.95) yields the following
rate expressions for pH values of 11.2, 9.5, and 7.0,
respectively.

d [0:)dt = (2600 = 700) [CN,]**=0%[0,]  (6)
d [Os)dt = (2700 = 850) [CN,"®=%4[0,]  (7)
d [O;)dt = (550 + 200) [CN,J**=*1°[05]  (8)

Similar experiments conducted at pH 2.5, where decom-
position of ozone is negligible [8], and cyanide is primarily
in the form of HCN, showed that the reaction of molecular
ozone with HCN is very slow. On the other hand, when k,,
was plotted as a function of cyanide ion concentration,
[CN~], for the experiments conducted between pH 2.5 and
12.0, all the data points fit reasonably well to a single
straight-line (correlation coefficient = 0.9557), as shown
in Figure 4, indicating that ozone reacts primarily with the
cyanide ion.

Hence, the overall rate expression can be represented
by Equation 9 which describes the line in Figure 4 forp =
0.95.

d [O;)dt = (3300 £ 1500) [CN~]&~=0¥#[0,]  (9)

3.0 e pH 11.2
s pHO95
4 pH7.0
2.5
T 20
2
0
2
o
2
g 15l
1.0
0.5
o T T L) T T T T
4.0 -3.0 -2.0 -1.0 (4]
Log [CN 1M

Figure 3. Observed pseudo-first-order rate constant for ozone decay vs.
concentration of total cyanide.
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Figure 4. Observed pseudo-first-order rate constant for ozone decay vs.
concentration of cyanide ion.

The reaction of ozone with cyanide does notappeartobe
a simple bimolecular reaction, since the rate of disappear-
ance of ozone (Equation 9) is not first order with respect to
cyanide ion as would be expected from an elementary di-
rect reaction of ozone.

EXPERIMENTS IN BUBBLE REACTOR
Free Cyanide

Experiments were performed with free cyanide in the
bubble reactor for a gas flow rate of 0.5 L/min. The applied
ozone dosage was 19 mg/min. In Figure 5, the observed
concentration of total cyanide, cyanate, and ozone residual
versus time of ozonation in the i;ubb]e column are shown
for the pH values of 11.2, 7.0, and 2.5.

At pH 11.2, the removal rate of cyanide was mass-
transfgr limited because of its very high oxidation rate with
ozone, as indicated by the zero-order behavior of the cya-

i = = 18,)
m=12 =70 =25 ll”l

2.0 o

Concontration

Tolal
cyanide

Total
r eyanide r

5 10 15 20 25 30 19 1620 26 20 $ 10 15 20 25 N0

§
Time [minates]

Figure 5. Profiles of total cyanide, cyanate, and ozone residual in the bub-
ble reactor for pH 11.2, 7.0 and 2.5.

Environmental Progress (Vol. 4, No. 1)



nide profile. Cyanate appeared in the solution at a rate
which was equal to the rate of removal of cyanide, indicat-
ing a one-to-one stoichiometric relation between cyanide
and cyanate. After cyanide was oxidized completely, cya-
nate started to react with ozone at amuch slower rate. Dur-
ing the course of the experiment at this pH, ozone did not
aé)pear in the solution because of its rapid consumption by
the oxidation and the decomposition reactions.

The removal rate of cyanide at pH 7.0 was equal to the
rate at pH 11.2, and was mass-transfer limited for the first
twelve minutes of ozonation under the experimental con-
ditions of this study. However, after the total cyanide con-
centration was reduced to about 0.8 mM, the oxidation re-
action became the rate-limiting step. Ozone appeared in
solution as soon as the system became reaction-rate lim-
ited, and accumulated until reaching a plateau at about 14
mg/L. Cyanate was produced at an equal rate the cyanide
was oxidized, however oxidation of cyanate started while
cyanide still existed in the solution.

AtpH 2.5, volatilization of HCN contributed more to the
removal of cyanide than its oxidation by ozone, as demon-
strated by independent experimentations with pure oxy-
gen. Nevertheless, oxidation of cyanide produced equal
moles of cyanate. Due to slow oxidation and decomposi-
tion of ozone at this pH, ozone appeared in solution instan-
taneously, and stabilized at a saturation value of about 14
mg/L.

These results of the experiments with the bubble reactor
imply an economic advantage for the high-pH oxidation
process, in addition to confirming the results of the batch
experiments with the stopped-flow spectrophotometer.

Copper-Complexed Cyanide

In Figure 6, the concentration of cyanide as a function of
time of ozonation is shown for free cyanide and copper
complexes of cyanide under the same experimental condi-
tions. The disappearance of free cyanide again followed a
straight-line, revealing the mass-transfer limited nature of
the oxidation process. The presence of copper signifi-

4.0@
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Q=1.0 L/min
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Figure 6. Ozonation of free cyanide and copper-complexed cyanide.
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cantly increased the rate of cyanide disappearance by
enhancing the rate of mass transfer of ozone from the gas
Fhase to the solution. The comparison of the initial rates
or cyanide disappearance indicates a 5-fold enhancement
in the presence of 0.96 mM copper. The increase in the
rate of ozone absorption in the presence of copper was ob-
served by monitoring the ozone concentration in the
effluent gas, as shown in Figure 6. During the oxidation of
free cyanide, ozone was detected in the effluent gas im-
mediately. Ozone concentration increased quickly and
reached a steady-state value of about 24 mg/L when 35 per-
cent of the cyanide was oxidized. On the other hand, in the
presence of copper, no ozone was detected in the effluent
gas for the first three minutes of reaction. The break-
through occurred after about 85 percent of cyanide was ox-
idized. Ozone concentration increased quickly and stabil-
ized at about 26 mg/L.. The molar ratio of ozone consumed
per mole of cyanide oxidized was determined to be 1.2 ¥
0.2 from mass balance calculations for both free cyanide
and cyanide complexed with copper.

During the oxidation of cyanide in the presence of cop-
per, copper released from cyanide ‘complexes formed
various precipitates. Precipitation became extensive after
the third minute of ozonation which corresponded to the
change in the oxidation rate of cyanide. Additionally, the
speciation of soluble copper is expected to change with
time as cyanide is removed from the solution, and Cu(I) is
oxidized to Cu(II). Hence, the reduction in the concentra-
tion of soluble copper as well as the formation of different
complexes of cyanide might be responsible for the
significant decrease in the oxidation rate.

One mole of cyanate, CNO~, was produced for each
mole of cyanide oxidized in both the absence and presence
of copper, as shown in Figure 7. In the absence of ozone,
the hydrolysis of cyanate to carbonate and ammonia, as
suggested by Selm [2], did not occur at pH 11.5 over a time
period of practical importance. However, cyanate was oxi-
dized further by ozone. Bremen [19] observed that the rate
constant for the reaction of ozone with cyanate is about two
orders-of-magnitude smaller than the rate constant of cya-
nide oxidation. Consequently, cyanate concentration con-
tinued to increase until cyanide was oxidized completely.

Iron-Complexed Cyanide

Figure 8 presents evidence that the complexation of cya-
nide to iron hinders the oxidation of cyanide by ozone to a
great extent. This supports the earlier reports by Mauk et
al. [20] and Streebin et al. [21]. Increasing the ozone con-
centration in the applied gas did not affect the oxidation
rate of iron-complexed cyanide. After 90 minutes of ozona-
tion, about 25 percent of cyanide was oxidized. However,
chemical analysis throughout this time period showed no
buildup of cyanate in tlgua solution. Independent experi-
ments proved that iron did not interfere with cyanate
analysis.

During the oxidation process, no ozone residual could
be detected in the solution phase since ozone decomposed
completely at this pH of 11.5. Under the experimental con-
ditions, the absorption of more than 30 moles of ozone was
required for the oxidation of each mole of iron-complexed
cyanide. These observations support an indirect reaction
mechanism in which the hydroxyl radicals generated upon
decomposition of ozone operate as the predominant
oxidizing agents. Hence, it could be concluded that cya-
nate reacts with the hydroxyl radicals as soon as it is
formed from cyanide, since these radicals are known to be
nonselective oxidants. Alternatively, oxidation of cyanide
in iron complexes may not proceed through cyanate.

Solutions of iron-cyanide complexes were ozonated in
the presence of various amounts of copper (CuSOy) in or-
der to determine whether copper can also increase the re-
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Figure 7. Oxidation of cyanide to cyanate by ozone.
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Figure 8. Ozonation of free cyanide and iron-complexed cyanide.

moval rate of cyanide in iron complexes. In Figure 9, the
cﬁanide profiles for the Cu/CN ratio of zero, % and % are
shown under the same experimental conditions. The
amount of cyanide which is removed during the first 15
minutes of ozonation increased by a factor of 4 in the pres-
ence of 0.96 mM copper, and by a factor of 8 in the pres-
ence of 1.92 mM copper. Consequently, the ozone require-
ment for the oxidation of one mole of cyanide was lowered
proportionately. The rate of removal slowed down after
the first 15 minutes, again probably because of the precip-
itation of copper from the solution. During the reaction pe-
riod, no buildup of cyanate was observed.

These experimental observations indicate that the iron-
cyanide complexes in metal plating wastewaters may not
be oxidized by ozone within a reasonable period of time.
However, if copper is present in a wastewater, e.g., copper
plating wastewater, ozone treatment may still be an eco-
nomically feasible alternative.
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Figure 9. The effect of copper on removal rate of iron-complexed cyanide.

MECHANISM OF COPPER-CATALYSIS

Cu(II) is believed to be unstable in the presence of cya-
nide. Reports by Cotton and Wilkinson [22] and Barton et
al. [23] suggest that the catalytic effect of copper which was
observed in the present study is due to an independent
oxidation/reduction reaction between Cu(II) and cyanide.
In order to test this hypothesis, CuSO, was added to cya-
nide solutions in various amounts at pH 11.5 in the ab-
sence of ozone. After one hour of stirring, the samples were
analyzed for cyanide and cyanate. The results are summa-
rized in Table 1.

Cyanide in free form and in complexes with Cu(I) was
oxidized with approximately one-to-one ratio to cyanate by
Cu(Il), as postulated above. However, in iron-cyanide so-
lutions, no cyanate formation was detected in spite of the
removal of significant amounts of cyanide. Since the pres-
ence of neither iron nor copper has any observable inter-
ference on the analytical technique for cyanate, it can be
assumed that no cyanate is produced in this reaction.

In view of the presented experimental evidence, the fol-
lowing net reaction can be presented to explain the cata-
lytic effect of copper on the oxidation of cyanide by ozone:

2Cu* + 11CN~ + 3 0; > 2 Cu(CN),"* + 3CNO~ + 3 0,
(10)

The complexation of cyanide with iron is much stronger
than with copper (K., is 10*” for Fe(CN)s™%; 10%3 for
Cu(CN),~%; and 10% for Cu(CN),~%)?*?5, Therefore, the ef-
fect of copper on the oxidation rate of iron-complexed cya-
nide cannot be explained by an exchange mechanism be-
tween copper and iron. Additionally, the absence of
cyanate in the reaction mixture eliminates the applicabil-
ity of the above reaction for iron-cyanide complexes.

