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Curnnt research 

Fate of phosphorus in waste treatment processes: Enhanced 
removal of phosphate by activated sludge 1115 

A. B. Menar and D. Jenkins 

In hard water sewages, the enhanced phosphate removal by 
activated sludge can be rationally explained by calcium 
phosphate precipitation followed by trapping of the 
precipitate by the activated sludge floc. Phosphate 
removal from 20 to 30% were achieved for influent 
containing 10 mg P per liter. The pH in the activated sludge 
aeration tank is the controlling factor; operational 
parameters-organic loading, mixed liquor, suspended 
solids, and dissolved oxygen-had no effect on the removal 
enhancement. 

Nitrogen fixation by nonsymbiotic microorganisms in some 
California soils 1122 

P. L. Steyn and C. C. Delwiche 

The rate of nitrogen fixation in different soils can be 
measured by two methods-direct isotopic observation of 
fixation rates and a more laborious acetylene ethylene 
method. The isotopic method was used under condit ions 
simulated in the field; data from the two methods agree 
reasonably well, with some variability. 

Turbulence promoters for hyperfiltration with dynamic 
membranes 1129 

D. G. Thomas, P. H. Hayes, W. R. Mixon, J. D. Sheppard, 
W. L. Griffith, and R. M. Keller 

Desalination of water by hyperfiltration with dynamic 
membranes is pollution control where removal of organic 
contaminants and reduction of inorganic salt concentration 
are the principal objectives. Detached turbulence promoters 
can now be fabricated which do not block the membrane 
surface nor provide stagnant regions where solids can 
accumulate or where the concentration of rejected salts can 
build up. Use of the promoters can result in a 50% reduction 
in inlet velocity, a 35 % reduction ·in inlet pressure, and a 
65 % reduction in tube length. 

The monitoring of hydrogen, methane, and hydrocarbons in 
the atmosphere . 1136 
W. H. King, Jr. 

Atmospheric hydrocarbons, one group of pollutants which 
are now controlled by federal law, can be monitored by two 
new methods. The first method measures hydrogen, 
methane, reactive hydrocarbons, and unreactive 
hydrocarbons; it uses a selective combustor and a water 
sorption detector. The second method measures methane 
and methane plus all other hydrocarbons; it uses the 
selective combustor techniques with a flame-ionization 
detector. Although methane accounts for 60 to 90 % of 
atmospheric hydrocarbons, it is photochemically .inert. 
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Singlet oxygen in the environmental sciences . . Possible 
production of '0 , by energy transfer following oxygen
enhanced absorptions 1141 

J. W. Coomber, D. M. Hebert, W. A. Kummer, D. G. Marsh, 
and J. N. Pitts, Jr. 

A mechanism for the production of singlet molecular 
oxygen, a reactive species in photochemical smog, has 
been suggested. The oxygen-enhanced absorption of light 
by organic pollutant molecules is a possible significant 
source of this material in polluted urban atmospheres. In 
a study with polyvinyl chloride, the species was formed by 
the oxygen -enhanced absorption of the polyene. Whether 
oxygen-enhanced absorptions have any bearing on the 
degradation of polyene compounds in biological systems 
must await further study. 

Communication 

Sludge dewatering by high-rate freezing at small 
temperature differences 1145 

C. Y. Cheng, D. M. Updegraff, and L. W. Ross 

Sludge has been dewatered by freezing in the past, but now 
by use of a film -freezing technique and the addition of at 
least 20 ppm of aluminum as aluminum sulfate, efficient 
dewatering has been achieved. The dewatering is 

• ccomplished in short times and with small change in 
emperature (delta T), making the process economically 

attractive and deserving of renewed attention. The ice 
film conducts heat sufficiently rapidly so that the external 
heat transfer mechanism controls the process. 

~rrespondence 

Hartley photolysis of ozone as a source of singlet oxygen 
in polluted atmospheres . 1147 

W. J. Hamming 

Reply by R. H. Kummler, M. H. Bortner, and T. Bauer 

The importance of singlet oxygen from ozone 
photodissociation cannot compete with that of atomic 
oxygen in the photochemical smog process, especially 
during the morning hours when the photochemical 
reactions are really just getting started, and neither ozone 
nor singlet oxygen are present in measurable quantities. 
Earlier authors reported that singlet oxygen was a more 
important oxidizing agent in photochemical smog formation 
than atomic oxygen . They note that final decision on the 
importance of singlet oxygen awaits further evaluation of 
data. 

Correction 

Spectrophotometric determination of atmospheric 
fluorides 1150 

P. W. West, G. R. Lyles, and J. L. Miller 

This article appeared originally in ES&T, June 1970, page 
487. 

Photo credits: 1095, Johns-Manville; 1100, U.S. Department of Agri
cu lture; 1101 .and 1102, U.S. Army; 1105 and 1106, Bureau of Mines; 
1113, St. Regts Paper Co., Cover: U.S. Department of Agriculture 



INSTRUMENTATION FOR: Water Treatment: 
rapid sand filtration • water softening 
• dernineralizationi and more. Waste Treatment: 
pH neutralization, toxic metal precipitation, activated 
sludge • recycle and. recovery processes, and more. 
Air Pollution Control: precipitators, scrubbers, 
bag houses, and more. o Foxboro has the broadest 
line of instruments and experience for dealing with 
problems of industrial waste treatment and recovery. 
For information and details on these and other 
Foxboro bridges over troubled water, contact your 
nearest Foxboro Sales Specialist and ask 
him about Foxboro Environmental 
Control Systems. Or 

write direct to The Foxboro BOXbOrO 
Company, 8411 Norfolk St., .II ~ · . 

1 6~:Soro,Mass. env1ronmenla 
JOxBOR() conlrolsyslems 
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letters 

Missouri water quality standard 

DEAR SIR: 
In the Environmental Currents sec

tion of the September 1970 issue of 
ES&T (page 717), you report that the 
compromise language for the dissolved 
oxygen criterion for the Missouri 
River was not included in the approved 
standards. 

On July 30, 1970, the Department of 
Interior approved the action taken by 
the Board, and that did include the 
statement on low dissolved oxygen. The 
dissolved oxygen standard for the Mis
souri River reads in full: 

The dissolved oxygen concentration 
shall be maintained at a minimum 5.0 
mg/ liter or greater. It is recognized 
that this standard is violated at fre
quent intervals for periods of two to 
three weeks during rising river stages 
or flooding in the basin. The specific 
sources which cause such depressions 
include major contributions from sur
face runoff (urban areas, farms, and 
associated activities) which have not 
been clearly identified. We recognize 
the need for a coordinated effort on 
the part of the tributary states and 
federal government to inventory these 
waste sources so that implementation 
plans can be developed to remedy the 
dissolved oxygen deficiency. 

Peggy J. Keilholz 
Missouri Water Pollution Board 
Jefferson City, Mo. 65101 

Scientists lose credibility 

DEAR SIR: 
Your editorial in the September is

sue ("Crying wolf once too often") 
made some excellent points. However, 
I should like to suggest that if the pub
lic is beginning to grow indifferent to 
cries of havoc, it must surely be cyni
cally yawning over ihe many times sci
entists and governmental regulating 
agencies fail to act when they do know 
the effects of a pollutant. 

We may rightfully deplore the mass 
media's penchant for attention-getting 
cataclysms, but we must also deplore 
their general lack of interest in expos
ing the temporizing of scientific bodies 
when confronted with clear evidence of 
environmental damage. 

More study and research are cer-
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tainl y needed, but perhaps faster and 
better action may be forthcoming if 
less importance is attached to econom
ics when applying cost-benefit analysis 
to the results of the research. 

It would seem the most frightening 
prospect is for the scientist to lose his 
credibility to a public that watches 
him introduce ever more destructive 
elements into the ecosystem, and then 
display hesitancy and incompetence 
in allaying the damage they cause. 

John F. Wilson 
Wisconsin Ecological Society 
Green Bay, Wis. 54305 

Two for the price of one 

DEAR SIR: 
I am writing in regard to your cov

erage of Biocide 233, no. 73 in the 
New Products department of the Sep
tember issue of ES&T. You have inad
vertently combined d scriptions of Bio
cide 233 and Biocide 284. 

Biocide 233 is a water soluble, non
meiallic organic compound used as a 
preservative for water-containing sys
tems such as latex and resin emulsions, 
adhesives, paper coatings, and cutting 
fluids. Biocide 284, 10% methylene 
bisthiocyanate, controls bacteria, 
yeasts, fungi, and most other organ
isms in industrial systems, and has been 
especially formulated for use as a slimi
cide in paper mills and cooling towers . 

You combined the characteristics of 
both of these chemicals as those per
taining to Biocide 233. 

Donald Kent 
Spiegel & Laddin, Inc. 
New York, N.Y. 01016 

Sophistication in air monitoring 

DEAR SrR :• 
Your Outlook story, "Air monitor

ing: how much is enough?" (Es&T, 
September 1970, page 723) described 
a growing feeling of suspicion of the 
need for sophisticated monitoring sys
tems. Now, a backlash against sophis
tication by some is predictable; there's 
an understandable drive to appear ul
trapractical. But all the evidence must 
be weighed, not just that which sup
ports a convenient point of view. 