TABLE 1. OXIDATION OF CYANIDE BY COPPER

[Cu)y Free Cyanide Copper-Cyanide Iron-Cyanide
[CN] Cyanide Cyanate Cyanide Cyanate Cyanide Cyanate
mM mM mM mM mM

0 3.84 0 3.84 0 3.84 0

1/4 3.05 0.46 3.22 0.41 3.84 not detected
12 2.71 0.78 3.27 0.43 3.47 not detected
1/1 2.88 1.00 2.06 0.61 2.04 not detected
2/1 2.80 0.99 3.18 0.58 0.87 not detected

50 February, 1985

Environmental Progress (Vol. 4, No. 1)



CONCLUSIONS

In the absence of any metals, ozone reacts primarily with
the cyanide ion with a very fast rate; its reaction with hy-
drogen cyanide is negligible. The reaction is first order
with respect to ozone and fractional order with respect to
cyanide ion. This fractional order is an indication that the
reaction is not a simple, bimolecular elementary reaction,
but involves the formation and reaction of free radicals.

Upon oxidation of each mole of cyanide, one mole of
ozone is consumed, and one mole of cyanate is produced as
the intermediate product of the reaction. Oxidation of cya-
nate by ozone is a slow reaction; therefore, cyanate accu-
mulates in the solution until cyanide is oxidized com-
Eletely. The oxidation of cyanide at high pH is expected to

e mass-transfer limited under the operating conditions of
most experimental and full-scale ozone contactors. The ki-
netic regime for operations at neutral pH should depend
upon the mass-transfer characteristics of the ozone
contactors as well as the concentration of cyanide in water.

The presence of copper causes a significant increase in
the oxidation rate of cyanide, but does not affect the stoi-
chiometric relations. The mechanism of copper-catalysis
involves an oxidation-reduction reaction between Cu(II)
and cyanide ion.

The complexation of cyanide with iron hinders the oxi-
dation of cyanide significantly. Cyanate is not detected as
an intermediate product.
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Hazardous Waste and the Common Law

Theories of Liability

A primer for chemical engineers, based on actual examples of cases involving
hazardous waste and environmental pollution.

Charleston C. K. Wang, Groeber & Wang, Cincinnati, Ohio 45219

THE COMMON LAW TORT: A PRIMER
(a) The Common Law Tradition

The American common law tradition derives from the laws
and legal practices of England. English common law is
that body of legal principles which have accumulated and
become established through custom and usage in the
courts of law over the course of English history. It is that
body of judge-made decisions which has been used as pre-
cedents by subsequent courts. The cornerstone of the com-
mon law is the doctrine of stare decisis, which literally
means “to abide by or adhere to decided cases.” In prac-
tice, it imposes upon the courts of law the duty to recognize
and follow the authority of previous court decisions or pre-
cedents in cases where the facts are similar.

In American jurisprudence, the phrase refers to the
portion of the common law of England (including acts of
Parliament where applicable) which has been adopted
and in force at the time of the Revolution, and the subse-
quent common law decisions of American courts. The
courts in each state and other political entities (e.g., Dis-
trict of Columbia and U.S. possessions) are each a separate
{'urisdiction in their own right and, as such, make common

aw for that jurisdiction. Therefore, the common law is
prolific and there are as many common law systems as
there are political entities in the United States. However,
do not despair, as courts yield to and follow the most logi-
cal path in most cases, and there are more similarities in
the common law among the various jurisdictions than
there are differences, although it is important to know the
differences as well.

On another matter which may cause concern to engi-
neers and scientists, it is interesting to note that, while the
doctrine of stare decisis is accorded great deference by
judges, it is not an absolute rule, for the courts, including
the United States Supreme Court, recognize that there are
instances when past decisions have to be modified in part
or even in whole. This is an extremely important recogni-
tion in the area of disputes arising from technological fac-
tors which wind up in our courts for resolution because
technology means change and innovation and as such, the
common law often must necessarily change in order to
keep up with and be responsive to new problems associa-
ted with everchanging technology.

Nevertheless, on many occasions, the argument has
been raised that our common law courts grounded in stare
decisis are too backward looking (i.e. dependent on prece-
dents) to be effective in resolving novel technological
ﬁroblems. Indeed, as an alternative, interested parties

ave resorted to another fountainhead of law, the legisla-
ture, for answers in the form of legislative or statutory law.
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(b) Legislative/Statutory Law

The legislature is one of the other branches of American
government and, under current practice, is actually the
major source of new law. In the area of hazardous waste,
the most relevant and powerful legislature is, of course,
the United States Congress. In addition, there are the
various state and local legislatures which add to the prolif-
eration of legislative or codified law. As the popular legis-
lature is not a technical or scientific body, the usual prac-
tice is to enact very broad statements of social policy, with
the details to be filled in by rulemaking by the various
“expert” administrative or regulatory agencies. In the end,
we are governed by a corpus of statutory laws and detailed
rules and regulations which have the force of law.

One important difference which can be observed be-
tween legislative law and common law in the area of haz-
ardous waste is that the common law usually comes into
play only after the fact of injury or damage has occurred,
whereas legislative law often seeks to implement the pub-
lic policy goal of prevention (e.g., toxic testing, proper re-
cord or manifest keeping, hazard monitoring, etc.), in addi-
tion to defining financial and criminal liability. On the
subject of criminal liability, note that the common law has
been totally superceded by statutory criminal codes in all
American jurisdictions. The common law crime no longer
exists in the United States. This means that one can be con-
victed criminally and run the risk of ajail term only if one is
shown to have violated a specific provision of the jurisdic-
tion’s criminal code.

As the topic of this paper is liability for hazardous waste
under the common law, the above observations on legisla-
tive law will have to suffice. We will leave the discussion
on legislative law with the note that legislative law is at
least as important in defining liability and must be reck-
oned with along with the requirements of the common law
in hazardous waste matters. I am sure that engineering and
technical practitioners in the area of hazardous waste are
already more familiar with the codified requirements
than the more esoteric common law and I hope that the rest
of the paper can serve as valuable material for my col-
leagues’ use. The other item to remember about statutory
provisions is that many of the acts permit “private attorney
general” actions by members of tﬁe public injured by ac-
tivities covered by the acts.

(c) The Common Law Tort

In the area of hazardous waste, the most relevant subset
of the common law is the law of torts. A tort (from Latin
torquere meaning to twist, and hence the English, torture,
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distort, contort, etc.) is simply a private or civil wrong com-
mitted by one party upon another by way of a breach of
duty expected of the wrongdoer, independent of any duty
arising from contract on agreement between the two par-
ties, for which the law will require compensation by the
wrongdoer towards the victim of the wrong. In other
words, it is a violation by the wrongdoer of his or her duty
owing to the victim and the duty arises by operation of law
and not by contract. The three elements of a tort are (1) ex-
istence of a legal duty from the defendant to the plaintiff,
(2) the breach of that duty by the defendant, and (3) injury
or damages as a result of which the law recognizes a
remedy.

Torts are usually further subdivided into three types: (i)
intentional torts, (ii) negligent torts, and (iii) strict torts.

(i) Intentional Torts—Examples of intentional torts are
assault, battery, libel, slander, and false arrest. As can be
seen from its name and examples, this tort requires a cer-
tain mental state or scienter (hence, the English con-
science). There must be intent or an appreciation of the
substantial certainty of outcome by the intentional
tortfeasor. Liability is thus based on a voluntary act by
which the tortfeasor knows with substantial certainty that
some expected result will follow. For example, if A were to
aim a loaded gun at B and pull the trigger, A knows with
substantial certainty that B will be kiﬁgd or injured. An-
other example is that if A were to put sodium cyanide in B’s
dinner, A knows with substantial certainty that B will die
upon eating the dinner.

In the area of hazardous waste, liability may arise via an
intentional tort, the most apparent example being that of
intentional trespass to anotﬁer’s land (either private or
public) by midnight dampers. The intent present in mid-
night dumping is so strong and repugnant to public policy
that in most states, midnight dumping of hazardous waste
has been defined in the statutory code as criminal of-
fenses against the state. Trespass will be discussed in de-
tail later in the paper under its own subheading.

(ii) Negligence—Negligence is probably the most com-
mon tort action today. In contrast to the intentional tort
which requires the commission of a deliberate act, negli-
gence arises from the failure to exercise the level of reason-
able care which the law expects of a reasonable person un-
der similar circumstances. Negligence is personal
carelessness or fault which injures another. Please note
that the standard or level of reasonable care is not fixed
but changes with the defendant and the circumstances.
For example, a surgeon is held to the standard of care of his
or her profession while the passer-by/good samaritan who
stoEs to apply cardio-pulmonary resusitation to a heart at-
tack victim is held to another standard. Along with the con-
cept of reasonable care, negligence is based on the concept
of a foreseeable injury. Normally a negligence claim is not
available for a unforeseeable injury. Negligence is further
classified as simple, and as willful and wanton. An exam-
ple of a simple negligence is the act of causing a traffic ac-
cident by failing to come to a full stop at a stop sign before a
busy intersection, while the act of causing a traffic acci-
dent by participating in an all outdrag race a%ong aresiden-
tial road (with no actual intent to collide with another per-
son or vehicle) may be classified as willful and wanton
negligence. Wanton and reckless conduct are grounds for
imposing punitive or exemplary damages. Like the inten-
tional tort, but unlike strict liability below, negligence is
based upon the defendant’s conduct (either commission or
omission) rather than a condition.

Examples of negligence in the hazardous waste area will
be discussed in detail under its own subheading.

(iii) Strict or Absolute Liability—As the name suggests,
strict liabilitfy is liability without fault. It is the defendant’s
nightmare, for under the doctrine the defendant can be
shackled with liability regardless of the existence or ab-
sence of care or of negligence, good faith or bad faith,

Environmental Progress (Vol. 4, No. 1)

knowledge or ignorance. It is really an extension of public
policy which compels a garty to be insurer of the safety of
its product or activity and to pai; for any damages resulting
from that product or activity whenever injury occurs. Lia-
bility is imposed upon the proof of physical causation b
the defendant. The defendant may have exercised all
available care and prudence known at that time but, under
the pure form of strict liability, that will not save the de-
fendant. Hence, the physical condition which results from
the defendant’s pursuits determines liability, and not the
actual conduct.

Historically, strict or absolute liability grew out of inju-
ries caused by ultrahazardous activities such as blastinﬁ
with dynamite which can cause injury despite the use ofa
available precautions. The current and notorious applica-
tion of this legal doctrine is, of course, in the area of prod-
ucts liability, whereby the manufacturer is made the un-
witting insurer of the safety of its product. The rationale is
that the manufacturer has the best control over the design,
manufacture, and pricing of the product, and is thus best
able to control the safety of the product and, failing that, is
in the best position to pay for the damage and then distrib-
ute this cost among tﬁe other consumers of the product
through appropriate pricing adjustments.

Because of the inherent nature of hazardous waste, there
is a probability that many of the jurisdictions may in due
course adopt this doctrine in one form or another when
adjudicating liabﬂi?-’. for injuries caused by hazardous
wastes. In view of this possibility, a detailed discussion
will be presented later in this paper under its own
subheading.