For instance, response time and data 
reduction cost must be included in 
weighing the level of sophistication 
suited to a particular air monitoring 
system. Anyone who has had to re
duce yard after yard of strip-chart data, 
day after day, or who has been respon
sible for employing people to do it, is 
aware that if bright enough techni
cians can be hired, they will be bright 
enough to tire of the onerous job 
quickly. This leads to file-cabinets 
full of strip charts which are much less 
likely to be used than computer mem
ories with the same data. 

Solving this problem doesn't always 
require telemetry- there are several in
termediate levels of sophistication 
available in bridging the gap between 
sensor and computer, such as on-site, 
machine-readable recording. But, 
when data reduction costs are honestly 
weighed with response capability (and 
other considerations), telemetry will 
always prove cost-beneficial for large 
systems. This can be readily demon
strated. 

To limit the collection of data to 
legal constraints ("if no control action 
can be taken, the data are useless") 
is equally myopic. In the first place, 
not much data, if any, would have 
been collected in the past if this had 
always been a ground rule . Second, 
there are several kinds of desirable 
"actions." Most local meteorological 
data involve little control action, but 
advisories are used by nearly everyone. 
Third, usefulness is not restricted to 
immediate actions; historical data are 
of immense use in local air quality pro
grams. Historical data on strip charts 
in file cabinets are seldom disinterred. 

Finally, because of the lead time re
quired for designing, installing, and 
debugging adequate systems, cities 
with no real action plans now, but 
with mahogany atmospheres, should 
think of real-time public demands dur
ing future certain episodes. Again, it 
has been shown that tekmetry and 
computerized data reduction are al
ways the cheapest way to go if the 
system is large and the problem is real. 

Daniel L. Esau 
Litton Systems Inc. 
Camarillo , Calif. 93010 
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It doesn't have to die! 
The world can survive. It's up to all of us. People, 
community and civic leaders. industry and government. 
In all parts of the world. 

And George D. Clayton & Associates can help. Through 
consultation, evaluation, laboratory analyses and engi
neering. We've been doing it since 1954. The only 
organization today which offers a complete spectrum of 
environmental health services. Total services extending 
to every recognized, area of concern. 

The Clayton organization is composed of qualified 
engineers and scientists with expertise in air, water, 
noise, radiation, food and drugs, industrial hygiene, 
agricultural chemistry and solid waste disposal. 

In the United States, operations are under the direction 
of George D. Clayton, president, with more than 30 
years experience in environmental evaluation and 
control. 

The European subsidiary, Clayton Environmental Con
trol Specialists Ltd . in London, England, is headed by 
Dr. Stanley A. Roach, educator, researcher, author and 
president of the British Occupational Hygiene Society. 

Clayton Associates has complete in-house chemical 
and physical laboratories with sophisticated instrumen
tation for precise, rapid and dependable analysis. 
Robert G. Keenan, chief, laboratory services, is a 31-year 
veteran of the U.S. Public Health Service and has 
gained international recognition as an environmental 
chemist. 

Why not let Clayton & Associates make an accurate 
determination of your plant, industry or community 
problems? For workable solutions backed by un
paralleled experience in environmental health, write 
today: George D. Clayton & Associates, Inc .. 
25711 Southfield Rd., Southfield, Michigan 
48075. A subsidiary of Sitkin Smelting & Refining, 
Inc. Listed on the American Stock Exchange. 
Ticker symbol SIT. 



1111errerence-rree 
automatic 
pollutant analysis 

Only TRACOR pollution analysis systems offer non-dispersive IR)they are especially well 
selective, interference-free response to key poilu- -: ;,~ .• : su ited to automation. The TRACOR auto-
tants-all the way down to 2 ppb levels. They're so .. . • 

1 
matic digital function selector coordi-

reliable you can operate them automatically on a I/' nates the most sophisticated procedures 
lbong-teHrm
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ons, 2 , 2 , o er su ur an p osp orous m er ace e sys em WI a compu er. 
compounds. Routine, unattended data-gathering periods of a 

NAPCA-approved and developed gas chro- month or more are not uncommon. The function 
matographic techniques account for the accuracy, selector incorporates error sensors to make sys-
selectivity and sensitivity of TRACOR systems. The terns self-correcting, and alarms to signal an oper-
MT-250H Analyzer, for example, uses the time- ator when attention is required or when pollutant 
proved flame photometric levels exceed pre-set threshold values. 
detector (right), a TRACOR ex- A specially designed permeation tube calibra-
clusive, to pinpoint sulfur or phosphorous tion system (above) assures the accuracy of analy-
in interferant matrices. Carbon monoxide, ses. An industry standar_d, it has been characterized 
methane and total hydrocarbons are deter- as "the only permeation system that really works." 
mined by the MT-350F analyzer, again following If you're looking for an interference-free poi-
NAPCA-approved techniques. This instrument is lution detection system you can turn on, and then 
sensitive to carbon monoxide across a range ex- turn your back on, check into TRACOR systems. 
tending from 0.01 ppm to 200 ppm-continuously. Contact Troy Todd , Marketing Manager, Analytical 

Because TRACOR analyzers are based~ 1 Instruments Division, TRACOR Inc. , 6500 
on chromatography (rather than mecha-1 •"n1HIJ •/ Tracer Lane, Austin, Texas 78721. Phone 
nized wet chemistry or interference-prone __ ,_ ·- .',.,. (512) 926-2800. 

350F ANALYZER FOR 
CO/ CH 4 AND 
TOTAL HYDROCARBONS 
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editorial 

ES&T to carry classified job advertising 

We aim to bring together employers and employees 

in the fast-growing but diffuse environmental field 

As Perry Como used to sing on his 
television show, "We get letters." Unlike those sent to 
Mr. Como, letters to ES&T can rarely be categorized 
as fan mail, of course, but they are invariably interest
ing and sometimes instructive. Many come from stu
dents, and their sentiments can be typified by the follow
ing extract from a letter written by an electrical engi
neering student at an eastern university: "Within the 
last two or three years I have become increasingly 
concerned with the state of man's environment. I 
believe that I am sincere in my desire to try to direct 
the efforts of my career in the area of the environ
ment. I am not just trying to jump on the bandwagon." 
This particular student was worried that his chosen 
major-electrical enginc;ering-was not a good entree 
to an environmental job; he wished in retrospect that 
he had taken biology. We advised him that biology 
was not the only discipline needed to ameliorate the 
state of man's environment, and encouraged him to 
continue with electrical engineering. The only trouble 
was that we could not specifically tell him about jobs 
for electrical engineers that would involve environ
mental matters as a major component. 

We don't just receive letters from stu
dents, of course. We also get them from experienced 
technical men and women who seek, like the student, 
to "do something about the environment." Again, we 
cannot help too much. Although we know that jobs 
are available, we just do not know where, exactly, they 
are. Occasionally, an employer will write us, asking if 
we know of someone with specific capabilities in the 
environmental field. Sometimes we do, but more often 
we do not. So, much as we have wanted to bring 
potential employer and potential employee together, 
we have until now had no means of doing so. 

There seems little doubt that there is a 
crying need for manpower to carry on the fight 
against environmental ills. In fact, the shortage has 
been described by some as critical. The National Air 
Pollution Control Administration (NAPCA) has esti
mated that state and local air pollution control agen-

cies need to increase, immediately, their personnel 
from 2840 to 8000 to carry out responsibilities called 
for by federal law. In the private sector, NAPCA esti
mates that 20,000 man-years are currently assigned to 
air pollution activities in industries; this number needs 
to be increased to 35,000 man-years by 1974. Undoubt
edly, similar shortages, or worse, exist in the water pol
lution control field and in other environmental con
trol areas. 

Naturally, there is a great need for peo
ple who are trained in some aspect of environmental 
science or technology. Since environment is essentially 
an interdisciplinary subject, few schools have had pro
grams in the area, although that situation is rapidly 
changing. (One area that ES&T will attempt to cover 
during 1971 is opportunity for education-both at the 
basic and graduate levels-in environmental subjects.) 

But there is little use in educating people 
if there are no jobs for them, as American education 
has discovered in its sorrow during the recent financial 
squeeze. Consequently, ES&T has decided that the most 
logical and efficient way to match potential employers 
with potential employees is to publish a classified job 
advertising section each month. Readers may already 
have noticed several fairly large advertisements by 
employers in the pages of recent issues. Employers 
will still be able to place such ads, of course, but 
they will be supplemented, starting in 1971, by lower
cost advertising that is standardized in typeface and 
format, much in the style of Chemical & Engineering 
News. The service will be offered for both posi
tions wanted and positions open. Details will be 
handled by our advertising management, Century 
Communications Corp., 142 East Ave., Norwalk, Conn. 
06851. Those who are seeking employment as well 
as those seeking employees in the environmental field 
are urged to contact Century for full particulars. 
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Compatible 
com~ads 

from Leeds It Northrup 
to monitor, 

record and control 
your waste treatment 

process 

pH and Redox Moniton 
Compact prectSion instru
ments incorporating solid 
state design and rugged re
liqbility. Features include: 
1. a broad selection of over 
45 pH ranges and over 60 
Redox ra nges; 2. a wide se
lection of alarm combina
tions-high and low, single 
or double; 3. large 5" 
direct reading scales; 4. 
manual or automatic tern~ 
perature compensators (for 
pH) that work over all 
ranges; 5. Measure-Stand 
By switch to disconnect the 

electrode system during 
maintenance; 6. Expand-14 
pH switch to transfer from 
anyexpandedrangeto 14pH 
span; 7. other convenient 
controls for Slope, Stand
ardize, Span, and Zero ad
justments; 8. stan dard 
recorder output of - 5 to 
+5 mY, optional output of 
- 2 to +2 Y; 9. wide 
choice of current outputs 
ranging from 0-4 to 10-50 
mA; 10. compact 7"X7" 
splash-proof metal case that 
meetsNEMA-5specifications. 