THE SHIELD OF STATUTE OF LIMITATIONS
(o) Definition

A statute of limitations is a legislated law which sets
forth the legal time limit within which suit may be brought
in a court of law after the accrual of the legal right to sue
and, if exceeded, will serve as a bar to the bringing of the
claim before the court. It is thus a technical defense which
is used by the defendant to prevent stale suits from bein%
heard in the courts, theref)y extinguishing their legal
efficacy. Most courts take the position that the wrong is
still present except that no redress can be sought from the
court because suit had not been brought within the time
period required by the statute of limitations.

The actual time period prescribed will actually vary ac-
cording to the type of action and to the jurisdiction. The
time period is usually longer for contracts than for torts, the
written contracts enjoying a longer period than oral con-
tracts, while the intentional torts are restricted by a shorter
period than negligent torts.

(b) Application to Hazardous Waste Litigation

As the health problems arising from hazardous waste are
basically chemical exposure injuries with long latency pe-
riods, the statute of limitations apﬁ)]icable to tﬁese injuries
assume critical importance. While acute injuries like
bumns and acute poisoning may manifest themselves in a
matter of hours or days, latency periods for carcinogenesis,
teratogenesis, and mutagenesis can be as long as twenty
years or more after initial exposure. As most hazardous
waste litigation involves tort claims, the shorter statute of
limitations usually applies. For example, in Ohio, the stat-
ute of limitations for intentional torts is one year and for
negligence, it is two years.

If the statute begins to run from the date of initial expo-
sure, many potential plaintiffs are barred from bringing
suit even before the manifestation of injury. This is one ex-
ample of the entanglement between the laws of justice
with the laws of science. In view of the contradiction, at
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least thirty nine states have adopted a “discovery rule” in
one form or another. As its name suggests, the “discovery
rule” means that a prescribed periog only begins to run
after the plaintiff has discovered or, applying reasonable
care, would have discovered a certain triggering event. In
recognition of the fact that many potential plaintiffs may
not even be aware of exposure to a toxic substance or who
may not connect observed symptoms with exposure to an
etiologic agent, even with professional medical help some
of the “discovery rule” jurisdictions have defined the trig-
gering event as the discovery of the causal connection be-
tween a manifested injury and the exposure to a certain
chemical. Some jurisdictions go even farther in defining
the triggering event as the discovery by the injured of the
fact that a legal cause of action is avai{ahle.

Then there are the states which reject the “discovery
rule,” wherein the statute of limitations remains an effec-
tive barrier to a lawsuit based on chronic disease. There-
fore, in those jurisdictions which reject the “discovery
rule,” a plaintiff can be time barred from bringing suit
even before the manifestion of the injury and the realiza-
tion of a causal connection between injury and exposure.

Since the statute of limitations determine whether a
claim can be entertained in court at all, it is the first item of
consideration for both the plaintiff and the defendant. The
defendant can use the statute of limitations as a powerful,
inpenetrable shield if the law so allows, and the statute can
be anathema to the plaintiff. See Tyson v. Johns Manville
Sales Corp., 399 So. 2d 263 (Ala. 1981). As substantial
rights and economic interests hang in the balance, this is
an ever changing area which requires due diligence in re-
search and analysis before proceeding.

HAZARDOUS WASTE AND THE COMMON LAW
(a) Negligence

As mentioned earlier, negligence is probably the most
frequent action brought in tort claims. It does not require
proof by the plaintiff of the defendant’s intent, which is
subjective and difficult to prove, but it requires the show-
ing of the defendant’s failure to exercise the level of rea-
sonable care required of him or her by law and custom,
}]hereby exposing the plaintiff to an unreasonable risk of

arm.

In the area of hazardous wastes, a lawsuit based on the
negligence theory can conceivably be brought for injuries
resulting from:

(i) the faulty or improper storage of wastes, (i) the faulty
or improper transportation of wastes, (iii) the faulty or im-
proper disposal of wastes, and (iv) the faulty treatment of
wastes. .

Faultis derived from arelative breach of the duty of care
against a standard or benchmark which the court accepts
for comparing the level of care possible and the actual
level of care used. It is therefore apparent that, as long as
the state of the art technology at the time of the conduct
was not used, there exists a possibility of liability under
the theory of negligence. The further away one strays from
the state of the art technology, the greater the risk of lia-
bility. The plaintiff has the burden of first establishing the
standard ofp care existing at the time, as well as the control
by the defendant and the subsequent breach of that
standard. This is shown by the use of testimony from ex-
pert witnesses. Likewise, the defendant must refute the
opinions of the plaintiff's expert witnesses through the tes-
timony of his or her own expert witnesses. Very often neg-
ligence trails end up as a battle of the expert witnesses.

A duty of reasonable care or reasonable standard of con-
duct may also be imposed by legislative or administrative
regulation, in which case a breach of which could consti-
tute negliience per se. The trial court usually exercises dis-
cretion whether to accept the legislative standard in a pri-
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vate civil suit. In so doing, the court looks at the legislative
intent behind the enactment to decide whether the legisla-
tive standard is appropriate for the civil action. Thus,
where the legislative intent is to protect the particular
class of persons to which the plaintiff belongs, or where
the claim is against a violation of an interest which the stat-
ute is intended to protect or where the harm or injury is the
type against which the statute is intended to prevent, then
the applicability of the statute is clear and the court usuall
goes no further in its inquiry and the standard is adopte({
When this happens, the remaining issue of fact is that of
the breach and of the physical causal connection between
the breach and plaintiff’s injury.

Examples of cases based on negligence are Knabe v. Na-
tional Supply Division of Armco Steel, 592 F. 2d 841 (5th
Cir. 1979) (failure to secure or to take prompt remedial ac-
tion over discharge of hazardous substances from a waste
holding pond); Pine v. Rizzo, 186 Okla. 35, 96 P. 2d 17
(1939) (negligent contamination of subsurface waters); Cit-
ies Services Gas Co. v. Eggers, 186 Okla. 466,96 P.2d 1114
(1940) (negligent discharge of saltwater onto plaintiff's
land from the oil drilling activities on defendant’s prop-
erty); and Defeo v. People’s Gas Co. of New Jersey, 6 N.J.
Misc. 790, 142 A. 756 (1928) (negligent discharge of natural
gas).

From the hazardous waste plaintiff’s position, one weak-
ness in using negligence is that the improper conduct with
the hazardous waste may have occurred many years ago
and evidence of both the standard or care and of the acts
constituting the breach of standard may be difficult to pro-
duce. For this and other reasons, plaintiffs rarely rel
solely on negligence in their suits for exposure to hazard-
ous waste.

(b) Trespass

Trespass is the intentional or, to a lesser degree, the neg-
ligent entry or intrusion onto the plaintiff's land by the de-
fendant’s person or by an object within defendant’s con-
trol. Trespass only protects the plaintiff's possessionary
interest in his or her land; therefore, a plaintiff cannot sue
in trespass if he or she is not in possession of the land, i.e.,
not physically present on the land. Trespass is an ancient
common law action deriving from the times of feudal lords
and people like Robin Hood and his team of professional
poachers. Thus, historically, trespass required a physical
entry onto the land like walking on it or, in the minimum,
intrusion by a tangible object like a speeding bullet or
large chunks of rock. This requirement has brought grief to
many an aspiring plaintiff complaining of pollution. To
this day, this ancient sine qua non persists, at least in con-
cept and in argument although, like the Oregon Supreme
Court, it has been converted to a requirement for
instrusion “by visible or invisible pieces of matter or by
energy which can be measured only by the mathematical
language of the physicist.” Martin v. Reynolds Metals Co.,
221 Ore. 86, 94, 342 P. 2d 790, 794 (1959) (court was
referring to fluoride particulates from defendant’s smelter
falling onto plaintiff's land); see also Borland v. Sanders
Lead Company, 369 So. 2d 523 (Ala. 1979); but compare
Born v. Exxon Corp., 338 So. 2d 933 (Ala. 1980).

Trespass actions over environmental pollution have
tended to be merged with the other theories like negli-
gence, nuisance, and strict liability, although it may enjoy
a resurgence in efficacy and popularity in the area of
percolating liquid wastes. With respect to nuisance (dis-
cussed next), liability in trespass attaches upon the show-
ing of the intrusion or entry from the faulty or improper ac-
tivities of the defendant without the explicit balancing of
the gravity of the harm against the social utility of defend-
ant’s conduct, something which is required in a nuisance
action.

Environmental Progress (Vol. 4, No. 1)



(¢) Nuisance

(i) Private Nuisance—A private nuisance is defined as
the unlawful interference with another’s use and enjoy-
ment of land. It is an equitable action for which an injunc-
tion or court order commanding the defendant to do or stop
doing certain things (further details on remedies are given
later). In addition to equitable remedies, monetary dam-
ages may also be obtained subsequently. As mentioned
earlier, nuisance today may become merged with the ac-
tion of trespass, especially when the distinction between
visible entry and invisible entry (e.g., noise, gases, and ra-
diation) becomes blurred. Nuisance may also become
merged with strict liability (see discussion of strict liability
below).

Being an equitable action, the judicial resolution of a
nuisance action mandates a balancing of equities or fair-
ness. Specifically, the court will weigh the nature and ex-
tent of plaintiff's injuries with the social and economic util-
ity of the defendant’s activities which constitute the
nuisance. Thus, a nuisance claim may become difficult to
win for the plaintiff, especially when an industry has great
overall social utility. It is interesting to note that there ex-
ists a defense known as “coming to the nuisance” where
the activities of the defendant preceded the plaintiff. Like
everything else in the law, there is a split among common
law jurisdictions as to the viability of this defense.

Private nusiance actions can be brought for interference
of the use and enjoyment of land by noise, air pollution,
water pollution, amfl underground water pollution. Itis in-
teresting to note that the fact that a hazardous waste facility
has a government permit (as today most, if not all facilities
must have permits) may not be a valid defense to a nui-
sance action.

(ii) Public Nuisance—A public nuisance is defined as a
violation of a public law which characterizes certain offen-
sive activity and thus proscribes it. Being an encroachment
upon a public right, it can be redressed only by the public
prosecutor unless otherwise provided by legislation. Stat-
utes may define nuisance broadly: public nuisance need
not be based upon an unreasonable interference with the
use and enjoyment of land. -

(d) Strict Liability

(i) Rylands v. Fletcher: Strict Liability imposed for a
“non-natural” use of land—Rylands v. Fletcher [Fletcher
v. Rylands, 1865, 3 H. & C. 774, 159 Eng. Rep. 737, rev. in
Fletcher v. Rylands, 1866, L.R. 1 Ex. 265, aff d in Rylands
v. Fletcher, 1868, L.R. 3 H.L. 330] is an English case de-
cided in 1868 which has been accepted and applied by the
majority of American jurisdictions in some fgrm. The de-
fendants were mill owners who hired independent con-
tractors to build a reservoir on their land. The water in the
reservoir broke through into the disused shaft of an aban-
doned coal mine, flowed along the connecting passages
and flooded plaintiff’s adjoining mine. The case, as (gie-
cided by the House of Lords, stands for the proposition
that strict liability will be imposed for the “non-natural”
use of defendant’s land, as distinguished from “any pur-
pose for which it might in the ordinary course of the enjoy-
ment of land be used.” The English courts, and the Ameri-
can courts which follow the rule will inquire into (1) the
character of the condition or activity, and (2) the place and
manner in which it existed and its relation to its surround-
ings. Thus, the customs of the community, and the natural
fitness or adaptation of the land for the condition or activ-
ity are important factors. Thus, it is apparent that Rylands
v. Fletcher is not a pure strict liability doctrine, but, more
like the theory of nuisance, calls for the balancing of a
number of parameters.