Circle No. 16 •• Readers ' Service Cud 

Electrodes 
and Mountings 

New low-cost, flow-type 
mountings and electrodes 
ore self-cleaning and resist 
clogging even in dirt- and 
oil-contaminated streams. 
Or select from: 1. a dozen 
other flow or immersion 
mountings, including a num
ber of high-pressure stain
less-steel pipeline models; 
2. low-pressure Pyrex and 
stainless-steel or plastic im
mersion types designed for 
a variety of applications; 
3. a wide variety of l & N 
measuring and reference 
electrodes and temperature 
compensators. 
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S~teedomaxe M Mark II 
Miniature Recorders 

Provides nu 11-ba Ia nci ng 
servo-potentiometer record

.ing in minimum panel 
space. Features: 1. one-, 
two- or three-pen recording 
of signals from the same or 
different types or primary 
elements on a continuous 
4-inch strip chart; 2. stand
ard chart speeds of 1f2. 1, 
2, 3 or 6 inches per hour; 
3. zero and span adjust
ments to facilitate use as 
o trend recorder; 4. high 
level or low level inputs; 
5. over 2 months capacity 
chart supply roll. 
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rrn LEEDS & NORTHRUP 
~ North Wales, Pa. 19454 

420 Controllers 
A precision miniature instru
ment with broad control ca
pability. 1. Position-Adjust
ing Type positions control 
elements through electric 
drive units; Current-Adjust
ing Type provides electric 
control or electro-pneumatic 
control; 2. lost or slow ver
sions-one version is avail
able loi lost-responding 
processes, such as flow; o 
second version is available 
lor processes such as pH, 
where responses ore con
siderably slower; 3. the 420 
features pushbutton bump
less and balonceless auto
ma tic/manual transfer. 
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Pollution problems-in spades 

I'm not so presumptuous as to tell the world how to 
solve its environmental crises. But I am grateful for 
the invitation to discuss New Jersey's pollution-fighting 
activities briefly, in the hope that our experiences may 
help others. 

In proportion to its size, New Jersey i.s the nation's 
most densely populated state as well as having the 
highest vehicular density of any state. Because of its 
concentration of population, industry, traffic, and 
agriculture, there is scarcely any pollution problem 
which New Jersey doesn't have---in spades. 

No wonder that the state has been a pioneer in 
pollution control. New Jersey passed water pollution 
control laws as far back as 1899. It enacted the nation's 
first statewide air pollution control law--<me year 
ahead of the first federal act. The updated State Air 
Pollution Control Law empowers the Department of 
Environmental Protection to promulgate regulatory 
codes implementing state air pollution control laws. 
These codes are very stringent and rigidly enforced. 
In this, the courts of the state have been our firm 
allies, upholding the department's stand in every 
instance in which enforcement procedure has led to 
court action. Since 1967, New Jersey has prosecuted 
and won some 200 antipollution cases of all kinds, and 
has collected about $250,000 in penalties. This amount 
includes a $20,000 fine, the largest air pollution penalty 
ever levied. 

Vital as rigorous enforcement action is, it is only 
one aspect of New Jersey's tripartite thrust. The state 
employs positive measures of incentive and prevention, 
as well as policing and sometimes punitive enforce
ment measures. Recognizing that pollution control 
techniques and devices are costly ( $10 billion a year 
is said to be spent nationally OIIJ pollution control), 
New Jersey offers the incentive of tax exemption for 
state-improved air and water control devices. How
ever, this exemption may be revoked by the Commis
sioner of the Department of Environmental Protection 
at any time if the industry fails to comply with pollu
tion control requirements. 

To prevent as much pollution as possible from 
happening in the first place, regulations require an 
industry to submit specifications for examination 
before the state issues the requisite permit to install 
or alter, and a certificate to operate, equipment either 

viewpoint 
Richard J. Sullivan 
Commissioner, New Jersey Department of 
Environmental Protection 

causing or controlling air pollution. The state also re
quires an industry to file plans showing that its waste 
disposal techniques will not create water pollution, 
before the industry is granted a construction license. 

Though we have made some notable strides, our 
environment is still sick, and it may get sicker before it 
gets well. But we are determined that it shall get well, 
and we have documented evidence that the patient is 
showing signs of responding to treatment. 

The season for making resolutions is approaching. 
Let us who have a personal commitment to environ
mental protection resolve to help develop in others, 
by every possible means, an acute sense of environ
mental wisdom. In too many cases, the frontier mental
ity is still with us. We think we can do what we 
please with our natural resources because they will 
always be around. We must disabuse ourselves of this 
illusion. 

The next generation of Americans must be incul
cated with the values of environmental sensitivity. 
They must be made to realize their place in the eco
logical system, and that abuse of the environment is, 
in effect, self-destruction. We must replace the right
of-exploitation concept with the responsibility-of-stew
ardship concept. We must learn that it is in our own 
interest to observe the rights of others. If this were 
learned universally, not only would we have a cleaner 
physical environment, but we might also develop the 
mental climate ultimately enabling us to achieve peace 
on earth as well . 

Richard J. Sullivan, a 
mechanical engineer by 
training, has been 
employed by the State of 
New Jersey since 1950 
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The Automatic Fluorescent Particle Counter. By MEE. 
Digital, real time read-out 

and recording of total particle count and 
concentration eliminates months of data reduction. 

Costs less than the data reduction 
on a single job employing conventional 

sampling and manual counting procedures. 
Compact, convenient, portable. 

Use in aircraft, marine 
or fixed-site installations. 

Completely automatic. Needs 
no attendance at remote stations. 

Digital Chart Recorder 
shown here is optional. 
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environmental currents 
WASHINGTON Nixon picks Ruckelshaus as EPA administrator 

William D. Ruckelshaus 

Prior to his appointment as administrator of the Environmental Protection 
Agency (EPA) last month, William D. Ruckelshaus was assistant attorney 
general of the civil division in the Department of Justice. Ruckelshaus 
is no Johnny-come-lately to environmental matters. His former posts 
include majority leader of the Indiana legislature ( 1966-69) and assistant 
attorney general for the state of Indiana, where he prosecuted water 
polluters and other violators of state health and environmental control 
laws and regulations. What's more, he wrote the Indiana air pollution 
control law in 1963. 

FWQA focus: industrial inventory and enforcement 

The Federal Water Quality Administration (FWQA) started its inventory 
of industrial wastes last month by mailing FWQA Forms 120 to 250 
companies. Interior Secretary Walter J. Hickel indicated his displeasure 
recently with the 1977 timetable agreed to by conferees in the Potomac 
River enforcement conference, which was first convened in 1957. Hickel 
wants the date moved to 1974; by the end of this month conferees are to 
report on the feasibility of moving the date for expansion of the Blue Plains 
Plant (Washington, D.C.) to 309 mgd from 240 mgd at a cost of $366 
million. 

NAPCA finalizes controls for '72 to '74 cars 

The National Air Pollution Control Administration's (NAPCA) revised 
regulations and test procedures for '72 to '7 4 vehicles became effective 
last month. The new regulations and standards will reduce hydrocarbons 
(HC) emissions 80% and carbon monoxide (CO) emissions 69% of 
pre-1968 cars without exhaust controls. Although current standards were 
intended to achieve this level of control, the 1970 cars only showed 73% 
control of HC and 62% control of CO. Thus, the 1972 emissions standards 
have been set slightly higher than those proposed earlier (ES&T, August 
1970, page 627). 

Second national contract let for operator training 

The Departments of Labor and Interior's FWQA completed a second 
18-month contract for the training of 1000 waste treatment plant operators 
in 27 states. The training is aimed at paraprofessionals-underskilled, 
unemployed, or underemployed disadvantaged workers. The $1.26 million 
contract includes $689,900 for on-the-job training under the Manpower 
Development and Training Act, and $570,000 from the Department of 
Health, Education, and Welfare supplemental funds . The first national 
contact (Nc) provided for the training of 940 trainees in 20 states (ES&T, 

November 1969, page 1156). 