(ii) Other Modern Cases of Strict Liability—American
Courts have tended to follow rather than reject Rylands v.
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Fletcher. Butitis interesting to review some of the judicial
definitions of “non-natural” and other balancing efforts.

In Cities Service Co. v. Florida, 312 S0. 2d 799 (Fl. Ct.
App. 1945) the Florida Court determined the “non-
natural” character of phosphate slime storage by assessing
the size of the risk.

A Texas case, Turner v. Big Lake Oil Co., 128 Tex. 155,
96 S.W. 2d 221 (1936), involved a suit for damages as a re-
sult of the escape of salt water from ponds associated with
oil well operations. The salt water escaped onto the plain-
tiffs grasslands, killing vegetation and poisoning livestock
watering holes. The court found that the storage of salt
water was an absolute necessity for the Texas oil industry
and it insisted that the plaintiff prove negligence before
recovering.

InFritzv. E.I. DuPont deNemours &> Co., 45 Del. 427,75
A. 2d 301 (1950), plaintiff was injured by chlorine gas
escaping from defendant’s plant. The plaintiff filed suit,
claiming that “such a hazardous activity that DuPont could
have reasonably foreseen that certain harm would resultto
any person within the area of operation in the event the
chf’orine should escape.” The court weighed the inherent
hazard of escaping chlorine gas with the state’s policy not
to “strangle corporate and industrial enterprise.” On the
basis of evidence presented, the court determined that the
use of chlorine gas at the plant was not “unusual” and was
not “dangerous per se in the light of recognized industrial
use.” In a later case, Catholic Welfare Guild v. Brodney
Corp., 58 Del. 246, 208 A 2d 301 (1964) the Delaware Su-

reme Court found for strict liability for injuries from a
Elasting operation. The Court reconciled this case from
Fritz by making the distinction that the plant in Fritz was
located in a rural area whereas the blasting occurred in the
City of Wilmington.

Despite the diverse interpretations of the above exam-
ples wﬁich were decided in the last thirty years, under cur-
rent public opinion, sentiment, and perceptions, the oper-
ation of hazardous waste facilities would appear to be more
“non-natural” than “natural.” This is especially so if the
case went before a jury. Therefore, there is a good proba-
bility that strict liability will apply to toxic injury and haz-
ardous waste suits.

As mentioned previously, the most infamous applica-
tions of the concept of strict/absolute liability are in prod-
ucts liability. However, in most hornbooks, legal treatises,
and texts, the subject of products liability is treated sepa-
rately in its own right. See e.g. Prosser’s Law of Torts. The
strict liability doctrine as applied to defective products are
apurer of “stricter” form 0? strict liability than the doctrine
under Rylands v. Fletcher. Products liability evolved as a
result of the perceived public policy need to shift the bur-
den of risk, costs, and loss to the industry which benefits
from marketing the product. In economics language, strict
products liability attempts to internalize the risks within
the industry. Strong reasons exist for the imposition of
strict liability in hazardous waste situations. It is rather
ironical that, while hazardous waste, being a “waste” is not
a “product,” in the sense that it is a valuable, marketable
product, it nevertheless is part of the process or chain of
production of valuable, marketable products. A number of
legal commentators have emphasized the similarities be-
tween injuries from defective products and from hazard-
ous wastes.

Significantly, the judiciary has been impressed by the
similarities. The New Jersey Superior Court in City of
Bridgetown v. B. P. Oil, Inc., 146 N. J. Super., 169, at
177-178, 369 A. 2d 49 (1976), and in Dept. of Transporta-
tion v. PSC Resources, Inc., 159 N. ]] Super. 154 (1978)
have analogized strict products liability to liability from
the improper storage of hazardous substances and the pol-
lution of a lake:

While in New Jersey the concept of strict liability
regardless of negligence has been developed in

February, 1985 55



products liability cases, see Herbstman v. Eastman
Kodak Co., 68 N.J. 1, 342 A. 2d 181 (1968), it has not
yet been extended to tort cases such as the one at bar.
As can be seen, however, there is a Valging standard
of care required in negligence cases, depending on
the amount of danger involved in the activity en-
gaged in. In the case at bar, the activity, storage of il
created a substantial risk, and the defendant there-
fore had a high standard of care established by stat-
ute with the requirement for high standard because
of the inherent dangers involved in the storage, de-
fendant must be required to exercise an extremely
high burden. As has been discussed, strict liability

has been applied to products liability cases. In view-

of our developing insight into the impact of pollution
upon the environment because of the nature of this
activity, and the statutory prohibition against pollu-
tion, this is the proper time to extend the concept of
strict liability in this state to those who store ultra-
hazardous or pollutant substances. This means thata
defendant becomes liable for damages caused to a
proper plaintiff.

This rule is really neither real or novel. For gener-
ations it has been the common law rule thatan owner
of realty is required to refrain from injury to the land
of his neighbor. “Sic utere tuo ut alienum non
laedas” [use your property in such a manner as not to
injure that of another] is older than “when in the
course of human events...” 9 Coke 59, 1 Black-
stones, Commentaries 306; Harper and James, Law
of Torts, Section 142 at 71 (1965).

DAMAGES AND REMEDIES

Remedies are the means by which a legal right to en-
forced, or the violation of a right is prevented, redressed, or
compensated. There are basically two kinds of judicial tort
remedies:

(1) Remedies at Law

(2) Remedies at Equity

For our purposes, it is sufficient to say that the tradi-
tional common law remedy is limited to the award of mon-
etary damages to compensate for a tort injury, and the equi-
table remedy entails the judicial injunction which is a

court order commanding the defendant to do or stop doing
a certain thing. Thus it is apparent that in the area of haz-
ardous waste, the injunction is the more powerful and
efficacious remedy as it has preventative characteristics
whereas the traditional common law remedy of damages is
limited to after-the-fact compensation.

CONCLUSIONS

The law is often said to be “a seemless web.” This paper
has attempted to cut into this seemless web from the direc-
tion of hazardous wastes. As this area if a technologically
complex one, it is expected that the common law courts
will render diverse and sometimes conflicting or even
confusing decisions. As a observer or student in this area,
the objective is not to be overwhelmed by the diversity
and contradictions but to remember that the common law
is as complex as the subject matter and the society over
which it governs. The common law, along with statutory
law, has and will continue to have great impact in the oper-
ation of hazardous waste facilities. Given tEe explosive ex-
pansion of public awareness and scrutiny in this area, the
application of the common law to problems involving haz-
ardous waste will increase, especially in the area of victim
compensation. It therefore behooves the chemical engi-
neer working in this area to have a basic appreciation of the
impact of the common law to hazardous wastes. However,
as the area is an ever changing one, competent profes-
sional assistance is invaluable in the face of concrete prob-
lems or cases.
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Cincinnati, Ohio. He earned his Juris Doctor from
the Salmon P. Chase College of Law of Northern
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New Sludge Destruction Process

Demonstration and operating results from application of the Vertech Treat-
ment System to an actual municipal waste in Longmont, Colorado.

Gerald C. Rappe, Vertech Treatment Systems, Westminster, Colorado 80234

VerTech Treatment Systems is a new entity that was
formed in September 1983 by Bow Valley when they exer-
cised their option for this innovative waste destruction
technology. Bow Valley is a diversified international com-
pany engaged in natural resource development and en-
ergy industry services. It specializes in exploration and
production, drilling equipment, coal mining, and resource
services.

Elements of VerTech’s Technology (Figure 1)

The most important elements of this technology are:
e Wet air oxidation
¢ Drilling
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¢ Reactor design and construction

e Scale controF

¢ Materials selection

¢ Instrumentation and control

The principles of wet air oxidation are well established
[1,2, Sfl)ut high capital and operating/maintenance costs
have limited the application of the technology.

The present unique patented system [4] utilizes conven-
tional oilfield driﬁing technology to provide a drilled,
cased, and cemented well about a mile (1.6 km) deep.

Reactor design is based on hydrodynamic models for
two-phase flow, predominantly in a Taylor bubble or slug
flow regime [5]. These models have been validated with
data from VerTech’s commercial installation at Longmont.

Environmental Progress (Vol. 4, No. 1)
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Figure 1. Elements of VerTech technology.

Reactor design and installation must interact successfully
to provide sustained continuous operation with sufficient
instrumentation to allow easy operator control and meetall
system performance objectives.

Many wastes, particufarly those high in solids, may pro-
duce a scale at elevated temperatures in the reactor. Effec-
tive scale-inhibition and control systems are necessary for
sustained operation. VerTech has developed and success-
fully demonstrated these high temperature scale inhibi-
tors at Longmont.

Materials selection is important to sustain a 20-year reac-
tor life. Duplex stainless steels combine high strength and
excellent corrosion resistance, hoth of which are necessary
to provide a cost-effective reactor design. These materials
are resistant to stress corrosion cracking with chloride con-
centrations up to 1000 ppm. Above this limit corrosion
tests are recommended.

VerTech vs. Conventional Wet Air Oxidation

A comparison of this below-ground technology with
conventional wet air oxidation is provided in Table 1.
VerTech’s process is sludge destruction and the solid end-

roduct is an inert ash which may be used as a filler for

ricks.

Conventional wet air oxidation is predominantly sludge
conditioning. This improves suhsequent dewatering but,
for the case of biological sludge, one must still face dis-
posal or further processing of a concentrated biological
sludge.

There are significant differences in the reactor
configurations. In the vertical tube reactor, the aqueous
waste stream flows co-currently with air in an annular
space 5200 ft (1.6 km) deep and is subjected to an increas-
ing temperature profile to a maximum of about 550°F

TABLE 1. WET AIR OXIDATION

VERTECH CONVENTIONAL W.A.O.
Process Sludge Destruction Sludge Conditioning
Solids Inert Ash Improve Sludges Dewatering

Sludge to be disposed

Reactor T0°F to 520°F 375°F to 400°F
Temperature  (20°C to 277°C) (190°C to 205°C)
Reactor Plug Flow Back-mixed Reactors
Mixing in Series
L/D Ratio  Greater than 30,000 10
COD
Reduction up to 80% 10-30%
Liquid 2000 mg/L. COD  30,000-50,000 mg/L (COD)
Effluent Easy to recycle Causes Odor Problems

Environmental Progress (Vol. 4, No. 1)

(288°C). The reactor system is essentially plug flow with
an L/D ratio greater than 30,000.

By contrast, conventional surface wet oxidation is at a
constant temperature between 375°-400°F (190°-205°C) in
a series of reactor vessels with a 4 ft diameter and typically
with a L/D ratio of 10. Thus, the reactors are back-mixed.