Peace Corps finds new role in the environmental decade 

The Peace Corps (PC) and Smithsonian Institution (SI) recently joined 
forces for sending environmental advisers to developing countries. Under 
the new program, which was announced by PC director Joseph 
Blatchford and si secretary S. Dillon Ripley, volunteers would be sent 
abroad to deal with water pollution, resource management, and score of 
other environmental problems. "Many of the volunteers are expected to 
come from post-graduate schools in the biological sciences and natural 
resource management," Ripley says. In the 60's decade, PC mainly sent 
educational advisers abroad. 
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STATES Voters across U.S. pass water bond issues 

Sen. Edmund S. Muskie 

1094 Environmental Science & Technology 

State bond issues for water pollution control have been on ballots 
throughout the U.S. Illinois recently passed a $750 million grant for 
pollution control; $650 million is allotted for water pollution control, with 
the remainder for land pollution regulation. In California, a $250 million 
bond issue provides funds for construction of waste treatment facilities and 
enables California to receive federal assistance. Maine's voters approved a 
$4 million bond issue to aid .in cleaning up oil spills. Floridians recently 
passed a constitutional amendment allotting $100 million per year for 
loan to municipalities for sewage facility construction or improvement. 

Wigwam burners on the way out in Oregon 

New emissions standards adopted for 1971 by the Lane County (Ore.) 
Regional Air Pollution Authority will have the effect of outlawing wigwam 
burners, which are commonly used to dispose of wood refuse in the lumber 
industry. Because of the expense involved in upgrading wigwams to 
standards required by the new regulations, it is likely that wood refuse will 
henceforth be burned elsewhere. Fortunately, low water levels in the dams 
serving northwest hydroelectric plants have produced a power shortage, 
and Oregon utilities have needed to use wood refuse and other wastes in 
conventional steam-raising plant to augment electricity supplies. 

Muskie views Machiasport oil dilemma 

In reference to the Senate hearings called to explore oil and coastal 
environment situation in Machiasport, Me., Sen. E . S. Muskie (D.-Me.) said 
these hearings show that "no methods presently exist which would either 
effectively foreclose the possibility of massive oil spills or sufficiently 
clean them up if they were to occur." Muskie believes that the oil industry 
must abide by the terms that Maine decrees (including environmental 
respect) or not come to Machiasport at all. 

Iowa begins survey of pesticide levels 

The State Hygenic Laboratory and the State Conservation Commission 
are conducting a statewide survey of pesticide levels in fish. Research 
at the University of Iowa is currently in progress to determine whether 
reverse osmosis can be used to remove small pesticide molecules and other 
trace organic substances from water. These programs are part of a 
broad-based University of Iowa Research effort dealing with problems of 
pesticides in the environment. 

Pennsylvania, OSW study water desalting 

The Office of Saline Water ( osw) and the state of Pennsylvania are 
exploring the potential of des~lting processes to treat acid mine drainage 
and provide supplemental supplies of freshwater for municipalties and 
industry. Secretary of the Interior Walter J . Hickel and the Pennsylvania 
Department of Mines and Minerals Industries announced the two-.year 
agreement which calls for: • Information exchange related to research on 
desalting; • Research in the desalting processes for acid mine drainage and 
other saline waters; • Development of a specific desalting plant. 
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TECHNOLOGY Clean fuel development efforts speeded up 
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Oil containment 

The quest for low-sulfur fuels is moving into high gear on many fronts. 
Along with a stepped-up effort on coal pyrite removal (see page 1104), 
other fuel upgrading plans have been announced: In October, the Institute 
of Gas Technology unveiled a coal conversion pilot plant for making 
low-sulfur pipeline gas. The unit will be in full operation by March, and 
plans call for a commercial process by 1977. Earlier this year, Panhandle 
Eastern Pipe Line Co. and Peabody Coal undertook joint development of a 
mine-mouth, 300 ft3/ day coal gasification process, with hopes for 
commercialization by 1980. Esso Research & Engineering has just been 
issued a patent on fuel oil desulfurization; an Esso affiliate is already using 
this process at a new Venezuelan plant that supplies residual fuel oil to the 
eastern U.S. 

New auto exhaust catalyst curbs NO, by 90% 

Esso Research & Engineering says a unique nickel-copper catalyst, "the 
most promising" yet uncovered, can reduce NOx emissions from 1970 model 
cars by 90%. A 90% reduction capability would meet proposed post-1975 
emission standards, but Esso says the catalyst is not yet ready for commercial 
use. At present stage of development, the catalyst would need replacement 
every 8000 to 15,000 miles with unleaded gas, and more frequently with 
leaded gas. The company says it will present further technical details in a 
paper scheduled for presentation in a few months. But in its announcement, 
Esso hints at a dual-catalyst system for complete control that might include 
the new catalyst for nitrogen oxides control plus a second one to control 
hydrocarbons and carbon monoxide emissions. 

Oil containment method slated for full testing 

The U.S. Coast Guard has awarded a $1 million contract to Johns-Manville 
Corp. for further development of an oil containment system for offshore oil 
spills. The J-M containment method was one of four, selected from 40 
designs originally submitted, chosen by the Coast Guard for small-scale 
development. A one-quarter scale model was built and tested in May and 
successfully demonstrated 99 % recovery of a test soybean oil slick in the 
Gulf of Mexico. The new development contract calls for building a full-scale 
prototype that can be air dropped and tested in rough sea conditions : 5-ft 
waves, 20-mph winds, and two-knot currents. J-M will serve as prime 
contractor and develop the prototype barrier; three other firms are involved 
and will develop the deployment systems. 

New plastic bottle incinerates without noxious emissions 

An acrylonitrile-based plastic, suitable for beverage and food containers 
that can be safely incinerated, has been developed by Vistron Corp., a 
subsidiary of Standard Oil Co. (Ohio). At a recent meeting of the Society 
of Plastics Engineers, Vistron's J. D. Idol gave results of tests on the resin 
condw;:ted at Midwest Research Institute and New York University: Levels 
of up to 80 % in incinerated refuse did not change emissions significantly. 
Nitrogen oxides were released in amounts typical of gas-fired appliances, 
and nitrogen containing hydrocarbons were affected more by incinerator 
operation than by the presence of the plastic. Total hydrocarbon emissions 
were not affected. Bottles made from the resin have been successfully 
test-marketed, and Vistron is already making semicomrnercial quantities of 
the resin. 
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When it comes to H2S analysis ... 
The Air Monitor llA now has the answers. 
Increasingly flexible, the Technicon8 Air 
Monitor IIA is now adaptable to the mea
surement of three parameters: S02, N02, 

and H2S. Compact and portable , t he 
Monitor I lA that is purchased for one pro
cedure can be easily and Inexpensively 
converted to either of the other two. 

The Air Mon itor IIA is based upon 
those featu res that have made continu
ous flow analysis the most reliable 
method for automated wet chem ica l 
analysis. It features a built-in recorder 
and range expander, manifold, and col
orimeter, plus fitted containers capable 

of supplying the I lA with reagents for one 
week of unattended operation. 

The internationally accepted West
Gaeke procedure is used for S02 analy
sis, the Sal tzman procedure for N02 de
te rm inat ions and the Methylene Blue 
procedure for detection of H2S. For addi
tional information, please write : 

® 

Department 104, 

Technicon Industrial Systems 
A Division of Techn lcon Instruments Corporation 
Tarrytown, New York 10591 
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INDUSTRY Firm will survey pollution control market 

'II' .. .. ,, , ,, 

Dutch "sniffing pole" 

~Circle No. 10 on Readers' senice Card 

The New York City management services firm of Dun & Bradstreet, Inc. 
is undertaking a research program to determine which parts of industry 
will provide pollution control companies with their best prospects. D&B 

interviewers will query executives in a random sample of 2000 U.S. plants 
to discover their current usage of control products and services and their 
pollution abate;-ont spending plans through 1975. According to William B. 
Schiefer, Director of Research Sales, D&B can also perform exclusive 
interviewing for any client with special information needs, this information 
to be kept confidential to the particular client. The project is scheduled to 
start in January 1971, and to be completed by May. 

Packaging industry worried by degradable materials 

The basic function of packaging-to protect products-may be seriously 
impaired by an emphasis on development of self-destructing, but structurally 
weak, materials according to an expert in the design of packaging systems. 
Joseph M. Murtha, president of Sandgren & Murta, Inc., told a Chicago 
symposium that he also believes products such as edible films, uv-sensitive 
plastics, and soluble glass containers may actually lead to an increase in 
the number of consumer complaints. What needs to be discovered, in 
Murtha's view, is the real extent of consumer interest in poilution and 
disposability, relative to convenience and cost. Murtha suggested that a 
greater effort toward recycling packaging products would be a better 
solution to problems of litter and disposability than development of 
self-destructing products. 

Dow aims for total recycle of plant water streains 

Harold Bosscher, manager of the Midland Division of Dow Chemical Co., 
told attendees at a special press visit to the Midland, Mich., chemical 
manufacturing facilities that the division's goal is to "get out of the river." 
The river in question is the Tittabawassee, which Dow uses as a source of 
process and cooling water. The company is building 28 new cooling towers 
and its immediate aim is to reuse 50% of all cooling water. Superintendents 
in the manufacturing areas have also been put on notice that Dow's extensive 
waste treatment plant will not be expanded in size and that there will be 
building-by-building accountability for pollution control. All new 
manufacturing units will be designed so that they produce no wastes; 
the process design assignment has been handed to the company's new 
Environmental Research Laboratory. 