Process Flow Diagram

A simplified process flow diagram is shown in Figure 2
and a schematic of the reactor cross-section is shown in
Figure 3. To put the reactor in an overall “process perspec-
tive,” we take concentrated wastes such as a waste acti-
vated sludge and typically dilute to about 10,000 mg/L of
COD. The diluted waste is combined with air and flows
co-currently down through the downcomer and up
through the upcomer. A significant advantage of this
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Figure 2. Process flow diagram.
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below-ground configuration is that one needs only to
pump and compress to 400 psi (2.76 MPa) at surface to ob-
tain 1400 psi (9.65 MPa) at the bottom of the well. Reaction
begins to take place at the point where the temperature ex-
ceeds 350°F (177°C), typically about 800 ft (240 m). The
rest of the reactor, from 800 ft (240 m) to 5200 ft (1.6 km), is
an effective reaction zone.

Downstream of the reactor the effluent flows to a
gas/liquid separator. There is no air pollution problem, no
oxides of nitrogen are formed, and no organics are present
in the gas phase. The dilute slurry flows to a lamella sepa-
rator for clarification and thickening. The overflow can
then be returned to the wastewater treatment plant; the la-
mella underflow which contains the concentrated inert
ash solids then is dewatered prior to final solids disposal.

A circulating hot oil system brings the reactants up to
temperature and estab{ishes the temperature profile
within the reactor. When steady-state temperatures are
achieved in the surrounding rock formation, the heat inﬁut
requirements can be substantially reduced. At higher
COD influent concentrations, sufficient energy can be
generated by oxidation to permit energy to be extracted
from the system. .

Longmont, a city of 50,000 people, generates 8 million
Fallons of wastewater and produces about 5 dry tons of bio-

ogical sludge daily. The VerTech system consisting of a
reactor 10 in. (0.25 m) diameter by a mile (1.6 km) deep is
now processing all of Longmont’s sludge.

Reactor Installation

The installation process is critical to successful reactor
operation. A hole is drilled according to the best oilfield
practices. This includes drilling the hole to meet straight-
ness specifications, followed by casing and then ce-
menting the casing in place. Additional casin% strings may
also be required to prevent contamination of sub-surface
aquifers.

After the casing is cemented, installation of the reactor
and internal strings of pipe begins. The reactor wall is in-
stalled first and is then followed by the upcomer, the
downcomer, and the heat exchanger strings of pipe.

The installation process for eacﬁ string is quite similar.
The pipe is installed in 40-foot sections. Each section is
first lifted to a vertical position; the threaded connections
are cleaned, and power tongs are used to tighten each joint.
Then each connection is tested to assure leak-tight opera-
tion; the pipe is lowered and the process is repeated until
the last pipe in the series is in place. Then a hanger is
placed on top of the last section of pipe and the hanger is
set into a spoolpiece which forms part of the wellhead. In
essence, each string of pipe is ultimately supported at the
surface by the outer casing. The wellhead consists of a con-
ventional bolted construction and is the method to convert
influent and effluent reactor flows to annular spaces
within the reactor.

Technology Development

Significant events in the development of the VerTech
technology are shown in the VTR Chronogram (Figure 4).
Experiments were started in a laboratory batch reactor

VTR CHRONOGRAM
Ready for
Lgnnmunt Commercialization
esign &
tabBench  _Lowry Construction  Retroft
Reactor Pilot Plant Start-Up
1873 1977 1881 1882 1983 1984 1885 1986

Figure 4. VTR chronogram.
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(LBR) in 1973 [6]. This led to a 2-inch (5.1 cm) diameter re-
actor 1500 ft (460 m) deep, which was installed at Lowry
Bombing Range in 1977. Successful pilot plant results led to
design and construction of the Longmont, Colorado, dem-
onstration plant in 1982-83. Start-up was in the summer of
1983. After a two-and-a-half month operating period, the
reactor was shut down. Modifications and improvements
to the reactor design were engineered late in 1983. The re-
actor was then retrofitted in early 1984, and start-up began
again in May 1984, Effective July 1, 1984, an EPA grant to
the city of Longmont was initiated for assessing the per-
formance of the VerTech Treatment System.

Status of Longmont Demonstration Unit

A retrofit of the Longmont demonstration plant was
completed in May 1984 and included replacing reactor in-
ner tubing strings, installing a conventional wellhead with
bolted construction with double metal seals, and the addi-
tion of improved instrumentation and data acquisition sys-
tems. The May start-up began with air/water tests to verify
hydrodynamic models. This was followed by a reactor
heat-up leading to aerated flow tests at elevated
temperatures.

VerTech began to process sludge from the Longmont
wastewater treatment plant in June. We have now had
more than eight months of continuous 24-hour per day,
7-day per week successful operation. We are operating
well above 500°F (260°C) and the reactor runs smoothly
and reliably. As part of the EPA grant to the City of
Longmont, parametric tests are in progress which will last
about 12 weeks to be followed by reliability testing at a
specific set of conditions. The EPA grant will continue
until May 1985.

VerTech T t Sy AD

Some of our accomplishments to date: we have utilized
conventional oil ﬁels technology wherever appropriate,
and changed from welded connections to threadevf pipe.
Threadef connections are easier and faster to install and
make the reactor more serviceable. We have adapted con-
ventional wellhead construction and used proven oilfield
installation techniques.

We are utilizing an insulated tubular heat exchanger
which is capable of extended performance at 700°F
(370°C). There has been no degratfation in performance of
the heat exchanger or degradation of the heat transfer oil.
We have operated the reactor as high as 530°F (277°C) and
maintained 490°F (255°C) for 3-week periods between
acid washes. We have achieved smooth and stable reactor
operation (see Figure 5) with an effective reactor zone that
starts about 800 ft (240 m) and extends to the bottom of the
reactor 5200 ft (1.6 km).

d Technology

Downcomer Temperatures

Fifteen Minute Data August 1, 1984
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We have demonstrated that our instrumentation pro-
vides for safe and reliable operation. The system is easily
controlled and the operators are at all times fully aware of
how the system is operating. The data acquisition system
has been an extremely useful diagnostic tool which is used
for trend analysis. We have been able to establish a stron
engineering data base and currently are accumulating ang
storing about 6000 data points a day.

The hydrodynamic model accurately predicts two-
phase flow. We can predict the pressure profile to within
25 psi (0.17 MPa) for liquid flow and within 100 psi (0.69
MPa) for two-phase flow (see Figures 6 and 7).

For scale control, we have demonstrated scale inhibitors
that will perform effectively at temperatures above 500°F.
Less than 10% of the calcium passing through the reactor is
retained, thus reducing the formation of calcium sulfate
anhydrite scale. Periodically, nitric acid is used to remove
the scale. We have been able to demonstrate that all reac-
tor scale has been removed by means of flow tests subse-
quent to descaling.

For COD reduction, the tests at Longmont are in excel-
lent agreement with laboratory batch reactor results using
actual temperature profile data from Longmont. COD re-
duction depends on a number of variables: maximum tem-
perature, the temperature profile, the effective reactor
residence time and influent COD concentration. Some re-
cent data are shown in Figure 8. COD reduction increases
with increasing inlet COD concentration and tempera-
ture.

Technology is Ready for Commercialization

Below-ground waste destruction technology has now
reached the point where it is ready for commercialization.
As previously mentioned, we have eight months of sus-
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tained operation of our demonstration unit at Longmont.
Some of the possible applications are municipal sludges,
pulp and paper industry wastes, tar sand tailings,
petrochemical wastes, and hazardous and toxic wastes.
Some selective results are shown in Figures 9-11 based on
LBR test results for municipal sludge, pulp and paper-
board mill waste, and tar sand tailings.

Most of our efforts have been spent in processing munic-
ipal sludge, and, at Longmont we are processing a mixture
of both municipal and industrial sludge. As shown in Fig-
ure 9, for an East Coast municipal sludge, with an influent
of about 10,000 mg/L of chemical oxygen demand, the
effluent was about 2800 mg/L. This represents a 72%
COD reduction. Similar results have been achieved with
sludge at Longmont.

In the pulp and paper industry we have used the labora-
tory batch reactor on pulp and paper board wastes. The

COD REDUCTION INCREASES
WITH HIGHER TEMPERATURE AND
COD INLET CONCENTRATION

COD REDUCTION

T T T T
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Figure 8. COD reduction increases with high temperature and COD inlet
concentration.
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Figyre 9. Municipal. East Coast municipal sludge.
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Figure 10. Pulp and paper industry. Pulp and paperboard mill.
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Figure 11. Increase in settling rate of tar-sands tailing sludge.

pulp and paper industry generates a biological sludge
which is very similar to municipal sludge (Figure 10).

We have also processed waste from tar sands tailings.
The settling rate is very slow, even when tailings pond
sludge is di%uted by a factor of 50. However, by passing the
material through a vertical tube reactor and oxidizing the
oils at the surface of the sand particles, the settling rate im-
proves dramatically, as shown in Figure 11.
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Plont

There are some planned improvements we plan to make

at Longmont over the next 3 to 6 months.

¢ In the influent system currently we are relating air
flow to total solids, whereas chemical oxygen de-
mand is the right variable to determine the amount of
oxygen that is needed for oxidation.

e In the hot oil system we will be increasing the
burner capacity and replacing two thermocouples
which failed. Due to a ﬂ%xible reactor design we do
not have to pull any of the reactor’s internal strings of
pipe to remove the thermocouples or install new
ones.

¢ The effluent system will be designed for both ero-
sion and corrosion.

e We plan to improve the performance of the
gas/liquid separator and the lamella separator by in-
crealsing capacity and reducing vibration, respec-
tively.

o Bencyh scale bioreactors have been placed in opera-
tion to establish effluent treatability.

e We plan to carry out tests at Longmont with oxygen-
enriched air which has the potential for signifi-
cantly increasing reactor capacity. The economics
are favorable and we expect installation by the end of
September 1984.

Imp at D

Summary

The VerTech Treatment System is very flexible; the
technology is multidisciplinary and highly interactive. It
is a synergistic combination of wet oxidation and conven-
tional oil-drilling technology. The Longmont unit is suc-
cessfully demonstrating this technology. It combines two-
phase flow with effective heat transfer. Our hydrody-
namic models have been validated. We have demon-
strated a high COD reduction, steady and reliable system
operation, and have shown that both scale and corrosion
are under control. Therefore, we believe that the technol-
ogy is ready for commercialization.
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Effects of Waste Oil Contamination

Experimental documentation indicates that the practice of treating roads with
waste oil for dust suppression can deteriorate the environment. Health risks
are still being debated.

Suzanne Chesnut Metzler, Franklin Associates, Ltd., Prairie Village, Kansas 66206
Catherine Jarvis, PEI Associates Inc.

The objective of this study was to evaluate the potential for
harm to human health or to the environment presented by
the use of waste oil as a dust suppressant. This study is one
of three funded by the U.S. Environmental Protection
A%ency, Office of Solid Waste, to assess the environmen-
tal impact of common waste oil practices. The practices
covered in the other two studies are waste oil storage and
use of waste oil as a fuel.

USE OF WASTE OIL AS A DUST SUPPRESSANT

A state-by-state survey was conducted to determine the
extent of road oiling in the United States. Based on results
of this survey and on other unpublished data, an estimated
30 to 50 million gallons (113 to 189 thousand cubic meters)
of waste oil per year is used in commercial road oiling ac-
tivity in the United States. If road oiling by self-

enerators* is included, an estimated 50 to 80 million gal-
ons (189 to 303 thousand cubic meters) of waste oil per
year is used for this purpose. Road oiling is most common

*Self-generators are defined as waste oil generators who use the oil as a dust
3 &
pp in their own property. Some les are mining and logging companies.

in the northern Rocky Mountain states, the extreme South-
west, and the Southeast. A moderate amount is also prac-
ticed in the Northwest and in northern New England.

The concentrations of potentially hazardous constitu-
ents in waste oil used for road oiling vary greatly from
sample to sample. Several descriptive statistical methods
have been used to summarize the concentrations of metals,
chlorinated solvents, and other organics found in waste oil.
The data presented in Table 1 clearly indicate that waste
oil used as a road oil may contain high levels of potentially
hazardous materials.

ENVIRONMENTAL FATE OF WASTE OIL COMPONENTS

Dispersion models were applied to the movement of
waste oil from road surfaces in an effort to quantify the ex-
tent of possible contamination of air and surface waters.
Evaporation, seepage, and dust transport typically occur
simultaneously, but at different rates, depending on envi-
ronmental conditions. Rainfall runoff, which is of a more
intermittent nature, is restricted to periods of heavy rain-
fall. A reasonable worst-case scenario approach was cho-

TABLE 1. SUMMARY OF RESULTS OF ANALYSES FOR POTENTIALLY HAZARDOUS CONSTITUENTS FOUND IN WASTE OIL?

Samples
Detecting
Contaminant
(percent)
Metals
Arsenic 100
Barium 79
Cadmium 46
Chromium 81
Lead 93.8
Zinc 98
Chlorinated Solvents
Dichlorodifluoromethane 68
Trichlorotrifluoroethane 57
1,1,1-Trichloroethane 85
Trichloroethylene 76
Tetrachloroethylene 89
Total Chlorine 100
Other Organics
Benzene 70
Toluene 83
Xylene 79
Benz(a)anthracene 82
Benzo(a)pyrene 58
PCBs 33
Naphthalene 100

Concentration
at 90th Concentration
Percentile Range (mg/kg)

(mg/kg) Low High
16 04 45
485 0 3,906
28 0 36
28 0.1 537
1,000 0 3,500
1,500 0.7 5,000
860 0 2,200
130 0 550,000
1,300 0 110,000
1,049 0 330,000
1,200 1 3,900
6,150 40 459,000
160 0 280
1,300 0 5,100
570 0 139,000
35 5 660
33 3.2 405
50 0.4 3,150
580 110 790

*The development of these statistical summaries is described in a 1983 report by Bider et al. (Reference [1]).
"Ninety percent of the analyzed waste-oil samples had contaminant concentrations below the given value.
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sen to describe the conditions that would result in the
worst levels of environmental contamination. In some
cases, sensitivity analyses were also conducted.

Evaporation

The worst-case scenario for evaporation assumes a hot,
dry environment under which the rate of evaporation of
waste oil components is very rapid. The calculated evapo-
ration rate was then used to predict the concentration of
each of the major waste oil components in the air above
and downwind of the roadway. Calculations were com-
pleted based on the 90th percentile levels shown in Table
1. Airborne concentrations depend on the contaminant
concentration in the waste oil and the rate of evaporation.

Surface evaporation rates were calculated by using the
model developed by Mackay [2] (Equations 1 and 2§.

q = KP/RT, @

The evaporation rate, g (mol/m*h) is dependent on P,, the
partial vapor pressure (atm), R, the ideal gas constant (m®
atm/mol K), and T, the soil surface temperature (K). The
mass transfer coefficient, K (m/h), was calculated from:

K = 0.0292 VO-8yy-0-1g =067 (2)

The wind velocity, V, is measured at a height of 10 m (m/h),
W is the road width (m), and Sc is the Schmidt number
(unitless).

The mathematical model used to estimate airborne con-
centrations resulting from this road oiling scenario is a
single-compartment dilution model. The average concen-
tration of each contaminant in the plume is calculated by
the following equations:

(1-e™ @)

where C equals the average concentration in the plume
(m¥m3), G is the generation rate (n¥min), Q is the air flow
rate (m¥Ymin), n is the number of air changes per minute,
and t represents the duration of exposure (min). The gener-
ation rate is determined from:

G=gA 4)

where g is the evaporation rate (m*m*-min), calculated
from Equation 1 and expressed as minutes, and A is the
unit area of evaporation (m?), which is equal to 5.5 m* for
the typical oiled road. The flow rate (Q) is determined

from:
Q=Wwp (5)

where W is the wind speed (m/min) and P is the average
cross-sectional area of the plume (m?), which is equal to
one-half the unit height of the plume (m?). The number of
air changes per minute, , is calculated from:

-0
n v (6)
where V is the volume of the plume which is equal to the
cross-sectional area of the plume (P) multiplied by the
plume length (L).

Figure 1 illustrates the plume configuration, assuming
the wind blows Ferpendicular to the roadway. Plume
height (X), and plume length (L) are given in Table 2,
f\"«/hich can be used by first determining the plume length
Tom:

L = TW/60 (7

where T is the time for complete evaporation from Table 3
and W is the wind speed (m/min).

The results of the calculations for evaporation rate, gen-
eration rate, and the eight hour airborne concentrations of
selected waste oil contaminants are shown in Table 3.
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Figure 1. Hypothetical plume from an unpaved oiled road.

Contaminated Dust

Calculations of the maximum 30-day average ambient
air concentrations of toxic (threshold) and carcinogenic
waste oil contaminants were based on an assumed set of
worst-case conditions that include low evaporation and
rainfall runoff of waste oil components from the road sur-
face. Conditions typical of the arid Southwest were used in
all models.

Initial dust suppression has been observed to be 75 per-
cent effective [3, 4]. For the purposes of this study, dust
suppression is assumed to be 75 percent effective on Day 1
and to decrease in a straight line to zero percent control 30
days later. Contaminant concentration is highest immedi-
ately after the waste oil is applied. This concentration de-
creases over time as a result of evaporation and removal by
rainfall. Worst-case conditions for contaminant concentra-
tions on dust particles are zero rainfall and low tempera-
tures (during which evaporation is minimal).

Metals Concentrations on Soil Particles

Any metals in the waste oil applied to the road are as-
sumed to remain adsorbed to dust particles. The potential
metal concentration on dust emissions is determined pri-
marily by the original concentration of metal in the waste
oil applied to the road and the type of road surface. Most
metals will adsorb (either reversibly or irreversibly) to the
surface of soil particles. Worst-case conditions assume ir-
reversible adsorption; however, in the worst-case situa-
tion modeled in this report, zero rainfall is assumed, which
eliminates the possibility of desorption of metals into rain-
fall. The concentration of metal on soil particles, C,(g/g), is
determined by multiplying the original metal concentra-
tion, C;(g/liter), in the waste oil times the waste oil applica-
tion rate, A (liters/m?), and then dividing by depth onene-
tration of oil into the road surface, d (cm), and the average
soil density, p (2.65 g/cm?®).

C = 000047 ®

Depth of oil penetration into the road surface depends on
the road surface type and the oil application rate and varies
from 0.65 to 7.36 centimeters.

Organic Chemical Concentration on Soil Particles

Concentration of organic chemicals on soil particles at
any given moment in time deEends on the amount of evap-
oration of the chemical that has occurred. Evaporation is

TABLE 2. DOWNWIND DISTANCES AND RELATED PLUME HEIGHT

(meters)
Downwind Distance (L) Plume Height (X)
0-10 5
10-100 20
100-1,000 90
1,000-10,000 140
10,000-100,000 330

Source: Based on meteorological mixing heights for a D stability
class.
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TABLE 3. EVAPORATIVE EMISSIONS OF SELECTED WASTE OIL CONTAMINANTS

Estimated Time

Evaporation Generation for Complete Eight-Hour
ate® Rate Evaporation® Airborne Concentration

Waste Oil Contaminant (m¥m? per hour) (m%min) min) pg/m®
Aroclor 1248 (PCB) - — 5 x 108 -
Benzene 0.0015 14 x 10~ 255 198
Dichlorodifluoromethane 0.0096 88 x 10~ 23 3,598
Tetrachloroethylene 0.0011 1.0 x 104 161 345
Toluene 0.0033 3.0 x 10 96 602
Trichloroethane 0.0092 84 x 10~ 24 3,804

. Trichloroethylene 0.0047 4.3 x 10~ 47 1,231
Trichlorotrifluoroethane 0.0266 2.44 x 107° 5 15,450
Xylene 0.0008 7 x 107 343 127

aBased on 90th percentile concentrations (Table 1).

"Assumes evaporation rate remains constant during the evaporation period.

affected by numerous variables, but it depends most
strongly on the temperature of the road surface, the vapor
pressure of the organic chemical component, and whetﬁer
or not the oil is still on the surface of the road or has
penetrated into the road subsurface. Evaporation will pro-
ceed more rapidly from the road surface than after it
penetrates the soil. This analysis assumes rapid soil pene-
tration and moderately low temperature as part of worst-
case conditions.

The concentration of organic chemical contaminants on
soils was calculated by using subsurface evaporation rates
and assumes that all of the waste oil has penetrated the
road within 5 minutes after its application to the road sur-
face. Calculations assume that evaporation occurs on the
surface during the first 5 minutes. Subsequent evapora-
tion rates are based on subsurface evaporation models by
Thibodeaux (Equations 9 through 11) [5, 6].

D,C.C:A )l/z ©
10,000 td

The subsurface evaporation rate, g, (g/cm*s), is calcu-
lated from D,, the soil diffusion rate (m%s), C,, the vapor
concentration in soil pore spaces (g/cm?), Cs, the concen-
tration in oil after 5 minutes of surface evaporation (g/liter),
A, the oil application rate (liters/m?), t, the time since oil
application(s) and d, the depth of oil penetration (cm).

Soil diffusion, D, is dependent on the air diffusion con-
stant, D, (cm¥s), and the soil porosity, n.

D, = Don®* (10)

The vapor concentration in soil pore spaces, C,(g/cm®) can
be calculated from the partial vapor pressure of the oil
component i, P; (in atmospheres) the ideal gas constant, R
(cm®atm/mol-K), the soil subsurface temperature, T (K),
and the molecular weight, M,,, of the oil component.

C« = M,, P/RT (11)

Once the subsurface evaporation rate for a particular oil
component has been calculated, the concentration of com-
ponents remaining in the soil can be calculated by simply
subtracting the amount that has evaporated from the initial
concentration. Concentrations of organic chemicals for
various road surface types were calculated for a 30-day pe-
riod following road oil application.

qs = (0.5 X

Ambient Dust Concentrations

Ambient concentrations of waste-oil contaminants on
dust particles were determined using a modified
HIWAY-2 Model [7], based on contaminated soil concen-
trations and climatic conditions. This model gives 1-hour
concentrations of contaminant emissions from a finite
length of roadway. These 1-hour HIWAY-2 concentrations
were converted (via statistical techniques) [8] to a maxi-
mum 30-day average. Results are given in Table 4.
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TABLE 4. AMBIENT AIR CONCENTRATIONS DUE TO
CONTAMINATED DUST FROM HEAVILY USED ROADS

(png/m?)