Warning system spots pollution in Dutch industrial area 

The heavily industrialized port city of Rotterdam, Holland, has installed 
automatic air pollution warning systems consisting of sulfur dioxide monitors 
tied jnto a central computer. Dubbed "sniffing poles" by the Dutchman 
in the street, 31 detector masts measure S02 concentration and wind direction 
and velocity. The poles are ·located so that, no matter which way the 
wind blows, at least eight are downwind of the principal pollution sources. 
Abnormally high levels of pollution in one particular area can be traced 
to the source within a minute. If atmospheric conditions result in an overail 
high pollution level, an alert goes out to all area industries which then 
(voluntarily) restrict emissions for the duration of the episode. The system 
was designed by Philips Gloeilampenfabrieken. 

Volume 4, Number 12, December 1970 1097 



Agriculture poses waste problems 

A small business grows and expands 
until it and its production reach cor
porate size, and then it becomes a ma
jor polluter-a story heard all over the 
country. This situation now exists in 
the agricultural industry. In days 
gone by, farming wastes-from 
poultry, livestock, and the like--could 
be scattered over the countryside and 
forgotten or just neglected. With the 
present massive agricultural produc
tion, however, the farmer is hard 
pressed to find adequate means for 
waste disposal. Commercial poultry, 
beef, and pork operations are all faced 
with the problem of wastes that con
taminate air, water, and land. 

Increasing concentration and inten
sity of agricultural activities, necessary 
to the development and prosperity of 
the economy, are responsible for many 
new environmental issues. The agri
cultural waste problem was discussed 
both at the New Jersey Agricultural 
Waste in an Urban Environment con
ference in September, and the Agri
cultural Research Institute's (ARI) an
nual meeting in October. Primary 
sources of pollution resulting from ag
ricultural practices can be grouped as: 

• Animal wastes. 
• Wastes from processing of raw 

agricultural products. 
• Rural domestic wastes. 
• Sediment from land. 
• Plant nutrients from fertilizers. 
• Inorganic salts and minerals re

sulting from irrigation. 
• Pesticides. 
• Aeroallergens and infectious 

agents. 
• Particulate and gaseous sub

stances derived from the combustion 
of wastes. 

• Natural plant emissions. 
The agricultural industry definitely 

contributes to the contamination of 
the atmospheric environment, says 
Leonard H . Weinstein of Boyce 
Thompson Institute for Plant Re
search. "Agriculture is both the re
cipient of and contributor to water pol
lution," P. C. Kearny, a research chem
ist with the U.S. Department of Agri
culture (USDA), told the ARI group. 
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"The productivity and stability of 
soils depend on proper conservation 
and management of water," reported 
William P. Martin, head of the Depart
ment of Soil Science, University of 
Minnesota. Conversely, the amount 
and quality of water depend very much 
on the effective management of the 
land over and through which the water 
must flow. Since soil pollutants can 
become water pollutants and vice 
versa, the contaminant must be com
bated from both sides. 

Aniinal wastes 

"Livestock and poultry wastes are 
of considerable concern because of the 
huge amounts produced and the con
centration of animals at central pro
duction points," says L. B. Nelson, 
Tennessee Valley Authority (TVA) . 

In the U.S., animal wastes amount to 
about 2.0 billion tons annually, a 
third of which is liquid, which is equiv
alent to waste production from a hu
man population of about 2 billion. 

The main problem is encountered 
in the practice of confined production; 
for example, a feedlot would often 
have populations of 10,000 to 50,000 
animals; poultry operations range up 
to 250,000 birds; milk cows number 
up to 200; and swine populations range 
1500 or more. J. W. Claybaugh, man
agement consultant, Dekalb AgRe
search Inc., told the New Jersey meet
ing, "It is not the quantity; it is the 
concentration. Instead of a few hun
dred hens on evcty farm, we now have 
.. . a few farms with specialized pro
duction consisting of many thousands 
of birds and often with insufficient 
land for proper application as fertiliz
er." 

Narrow-profit margins and high
overhead costs necessitate low-cost 
methods of waste management. Fur
thermore, these wastes have limited 
agricultural value, in contrast to chem
ical fertilizers. However, animal refuse 
can be a serious water pollutant be
cause of its high biological oxygen de
mand (BOD) and the nutrients and 
pathogens contained within the ma
terial itself. 

Animal wastes also create odor 
problems. Cattle numbering 10,000 on 
one feedlot will produce 260 tons of 
manure each day. Claybaugh points 
out that the movement of urbanites to 
the country has resulted in much de
bate concerning the rights of the farm
er and the people who live near his 
odoriferous farm . A poultry operation 
with 270,000 hens creates 35 to 40 
tons of manure daily. With little or no 
utilization of this material, odor will, 
of course, be more and more stagger
ing as the manure accumulates. The 
story is much the same for dairy cattle 
and swine operations. So, waste dis
posal has become a major problem to 
the modern farmer. 

Large-scale animal operations and 
their present means for massive, solid 
waste disposal, do put a strain on the 
soil. How much of this waste can be 
applied to the land without doing 
damage? Says Thomas J. Army, the 
Great Western Sugar Co., "Because of 
economic restrictions in transporting 
manure great distances, we can expect 
selected soils and sites to receive in
ordinately heavy doses of animal 
wastes." Dealing with wastes in this 
manner leads to water pollution as 
well as an odor problem. 

Agricultural processing 

Agricultural processing industries in
clude pulp and paper, meat slaughter
ing and packing, cotton processing, 
canning, dairy products, sugar refin
ing, frozen fruits and vegetables, poul
try, hides and leather, and wool scour
ing. Each has listed waste control as its 
main problem. Liquid wastes from 
these industries are characterized by a 
high BOD, large amounts of suspended 
solids, various inorganic constituents, 
including nitrates and phosphates, 
and the involvement of substantial 
amounts of water. 

Domestic pollutants 

Rural domestic wastes consist of hu
man wastes and other by-products of 
the household. Of the 17 million 
homes in rural areas, a surprising num-



Today's high-intensity farming methods 

are producing more and more pollutants 

ber do not have piped water and lack 
adequate disposal of these domestic 
wastes into lakes and streams. 

Sediment from land 

About half of the total sediment 
load in waterways originates from crop 
land, says Nelson . One to 2 billion tons 
of sediment reach major streams an
nually. "Excessive plant nutrients in 
water," derived from soil erosion, 
stated Kearny, "give ri se to eutrophi
cation of lakes and streams, and a 
high level of nitrate in potable water." 

Natural and man-made dusts con
tribute more than 30 million tons of 
particulate matter to the atmosphere 
annually. Causes of airborne dust in
clude devegetation of land through 
poor conservation practices, increase 
in the acreage under cult ivat ion, fal
lowing, or drought. 

Fertilizers 

Thus far, there is no positive evi
dence that the use of chemical ferti
lizers causes water pollution, Nelson 
poin ted out. However, streams that 

flow through agricultural areas contain 
significant amounts of nitrates and 
phosphates, and use of nitrogen and 
phosphate ferti lizers has greatly in
creased in the last decade-from 1 
million tons of nitrogen in 1950 to 7 
million in 1969; from 2 million tons 
of phosphate in 1950 to 4.7 million in 
1969. 

The use of ferti lizers may result in 
excess nitrogen and phosphorus in the 
soil. The buildup of elements in the 
soil may result in injury to vegetation, 
but more likely, it becomes a con tami
nant of waterways. "The immense 
quantities of fertilizers applied to the 
land, as well as manure spread in the 
field , surely lead to enrichment of 
many nearby or underlying waters," 
adds Martin Alexander, Department of 
Agronomy, Cornell University. 

Irrigation problems 

Mai nl y in the arid western states, 
irri gation drainage waters are laden 
with soluble salts wh ich may modify 
the quality of water for use further 
downstream. Of the 30 million acres 

outlook 

of irrigated lands in 17 western states, 
about half have salinization problems. 

Pesticides 

Pesticides are usually classified ac
cording to the organism they control 
and include insecticides, herbicides, 
fungicides, nematicides, plus a few 
others. These chemicals enter the wa
ter through suspended soil particles 
and organic matter contaminated 
with pesticides that dissolve in run
off and irrigation tail waters, gravita
tional fa llout from air and washout by 
rain, accidental sprayings of water sur
faces and wind drift, and inadequate 
disposal of pesticide containers and un
used materials. Once in the water, 
these chemicals may kill aquatic or
ganisms or enter the food chain, mag
nifying their concentrations with each 
member in the chain. 

In add ition to affecting water qual
ity, pesticides can alter the air eco
system. According to Weinstein, the 
use of pesticides for agricultural pro
duction, land improvement, and vee-
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Chemical fertilization. Increasing fer tilizer use is linked with nearby stream pol
lution. In 1969, 4.7 million tons of P20 5 and 7 million tons of N0 3 were used 

tor control can result in atmospheric 
problems by evaporation or volatiliza
tion from treated areas, the spread of 
soil particles to which the pesticides 
have become attached, or by drift fol
lowing application of dust and sprays 
by aerial or land ri g methods. War
ren C. Shaw, Assistant to the D irector, 
Crops Research Division, usoA, em
phasized, "While there has been con
siderable discussion of the harmful 
effects caused by pesticides on non
target orga ni sms, few, if any, reli able 
data ex ist to document the annual 
losses caused by airborne agricultural 
chemica ls." 

" Yesterday's desi rable pesticide may 
become today's soil pollutant and to
morrow's water contamin ant," con
tinues Alexander. Many organic pesti
cides, especially the chlorinated hydro
carbons, are extremely persistent and 
may pose haza rds for years after appli
cation . 

Aeroallergens and infectious agents 

"Atmospheric transport is largely re
sponsible for the widespread dissemi
nation of pl ant disease organisms and 
all ergens," continues Weinstein. These 
agents are known to cause plan t, ani
mal, and human diseases. Poll ens and 
tox ins that cause human allergies ac
count for I 0.5 million lost work days 
each year. Aerial distribution of spores 
has caused epidemic outbreaks of 
stem rust of wheat and late blight of 
tomato. 

Waste-combustion pollutants 

The burning of native cover, grass
es, orchard and vine prunings, and 
slash timber produces significant quan-
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tities of particulate pollutants, photo
chemicall y reactive gases, and toxic 
contaminants. Burning is commonly 
used to eliminate reservoirs where in
sects, bacteria, and odors originate. 
For each ton of residue from burned 
grasses, the composition consists of 
15 .6 lb of particul ate pollutants, 101 
lb of carbon monoxide, and 12.3 lb of 
hyd rocarbons. 

Natural~ · Jnt emissions 

Terpenes and other organic vapors 
that evolve from growing plants may 
contribute to the form ation of toxic 
ai r pollutants by photooxidation with 
nitrogen oxides. The haze that is fre
quently seen in forested regions is 
for med by such a reaction . Weinstein 
added that vegetation is responsible 
for the emiss ion of 0.107 ton of fer
penes per day per square mile (Air 
pollution damage to vegetation , ES&T, 

August 1970, page 635). 

Solutions 

Solutions for various pollutants of 
air, water, and land are often inter
twined ; a single con trol may take care 
of several pollution problems. One 
large poultry operation in Pennsylva
ni a (Cioisterdale Farms, Inc.) is con
verting to a manure drying process 
which reduces odor, weight, and bulk. 
Th is approach is also being used on 
li vestock and swine operations. Shred
ding and composting are also em
ployed to uti li ze wastes. 

Another technique is the subsod in
jector, which deposits a band of liq
uid waste 28-in. wide below the sur
face of the soil. The plow-furrow-cover 
method effectively disposes both liq-

uid and solid wastes. The manure is 
placed in a furrow which is immedi
ately covered. One disadvantage of 
these methods is their impracticality 
when the ground is frozen . 

In the agricultural processing indus
tries, treatment plants are often built 
to take care of the wastes produced. 
Seabrook Farms, Inc., N .J., has a 
waste disposal system which handles 
an average daily flow of 4.5 million 
gallons of water, with peak flow of 12 
million gallons daily. 

Erosion control practices and soil 
conservation programs could ef
fectively reduce air, water, and soi l 
pollution. Reduction of n4trient losses 
from fertili ze rs is a problem that re
quires much research. If the conditions 
are determined under which there are 
heavy nutrient losses, then agriculture 
can beg in to develop corrective mea
sures. Until these conditions are con
trolled, the rates and times of applica
tions, regulating incorporation into the 
soil, and cont rolled irrigation can re
duce losses. 

Government action 

States are initiating programs to in
vesti gate agricultural waste problems 
as population grows and spreads into 
rural areas. For instance, the small 
state of New Jersey, with its large ur
ban population , has had the problem 
appearing sooner than in some other 
areas. As a result, New Jersey's Sec
retary of Agriculture , Phillip Alampi, 
appoi nted an Animal Waste Disposal 
Task Force in 1967. Richard D . 
Chumney, task force chairman, states, 
"The aim of the group is to develop a 
comprehensive policy to cope with the 
nuisance of animal waste, its accumu
lation and d isposi ti on, and to seek con
tinuing solutions to the ultimate prob
lems such waste poses to our ci tizens." 

Alampi adds, "Agriculture is not of 
concern to farmers alone. Its complex
it ies carry right on through to the mar
ketpl ace and municipalities. For in
stance, it affects food processors, since 
they have wastes to dispose of. Sew
age systems, stream systems, water ta
bles, even the soil itse lf in some areas 
may be affected ." The cooperation of 
gove rnment resea rcher, farmer, and 
private citizen is necessa ry to combat 
this increas ingly serious problem. CEK 



What's the U.S. Army doing in 

water pollution control? 
For the first time ever, the 

Corps of Engineers is issuing permits 

Gone are the days when the Corps of 
Engineers, in their issuance of permits, 
are concerned only with the impact a 
proposed project may have on naviga
tion. The Corps' new regulatory role 
in pollution control extends their per
mit-granting authority to include all 
discharges or deposits into the navi
gable waters of the U.S. Initially, the 
Corps will concentrate on major 
sources of industrial pollution. Al
though the Corps' announcement of its 
expanded permit-granting authority 
came on July 30, official word from 
Washington has not yet gone out to the 
Corps' 3 7 district offices located around 
the country. 

"We expect to issue instructions to 
the field offices around the first of 
next year," says Robert E. Jordan III, 
General Counsel and Special Assistant 
to the Secretary of the Army for Civil 
Functions. "The Corps has been issu
ing permits for structures in the n·avi
gable waters for a long time (essen
tially since the 1899 act). Since 1966, 
we have had a requirement that appli
cants seeking permits must consider 
esthetics, fish, and wildlife effects, wa
ter quality, and the like. In general, 
our long-term permits are reviewed 
every five years." 

Jurisd iction 

Authority for the Corps' expanded 
program stems from a combination of 
the Refuse Act of 1899 and the Na
tional Environmental Policy Act of 
1969 (P.L. 91-190) (ES&T, February 
1970, page I 03). The latter requires 
that all federa l agencies interpret their 
authority with environmental impact 
in mind. Authority for the Corps of 
Engineers to take action on water pol-

for all discharges 

lution is contained in the 1899 Refuse 
Act. "In our review of the Refuse Act, 
we realized that here was the authority 
that should be used," Jordan explains. 

Coupled with the Refuse Act, P .L. 
91-190 requires federal agencies to 
step up the government's widespread 
program on water pollution abatement. 

A draft of a proposed interagency 
agreement between the U.S. Army's 
Corps of Engineers and the Federal 
Water Quality Administrat. >n (FWQA) 

identifies the manner in wh1vh the two 
agencies will cooperate to enforce the 
1899 Refuse Act. Although the agree
ment has been discussed with other 
interested agencies, including the De
partment of Justice and the Counci l on 

Robert E. Jordan III 
Army's General Counsel 

Environmental Quality, the agreement 
has been delayed, as have other pend
ing environmental matters, in the exec
utive reorganization creating the En
vironmental Protection Agency (EPA). 
The recipient of one of this year's 
Arthur S. F leming awards for the I 0 
top men in the federal government, 
Jordan personally piloted the agree
ment through the federal establish
ment. It perhaps will be finalized early 
next year. 

Although the Corps' emphasis to 
date has been on new constructions in 
or on the navigable waters, the present 
federa l consensus is that the Refuse 
Act will be used in the general interest 
of the public, and the forthcoming Re
fuse Act permit program attests to this. 

For example, actions can be brought 
under the Refuse Act where the de
fendant has not met the following con
ditions: "The defendant does not have 
a permit from the Secretary of the 
Army or the Corps of Engineers au
thorizing such deposit." The Refuse 
Act (33 U.S.C. 407) can be interpreted 
to incl ude industrial discharges; the 
only type of refuse exempted under 
the act is "refuse flowing from streets 
and sewers and passing therefrom in 
a liqu id state." 

The furor raised by the Corps' July 
30 announcement has not subsided 
yet. The fact that the Corps would be 
looking at all discharges, including in
dustrial discharges, poses a real con
cern to ind ustry. Myriad inquiries to 
local Corps district officials attest to 
that concern. 

Rationale 

"We aren't going into the program 
with an attitude of arrogance or of 
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heavy handedness," Jordan explains. 
"But the Corps and the Federal Water 
Qual ity Administration are going to 
have to work together to come up with 
sensible solutions to problems. 

"The Corps' permit program must 
be carried out with balance and good 
sense," he continues. "As the program 
begins to impact on particular indus
tries, there is going to be some un
happiness on the part of the commu
nity to which those industries are im
portant. 

"Most of the industries want to do 
the right thing," Jordan believes. As 
he testified before the Senate Com
merce Subcommittee this July, "You 
obviously ·overnight cannot apply the 
Refuse Act around the country. If you 
did, you would shut down industry 
throughout the U.S., and we all 
recognize that this results in an in
tolerable economic situation , so we all 
must exercise good judgment and 
common sense." 