Distance from Roadway

Waste-Oil 10 m 100 m
Contaminant Low High Low High
Barium 0.0086 0.1209 0.0006 0.0087
Chromium 0.0005 0.0070 <0.0001  0.0005
Lead 0.0185 02534 0.0013 0.0183
Zinc 0.0209 02866 0.0015 0.0207
Toluene <0.0001 0.0099 <0.0001 0.0007
Xylene 0.0010 0.0160 <0.0001  0.0011
Naphthalene 0.0003 0.1224 <0.0001 0.0088
Arsenic 0.0003 0.0040 <0.0001 0.0003
Cadmium <0.0001 0.0010 <0.0001 <0.0001
Benzene <0.0001 0.0005 <0.0001 <0.0001
PCBs 0.0009 0.0125 <0.0001 0.0009
Trichloroethane 0.0001 0.0958 <0.0001 0.0069
Tetrachloroethylene  0.0023  0.0177  0.0002  0.0013
Trichloroethylene <0.0001 0.1203 <0.0001 0.0087
Runoff

The calculation of the concentration of waste oil compo-
nents in road surface runoff, C,(mg/liter), is a simple one in
which the initial oil-component concentration, C;
(mg/liter), is multiplied by the application rate, A
(liters/m?), and then divided by the volume of rain that falls
on the road surface (Equation 12), which can be deter-
mined by multiplying rainfall intensity, I (in/hr) times
rainfall duration, ¢ (min).

C, =236 C; A/lt (12)

Calculations of worst-case stream concentrations are
based on the assumption that roads are placed at one-mile
intervals and that all of the roads in a watershed are oiled.
This means that each one mile of road has an individual
watershed of 0.5 square mile or 320 acres (1.3 square kilo-
meters). Runoff from the road surface is diluted by runoff
from 0.5 square mile (1.3 square kilometers) of watershed
(Figure 2). Field runoff, however, is less than the volume
of rain that falls on the field surface because of infiltra-
tion. Runoff coefficients for fields are reported to vary
from 0.5 to 0.35 [9], which means that only 5 to 35 percent
of the rain that falls on a field leaves as runoff. Because the
concern was high rainfall intensities that result in high
runoff, 35 percent rainfall runoff was used in the modeling.
Once runoff volume from the field was known, worst-case
stream concentrations were calculated.

A sensitivity analysis was conducted to determine
stream concentrations when less than 100 percent of the
oil is washed from the road surface (Table 5). A typical-case
situation was also evaluated in which 5 percent and 0.5
percent of the oil is washed from the road. The conditions
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Figure 2. Rainfall runoff patterns for an oiled road.

closely approximate those observed by GCA in runoff ex-
periments [10]. Soluble and adsorbed contaminants are in-
cluded in the 5 percent runoff, whereas the 0.5 percent
value represents only those contaminants that are soluble
when they reach the stream.

SIGNIFICANCE OF MODEL RESULTS

Environmental limits have not been set for most of the
waste oil contaminants, but all of the contaminants studied
are known to be either toxic or carcinogenic. The health
risks associated with waste oil contamination of the envi-
ronment are still being debated. However, it is apparent
that deterioration of the environment can occur due to the
use of waste oil as a dust suppressant.
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Designing a Synthetic Fuel Plant for Low

Sulfur Emissions

The North Alabama Coal-to-Methanol Plant is designed for 99.7 percent sulfur

removal. Here’s how it’s done.

Ira Silverberg, Tennessee Valley Authority, Knoxville, Tenn. 37902

The North Alabama Coal-to-Methanol (NACM) plant is de-
si(gned to produce approximately 2,000 metric tons per day
of Federal Grade AA methanol by indirect coal liquefac-
tion of approximately 3,100 metric tons per day of eastern
bituminous coal using Texaco gasifiers. Sour gas and air
streams produced in the gasification, water handling,
shift, and acid gas removal units are treated in a Claus-
SCOT sulfur recovery unit. H,S emissions from molten
sulfur storage tanks are controlled by a caustic scrubber.
During normal plant operation there are three gaseous
emissions points that contain sulfur compounds: a CO,
vent gas from acid gas removal, an incinerated tail gas
stream from sulfur recovery, and the scrubber vent from
the molten sulfur storage tanks. These streams combined
contain about 0.3 percent of the sulfur in the coal feed to
the gasifiers, resulting in an overall plant sulfur removal
efficiency of about 99.7 percent.

PROJECT STATUS

In 1979, the Tennessee Valley Authority (TVA) initiated
the design of a commercial-scale coal gasification plant. It
was anticipated that the successful completion of this plant
would encourage development of a synfuels industry,
which could ultimately lead to energy independence for
the United States. The subsequent fall in oil prices has
slowed development of a synfuels industry, even though
the need tor energy independence as a matter of national
security remains. In 1980, Congress created the United
States Synthetic Fuels Corporation (SFC) to aid private in-
dustry in the development of synfuels projects. In 1981,
TVA began to turn its project over to private industry. This
led to the formation of the NACM Consortium which will

Environmental Progress (Vol. 4, No. 1)

ultimately own the project. The Consortium is actively
seeking financial assistance from the SFC.

The present paper describes the process steps that pro-
duce sour gas andp air streams, and the sulfur removal and
recovery processes that have been proposed for use at the
NACM plant.

PLANT DESCRIPTION

The plant will be located in northeast Alabama at Mur-
phy Hill, on the Tennessee River, near Guntersville,
Alabama (northeast of Birmingham). The plant is sched-
uled to begin commercial operation in 1989. Approxi-
mately 3,100 metric tons (3,400 short tons per day), as re-
ceived basis, of eastern bituminous coal will be gasified to
produce approximately 2,000 metric tons per day (2,207
short tons per day) of Federal Grade AA methanol. Up to
114 metric tons per day (112 long tons per day) of molten
sulfur will be produced as a by-product. A typical coal
analysis is shown in Table 1. The design coal qufur range
is 3.25 to 3.94 weight percent total sulfur on a dry basis.

TABLE 1. TYPICAL COAL ANALYSIS, ILLINOIS NO. 6

Ultimate Analysis Dry Basis, Weight Percent

Carbon 69.93
Hydrogen 4.90
Nitrogen 121
Chlorine 0.14
Sulfur 3.58
Ash 11.30
Oxygen 8.94

100.00
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Figure 1. Block flow diagram.

Figure 1 is a block flow diagram which shows the major
processing steps. Texaco gasifiers are used to prodiice a
raw gas consisting mostly of CO, H,, and CO,. Most sulfur
compounds in the coal appear as H,S and COS in the raw
gas. The ratio of H,S to COS is approximately 17 to 1. The
remaining uncombusted sulfur appears in the slag. A typi-
cal raw gas analysis is shown in Table 2. The raw gas is pro-
cessed through a series of steps which include gas cooling
and particulate removal, CO shift conversion, acid gas re-
moval, and methanol synthesis and distillation.

CONTROL OF SULFUR EMISSIONS

Gasification Unit (Figure 2)—Raw gas is quenched in

the bottom of the gasifier. Slag captured by the quench
water falls into a lock-hopper and from there into the slag
sump. Trace amounts of H,S and COS are released by the
quench water in the sump. Therefore, the sump is covered
and the sour air is routed to the sulfur recovery unit.

Black water containing char (high carbon ash) overflows
from the quench chamber and is flashed prior to entering
a clarifier. The sour flash gas, which contains sulfur com-
pounds plus ammonia and HCN, is routed to the sulfur re-
covery unit. The overflow from the clarifier (called grey-
water), is recycled to the particulate scrubber. A portion of
the grey water s pur%ed to the water hand]ing unit in order
to control the level of chlorides and dissolved solids in the
scrubber recycle water loop.

Water Handling Unit (Figure 3)—In this unit acid gases

and ammonia are removed from wastewater streams. The
unit receives the grey-water purge from gasification, cold
condensate from the shift process, and the aqueous
blowdown from an ammonia scrubber located in the shift
unit. The three wastewater streams are combined and the
dissolved gases are stripped in two stages by the CYAM

rocess, licensed by USS Engineers and Consultants, Inc.
UEC), a subsidiary of U.S. Steel Corporation. Stripped
gases from CYAM process are treated in the PHOSAM-W

rocess, also licensed by UEC, to recover ammonia as a
iquid anhydrous by-product. The effluent from the
CYAM process is sent to the effluent treatment unit for
further processing before discharge. The PHOSAM-W pro-
cess accomplishes the recovery of ammonia from the gase-
ous discharge of the CYAM process through selective ab-
sorption of ammonia with ammonium phosphate solution
followed by regeneration of absorption solution by
desorption of ammonia. The desorbed ammonia is refined
to an anhydrous product. The sour gas stream leaving the
PHOSAM-W process, containing mostly H,S, COS, and

TABLE 2. TYPICAL RAW GAS ANALYSIS

Component Dry Basis, Volume Percent
CO + H, 80.2
Co, 17.9
H.S + COS 1.2
Inerts 0.7
NH; + HCN Trace
100.0
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Figure 3. Water handling unit.

CO, with small amounts of HCN and NH;, is sent to the
sulfur recovery unit.
Shift Unit (Figure 4)—In the shift unit the hydrogen to

carbon monoxide ratio of the particulate free raw gas is ad-
justed to the correct ratio for methanol synthesis by the re-
action of carbon monoxide with steam to form carbon diox-
ide and hydrogen. The reaction takes place over sulfur
tolerant catalyst. The shift catalyst also catalyzes the hy-
drolysis of COS in the raw gas to H,S. To achieve the cor-
rect hydrol%en to carbon monoxide ratio part of the raw gas
is passed through the shift reactor and part of the raw gas is
bypassed. Both the stream leaving the shift reactor and the
bypass stream are cooled in a series of heat exchangers.
The condensate recovered from these gas streams is
flashed. The sour flash gas is sent to the sulfur recovery
unit. The bypass gas stream passes through a water scrub-
ber to remove the last traces of ammonia from the gas. The
blowdown from this scrubber is routed to the water han-
dling unit. Both the shifted and bypass gas streams are
routed to the acid gas removal unit.

Acid Gas Removal Unit (Figure 5—The Rectisol pro-

cess, physical absorption with cold methanol, has been se-
lected for acid gas removal. This process is licensed jointly
by Linde and Lurgi, AG. There is considerable commer-
cial experience with Rectisol acid gas removal at coal
gasification plants, including a recently commissioned
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unit at Tennessee Eastman’s coal gasification plant in
Kingsport, Tennessee [I]. Two important features that led
to the selection of the Rectisol process are its ability to re-
move both H,S and COS down to very low levels in the
methanol synthesis gas and its ability to selectively re-
move sulfur compounds over CO; in order to produce a
suitable Claus feed. The Rectisol unit at the NACM plant
is designed to produce a methanol synthesis gas with 0.1
ppmv total reduced sulfur. This level allows direct feed to
the methanol synthesis reactor without further treatment.
The Rectisol unit also produces an H,S rich acid gas feed to
the Claus unit with 45 percent minimum H,S contentand a
CO, waste gas stream with 10 ppmv maximum total re-
duced sulfur. This CO, waste gas stream will be vented to
the atmosphere.