What this recent interpretation of 
the Corps' role means to industry is 
that any structure or outfall line lead
ing into navigable waters must be 
covered by a permit from the Corps, 
that any discharge from the structure 
or outfall line must meet all water 
quality standards applicable to receiv
in g waters, and that state certification 
must also be included as required by 
section 21 (b) of the Water Quality 
Improvement Act of 1970, P.L. 91-224 
( ES&T, May 1970, page 3 79). "It's a 
complicated business," Jordan con
cedes. 

So, the Corps wi ll be issuing permits 
for industrial discharges, even if the 
discharge is harmless (it does not vio
late a water quality stand ard) or the 
industry is on sched ule in its voluntary 
compliance scheme established under 
the ad ministrat ive procedures of 
FWQA , in some enforcement confer
ence. 

Permits 

"Our permit system would be closely 
tied with FWQA," Jordan explains. So 
that industry will have only one form 
to fill out, the FWQA waste water pro
file in ventory form will be used . 

"Subm ission of the inventory pro
file is mandatory only in the sense that 
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Maj. Gen. Frank P. Koisch 
Chief, Corps' Civil Works Directorate 

if somebody wants a permit from the 
Corps, then they must submit the 
form so that we can pass judgment on 
their plans," Jordan elaborates. "No
body is going to be required to fur
ni sh the informat ion. But if they don 't, 
then the Corps will not issue the per
n1it." 

"In other words, how could the 
Corps decide whether a plant should 
be granted a permit for such a n in
dustria l discharge unless you know 
what is being discharged , both in vol 
ume and composition?" 

In practice, the Corps' group that 
will be responsible for the permits pro
gram is the Office of Chief of Engi
neers, the Civil Works Directorate, 
which is headed by Maj. Gen. Frank 
P. Koisch. The people involved with 
day-to-day administration of the per
mits, of course, will be the district en
gineers and their operational staffs. 
The operational division of that func
tion is headed by Mark Gurnee. 

"The Corps has the machinery (for 
permits) already in being, and it may 
as well be used," Gen. Koisch says. 
"The Corps has a better geograph
ically distributed organization (than 
EPA) for handling the permits," he 
adds. "The Corps can perform a real 
service to the country and materiall y 
ass ist the new EPA." 

What is likely to happen in actual 
operation is that the Corps would send 
each application for a permit to the 
FWQA and ask: What do you think? 
Does it meet the applicable water qual
ity standard? If not, can we grant a 
permit with certa in conditions at
tached, such as timetables which 

would bring them into compliance by 
a certain date? 

Then, the Corps would issue its per
mit conditioned upon compli ance with 
agreements reached, including spec
ified deadli nes for compliance. State 
certification required under section 
2l(b) of P .L. 91-224 would, of 
course, have to be obtained before 
any Corps' permit could be issued. 

Advice 

Many federal regulatory agencies, 
now perhaps for the first time, are feel
ing the pressure from the environmen
talists and have established citizen ad
visory boards to provide the agency 
with more detailed familiarity with 
some of their problems. One example 
is the Water Pollution Control Advis
ory Board ( ES&T, June I 970, page 
471 ). 

The Corps is no exception. Its six
member advisory board was estab
lished in April and represents a broad 
range of environmental knowledge and 
experience. Chairman of the Corps' 
advisory board is Charles H . Stoddard, 
an environmental consultant from Du
luth , Minn. 

"I expect that it (the board) will 
provide not only advice on specific 
problems, but, perhaps more impor
tant , contribute to an enhanced mutual 
understanding and confidence between 
the Corps and both the general public 
and the conservation community," says 
Lt. Gen. F. J. Clarke, chief of the 
Army Corps of Engineers. 

Looking ahead 

Much remains to be done. Rather 
than set up a new permit program au
thority under the aegis of the EPA, the 
Corps ' existing permit-granting author
ity within the federal government 
could perform a service in the con
tinued war on water pollution . The 
Refuse Act permit program is a power
ful force; there are tens of thousands 
of industri al plants disch.arging into 
nav igable waters and 4000 new ones 
are being built each year. As the man
power and financial needs are met, 
the Corps stands ready to perform an 
invaluable role in the government's 
crackdown on water pollution. SSM 



Is pollution insurable? 
Only if the discharge is accidental, say insurers; 

even then, coverage may be unavailable 

Man's social problems- inflation , pros
perity , famine, depression, to name a 
few-are, and have been, the insur
ance industry's main concerns. Now 
the insurance business, not unlike 
many other industries, is deeply in
volved in and has taken a stand on 
another pertinent social problem--en
vi ronmental pollution. 

Jn April, the Insurance Company 
of North America (INA) formally in
troduced an attitude toward liability 
insurance coverage in pollution suits. 
Charles K. Cox, president of INA, an
nounced , " INA will continue to cover 
pollution which results from an acci
dental discharge of effluents-the sort 
of thing ·that can occur when equip
ment breaks down. But we will no 
longer insure the company which 
knowingly dumps it s wastes." Thomas 
Ashcraft, also of INA, has said that the 
primary concern of the insu rance in
dustry concerning pollution claims is 
the extent of its obli gation to its 
insureds under the language of the 
li ability policy contract. 

Ex elusion endorsement 

After INA announced its program 
for dealing with environmental issues , 
the majority of the insurance com
panies in the U.S. fi led similar poli
cies in all the states plus Washing
ton . D.C. and Puerto Rico. In effect, 
thi s sta temen t of policy is not newly 
contrived. Tom O 'Day, Director of 
Public Afl'airs , American Mutua l In
surance Alli ance (AMIA) ( 11 3-mem
hered trade organization of mutual in
surance companies) signifies that there 
has always been coverage for acciden
tal pollution, and the resulting suits 
were paid off. However, the exclusion 
endorsements now make it a matter of 
record that the insurance companies 
are not going to pay for deliberate 
pollution. In fact, claims made 
against deliberate pollution were 
never justifiable and were not paid: 
but now this fact is stated in black 
and white. 

The only new policy in this claim 
area concerns the release of oi l or 
gas in water. Neither deliberate nor 

acc idental spi ll age of oil or gas in 
water will be covered by liabi lity in
surance. The insurance companies 
ha ve, in effect, said to industry that 
this is a sensiti ve matter and extra 
precautions must be taken. If mistakes 
are made, there will be no insurance 
protection . 

Donald W. Perin, director of re
search, N ational Association of In
su rance Agents, Inc., contends, " In
surance companies not only defended 
their clients when they were sued by 
third parties for bodily injury and 
property damage caused by pollution, 
but th ey also paid judgments up to 
the policy limits, provided the cover
age was written on an 'occurrence' 
basis." 

Environmental improvement 

'·Now the insurance industry is 
taking the position that it is not going 
to willfully help polluters of the at
mosphere, waterways, or land," says 
O'Day, " By removing insurance cov
erage of environmental violators , the 
insurance companies are making it 
difficult for these offenders to con
tinue polluting." Adds Perin, "With 
all the emphasis which has been 
placed on the necessity of reducing 
a ll forms of pollution for the health 
and welfare of the public , it would 
almost seem to be aga inst public poli cy 
to protect a policy holder for the con
sequences of his quasi-illegal acts." 

State approval 
With any change or new statement 

of policy concerning insurance, the 
matter must be presented to and 
ap proved by each state. Insurance 
companies are regulated within each 
state and their policies must be ap
proved by the insurance commis
sioner. At the end of October, 42 
states had approved the exclusion en
dorsements. Louisiana, Maryland, Ver
mont, Tennessee, and New Hampshire 
disapproved; and the policy changes 
are pending in New Jersey, North 
Carolina, Pennsylvania, and Puerto 
Rico. 

Environment, present and future 

Is this exclusion endorsement an 
act of refusal to cooperate with in
dustry? Not according to O'Day : "Part 
of the package of taking a client on is 
evaluating problem possibilities and 
suggesting solutions." Insurance com
pany engineers are trained to assist 
client companies in applying pollution 
control techniques. For example, the 
Hartford Insurance Group has an
nounced the formation of an env iron
mental services unit that will help its 
industrial policyholders in pinpointing 
and controlling pollution exposures. 

Arc changes planned for the future? 
INA's Ashcraft surmised that insurance 
compan ies will continue to add and 
alter policies governing pollution li a
bi lity as long as theories on pollution 
continue to grow. CEK 

ThisendOr!Jtn'lentmoca.tlessuch~nsuranceas•sallorded 
by the prov•slons of the palu;:y relating to the lollowltl!,l: 

COMPREHENSIVE GENERAL LIABILITY INSURANCE 

COMPLETED OPERATIONS AND PRODUCTS LIABILITY INSURANCE 

CONTRACTUAL LIABILITY INSURANCE 

MANUFACTURERS' AND CONTRACTORS' LIABILITY INSURANCE 

OWNERS' AND CONTRACTORS' PROTECTIVE LIABILITY INSURANCE 

OWNERS', LANDLORDS' AND TENANTS' LIABILITY INSURANCE 

SPECIAL PROTECTIVE ANO HIGHWAY LIABILITY INSURANCE
NEW YORK DEPARTMENT OF PUBLIC WOAJ(S 

STOREKEEPER'S IN SURANCE 

EXClUSION 

(Contamination or Pollution) 

It os •11•eed that the msuratlce does not apply to bodily •ntury or property damage ansong out ol the doscharge. d•spersal. re le<Jse or escape 
ol smoke. vapors, soot, fumes. aci(ls, alkahs. to11ac chemocals. hquods or gases. waste matenals or other orrotants, cotltam1nants or pollutants. 
mtoor upon land, the atmosphere or any watercourse or body ol water; butthos •~clusoon does not al)ply of such doscharge, drsperpl, release 
orescapeossuddenandaccodental. 