In the Rectisol unit the shifted and bypass gas streams
are first contacted with CO, loaded methanol in separate
H,S absorbers. The desulfurized gas continues on to sepa-
rate CO; absorbers and from there to methanol synthesis.
The H,S and CO, loaded methanol from the H,S absorbers
is flashed to recover H, and CO. The flash gas is recycled
to the shifted gas H,S absorber. The methanol is sent to an
enrichment column. In the bottom half of the enrichment
column, nitrogen is used to strip CO, from the loaded
methanol. In the process some H,S and COS is also
stripped. In the top half of the column fresh CO, loaded
methanol is introduced to reabsorb the H,S and COS. In
this way the enrichment column produces an H,S and CO,
ratio in the loaded methanol leaving the bottom of the en-
richment column, which corresponﬁs to a 45 percent HyS
concentration in the Claus unit feed. In addition a CO,
waste gas leaves the top of the enrichment column, com-
bines with another CO, waste stream from the CO, strip-
per, and is released to the atmosphere. The methanol leav-
ing the bottom of the enrichment column is fed to an H,S
stripper which produces the H,S rich acid gas feed to the
Claus unitand a regenerated methanol stream which is cir-
culated back to the CO, absorbers.

Sulfur Recovery Unit (Figure 6)—The sulfur recov-

ery unit uses the Claus and SCOT processes. The Claus
unit consists of a thermal reactor and three catalytic reac-
tors in series, with sulfur condensers and reheaters be-
tween each reactor. The Claus thermal reactor is divided
into two zones. The three sour gas streams (from
gasification, water handling, and shift) which contain
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Figure 6. Sulfur recovery.
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traces of ammonia and HCN are fed into the first zone
along with a portion of the H,S rich acid gas. In the first
zone, ammonia and HCN are destroyed at high tempera-
ture. Destruction of ammonia and HCN is necessary to
prevent pluggage, corrosion, and catalyst deactivation
problems [2, 3, 4]. The remainder of the H,S rich acid gas
is fed into the second lower temperature zone. The sour air
stream from gasification is used to provide part of the air
requirement for the thermal reactor. Overall, in the
thermal reactor, one-third of the H,S is converted to SO,.
The H,S and SO, then react to form sulfur vapor and water
in both the thermal and catalytic reactors. About 95 per-
cent of the sulfur in the feed is removed by one pass
through the Claus unit.

The molten sulfur produced in the Claus condensers
flows into a sulfur sump. The molten sulfur contains the
equivalent of about 250 ppmw H.S, as H,S and hydrogen
polysulfide [5, 61 In the sump the sulfur will be degassed
to 10 prmw. Three technologies currently under consider-
ation for this project are the Exxon, Shell, and Societe
Nationale EIf Aquitaine (SNEA) sulfur degasification pro-
cesses. These processes use catalyst-or agitation to degas
the molten sulfur. The H,S that evolves during degassing
is fed to the SCOT unit. The major feed stream to the
SCOT unit is Claus tail gas. SO,, COS, and sulfur vapor in
the SCOT feed streams are catalytically converted to H,S
in the SCOT reactor. F ollowin% the SCOT reactor the gas
passes through a waste heat boiler, a quench tower, and an
absorber. Methyldiethanol amine (MDEA) is circulated in
the absorber to remove H,S. The SCOT tail gas is
catalytically incinerated, producing a tail gas with about
400 ppmv SO, on a dry oxygen-free basis. The gas exits
from a 65 meter stack. This is the deminimus, or minimum,
stack height that requires no special justification under
present EPA rules of good engineering practice. The over-
all sulfur removal of the Claus and SCOT units is projected
to be 99.75 percent, which should represent Best Availa-
ble Control Technology (BACT) for these units. This will
be confirmed during detailed design. The sulfur removal
efficiency is limited mainly by the COS content of the gas
entering the SCOT absorber, which in turn is dependent
upon the equilibrium of CO,, H;S, COS, and water in the
SCOT reactor.

Product Storage and Shipping Unit—Molten sulfur

from the sulfur sump is pumped to 60-day capacity storage
tanks to await shipment from the plant by barge. After
degassing in the sulfur sump the molten sulfur still con-
tains 10 ppmw H,S. Modeling was performed to determine
the potential for odors outside the plant battery limits.
With the close proximity of the sulfur storage tanks to the
Tennessee River, the modeling showed a potential odor
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centration of hydrogenrsulﬁde (H,S) emissions from the molten sulfur stor-
age tanks.
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TABLE 3. OVERALL SULFUR BALANCE*

Percent of Percent of
Stream Name Quantity Total Total Emissions
(Metric Tons/Day)

Sulfur In Sulfur to acid gas 109.0 95.6 —
removal
Sulfur in sour gas and 5.0 4.4
sour air streams
Total 114.0 100.0

Sulfur Out Molten sulfur 113.69 99.727 —
Incinerated sulfur 0.28 0.246 90.1
recovery unit tail gas
CO, waste gas 0.03 0.026 95
Sulfur tank scrubber 0.001 0.001 0.4
vent
Total 114.001 100.000 100.0

*Based on highest sulfur coal.

problem within 0.7 km of the tanks if all of H,S contained
in the sulfur were to evolve (see Figure 7) [7] To control
this potential odor problem a caustic scrubber is used to
remove H,S from gas leaving the tank vents. The scrubber
efficiency is about 90 percent. This results in an estimated
ambient H,S concentration below the general odor
threshold.
An overall sulfur balance for the plant is shown in Table
3. This table shows that a significant fraction of the plant
sulfur input (4.4 percent) is recovered by treating the sour
%as and air streams produced in the gasification, water
andling, and shift units. The table also shows that the ma-
jor sulfur emission ?oint is the sulfur recovery unit tail gas
(90.1 percent of total emissions). The CO, waste gas stream
contributes an additional 9.5 percent and the sulfur tank
scrubber vent contributes the remaining 0.4 percent.

CONCLUSIONS

The NACM plant is designed for high sulfur removal
efficiency. This will be achieved by designing the acid
gas removal unit to supply a concentrated H,S rich feed to
the sulfur recovery unit, while producing a low sulfur CO.
waste gas; by routing the various sour gas streams in the
plant to the sulfur recovery unit for treatment; and by con-
trol of sulfur storage tank emissions.
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Environmentally-Oriented Sessions at Houston

At the 1985 Houston National AIChE Meeting, eight
environmentally-oriented sessions are programmed of
which three are exclusively by the Environmental Divi-
sion. Several others are jointly programmed with the
Fuels and Petrochemical Division and one is by the Safety
and Health Division. The list is as follows:

1. Combined SO,/NOy Flue Gas Cleanup. I

2. Combined SO,/NO, Flue Gas Cleanup. II

* Programmed jointly with the Fuels and Petrochemical
Division.

Hazardous Waste Site Cleanup/Hindsite Analysis
Refinery Processing as Related to the Greenhouse
Effect and Acid Rain*

Impact of Ash on Coal Utilization*

Dealing with Sulfur by the Gulf Coast Petrochem-
ical Industry*

Safe Handling of Hazardous Particulates (Safety and
Health Division)

Air Permitting: The Process and Its Problems.*

® N S R

Conferences

The International Association on Water Pollution Re-
search and Control announces four specialized confer-
ences and workshops that are to be held during 1985:

Instrumentation and Control of Water and Waste-
water Treatment and Transport Systems. Houston
and Denver, USA; 27 April-4 May 1985; Contact: Prof.
J. F. Andrews, Department of Civil Engineering, Rice
University, Houston, Texas 77251.

Environmental Risk Assessment of Chemicals—Fate
and Effects of Chemicals in The Environment. Tokyo,
Japan; 28-30 May 1985; Contact: Prof. S. Matsui, Fac-
ulty of Engineering, Kanazawa University, 2-40-20
Kodatsuno, Kanazawa 920, Japan.

Acid Precipitation: Water Quality Control and Hu-
man Health. Uppsala, Sweden; 14-15 August 1985;
Contact: Dr. B. Hultman, VAV, Regeringsgatan 86,
S-111 39, Stockholm, Sweden.

F10 February, 1985

Modeling of Biological Wastewater Treatment.
Copenhagen, Denmark; 28-30 August 1985; Contact:
Prof. M. Henze, Department of Environmental Engi-
neering, Building 115C, Technical University of
Denmark, DK-2800, Lyngby, Denmark.

Hazardous Materials Control Research Institute
(HMCRI) announces the National Conference & Ex-
hibition on Hazardous Waste and Environmental Emer-
gencies (HWEE), May 13-15, 1985 in Cincinnati, Ohio.
Sponsoring groups include: HMCRI, U.S. E.P.A., Fed-
eral Emergency Management Agency, Department of
Defense, University of Toledo, Association of State and
Territorial Solid Waste Management Officials, National
Association of Local Governments on Hazardous Waste,
Centers for Disease Control, Portland Cement Associa-
tion, and the National Environmental Health Associa-
tion.

Environmental Progress (Vol. 4, No. 1)



The most up-to-date information on management; pre-
vention; clean-up; remediation; control; monitoring; en-
forcement; regulations; litigation, insurance, liability;
chronic hazardous waste materials (RCRA); environmen-
tal emergencies (acute emergency response); data bases-
for interactive use; public participation programs; train-
ing and education needs; nanciﬁaliabilities; site design
and construction; control of contaminated groundwater;
risk assessment/decision analysis; and hosital and labora-
tory wastes will be presented and thoroughly discussed
during the Conference. For additional information on the
Conference & Exhibition, call or write HMCRI, HWEE
’85, Conference Coordinator, 9300 Columbia Blvd.,
Silver Spring, MD 20910, (301) 587-9390.

The ASME/EPRI/APCA Third Symposium on “Inte-
grated Environmental Controls for Fossil Fuel Power
Plants” will be held September 17-19, 1985 at the
Pittsburgh Hilton Hotel, Pittsburgh, PA. Abstracts and
papers are invited for the following session topics:

e Control Technologies for New Pulverized Coal-

Fired Power Plants

o Alternate Coal-Fired Power Plants
¢ Planning and Siting for New and Expanded Fossil
Fuel Power Plants
® Retrofit and Life Extension Control Technologies
and Costs for Existing Fossil Fuel Power Plants
® Operation and Maintenance of Retrofit Controls
® Resource Sharing
Submit abstracts to:
F. B. Kaylor
Stone & Webster Engineering Corporation
P.O. Box 2325
Boston, MA 02107

AIChE Publications—1985

The 1985 AIChE Publications Catalog lists a total of 33
items on environmental control: 14 on Air, 18 on Water
and one on Solids. It also gives details for subscribing to
Environmental Progress. Copies of the catalog are availa-
ble from AIChE, 345 East 47 Street, New York, NY
10017.
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