Exclusion endorsement. This clause is typiml for pollution coverage policies 
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Sulfur codes pose dilemma for coal 
Pyrite removal programs stepped up, but offer only partial solution 

The , much-touted energy crisis for 
which the country is headed may have 
consequences that transcend the likeli
hood of troublesome power blackouts 
and brownouts of electrical power that 
palgued power planners and consumers 
this past summer. Potentially more 
significant is that the race to keep 
abreast of the nation's power demands 
may be on a collision course with 
well-intentioned local air pollution 
cont rol regulations that limit the sul
fur content of fuels burned for power 
generation. Sulfur content of all fos
sil fuels has become an important fac
tor in power needs planning, But since 
the dominant U,S. energy source is 
coal, and li kely to remain so for some 
time, nowhere is the energy demand / 
pollution control dilemma more ur
gently in need of resolution than in 
the case of judicious use of the U,S,'s 
enormous coal reserves. 

A quick look at some of the fuel 
sulfur limits applicable to coal that 
have been passed by control agencies 
sketches the picture: In the East, the 
c ities of New York, Phil adelphia, and 
Washington, D.C., and the states of 
Maryland and New Jersey already have 
limitations ranging from 0,2 to 1.0% . 
In Cincinnati, the limit is 1.25%; in 
Jacksonville, Fla,, I ,0 %; Cleveland 
has proposed limits of 2.0% for exist
ing power boilers and I ,0 % for new 
equipment ; and Chicago's regulat ions 
are being reduced stepwise to 1.5 % 
in 1973. 

It should be pointed out that in 
some cases, these limits represent equ i
valent sulfur contents that would keep 
so" stack emissions within allowable 
standards. However, in view of the 
slow pace of commercial development 
of stack gas cleaning devices (ES&T, 

June 1970, page 474), the regula-
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Pyrite reduction potential 
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This graph depicts the levels of total and 
organ ic su lfur in samples of raw coal 
collected by the Bureau of Mines from 
200 Eastern U.S. coal beds. As shown, 
only 6 % of the samples conta ined less 
than 1 % total su lfur (curve A) and only 
35 % conta ined 1% or less organ ic su i· 
fu r (curve 8), wh ich sets a theoretica l 
limit for physical sepuation techniques. 
About 12 % of the samples cou ld be 
cleaned to 1.0 % total su lfur by separating 
fractions heavier than 1.60 specific grav
ity, at 11/ 2 " top size, if yield were of no 
concern (curve C). The final curve (0) 
depicts the nu mber of mines that cou ld 
provide a 1.0% product at 70 % yield if 
an effi cient coa l wash ing job could be 
done on m inus 14 mesh materia l, a capa· 
bil ity not yet a~a il ab l e 

tions in effect translate into an unpre
cedented demand for low-sulfur fuels. 
For example, the National Research 
Coun ci l- National Academy of Sci
ences, in its guidelines to federal faci li
ties for compliance with air pollution 
control regulations, recommends stack 
gas cleanup on ly as a last resort, and 
suggests that federal agencies should 
tailor fuel procurement policy to a I % 
less su lfur content. Federal installations 
account for only a small portion of the 
U,S. power demand, but this policy is 
probably similar to that adopted by 
most public and private power agen
cies, at least for the short term, 

Coal reserves 

It is easy to understand the reliance 
on coal as our prime energy source. 
It is the only major fuel which could, 
by itself, meet the cumulative energy 
demands of the country for the re
mainder of the century and beyond. 
Recoverable reserves-those mineable 
at or below present costs-equal about 
220 billion tons, enough at present pro
duction rates to last for about 400 
years, Bituminous coal, the most im
portant type for steam generat ion, ac
counts for about 45 % of the totaL 
Th is would provide a comfortable 
cushion for satisfying energy needs for 
some time, were it not for the fact 
that its sul fur content varies widely, 
ranging from 0.5 to 5,0%, and even 
higher in some areas , Thus, the de
mand for naturally occurring low-sul
fur coal is already severely stressing 
supply and spa rking an increased em
phasis on coal desul furization tech
nology , 

Some of the requ ired technology is 
ava il able and could offer partial (but 
not total) rel ief from the so" emis
sions problem, Programs are underway 



a imed at incorporating coal-desulfuri
zation steps into commercial coal prep
aration schemes, but whether this 
can be done in time to allow sulfur
in-fuel codes to survive intact, in the 
absence of broad advances in flue gas 
cleaning technology, remains to be 
seen. 

Sulfur sources 

Just how much can be accomplished 
by present coal desulfurization tech
nology is largely limited by the nat
ural distribution of sulfur within coal , 
where it occurs in two forms. Organ
ically bound sulfur arises from the 
original sulfur con tent of the vegetable 
matter from which the coal seam was 
formed, and is evenly distributed 
throughout the coal deposit. Inorganic 
sulfur, in the form of pyrite (FeS2 ), 

is that which has leached into the coal 
seam after its has formed, and is de
posited in discrete lumps distributed 
more or less randomly through the 
coal deposit. Though it is difficult to 
generalize, pyrites usuall y represent 
40 to 60 % of a given coal's sulfur con
tent, and are the onl y form of sulfur 
accessible to practical coal desulfuriza
tion techn iques. Organic sulfur, of 
course, would be readily removed 
th rough coal gasification processes, but 
this technology is at least 10 years 

from commercial development, accord
ing to most estimates. 

A current Bw .au of Mines survey 
of representative coal samples from 
200 mines east of the Mississippi is 
one way of putting the potential of 
pyrite removal in perspective. Initial 
resu lts of this survey, which is a ma
jor part of the Bureau's coal desul
furization program, show that less than 
10% of sampled mines had I % or less 
total sulfur content; more importantly, 
only about 35 % of the samples could 
be cleaned to a sulfur content of be
low 1.0%, even with near-quantita
tive removal of pyrite. 

Existing technology 

Whatever its limitations, the attrac
ti ve ness of pyrite removal lies par
ti ally in the fact that some degree of 
desulfurization can be accompl ished 
by adaptat ion or extension of exist
ing technology. Most modern coal 
preparation plants include steps taken 
to upgrade coal in terms of Btu con
tent; for example, prior to crushing for 
delive ry, most run-of-mine coal is hand 
cl assified to remove gross impurities. 
In addition , most coal pulverization 
operations, whether at the mine plant 
or utility, usually incorporate some 
type of ai r classification for further up
grading of the product. Most of these 

Testing. "Float-sink" methods (left) 
are used to study effect of staged 
crushing on pyrite liberation; froth 
flotation (below) is a promising 

preparation steps have generally been 
geared toward ash removal, but some 
reduction in sulfur content does occur. 

In addition , there are several coal 
washing techniques in use or being de
veloped for application to desulfuriza
tion. Most involve grinding coal to de
sired size ranges, and cl assifying the 
coal on the basis of particle size and 
specific gravity. Since all noncoal im
purities, including pyrites, have a 
heavier specific gravity , the density of 
a coal particle is a direct measure of 
its purity. 

A common method of coal clean
ing is the Bau m coal washing jig, 
in which a pulsating fluid stratifies pul
verized coal in increasing density from 
top to bottom ; the cleaned coal is over
flowed at the top. This is the most pop
ular and least expensive coal washer 
commercially available, but may not 
effect as accurate a separation as de
sired. More accurate separations are 
made in dense medium vessels. Here, 
coal is slurried in a medium with a 
specific gravity close to that at which 
the separation is to be made. The 
lighter, purer coal floats to the top and 
is continuously skimmed off. 

Another common coal washing 
method is the concentrating table, or 
Dieste r table. A mixture of pulverized 
raw coal and water is floated over a 
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series of parallel ridges, or riffles, 
mounted on a flat surface which is 
slightl y skewed from the horizontal. 
As the table is jigged in a reciprocat
ing motion, the lighter, smaller coal 
particles are preferentially wafted over 
the riffles to the bottom side of the 
tables, while heavier, larger, and more 
impure particles trend along the rif
fles to the sides. The coal discharged 
along the two edges of the table con
stitute a continuum of material of in
creasing quality, and by drawing off 
selective fractions, any desirable range 
of purity may be obtained. Commercial 
tables commonly have a rated capacity 
of about 10 tons per hour. Although 
most data avai lable for commercial 
units have been concerned with ash 
removal efficiency, it is quite possible 
that Diester tables will be able to 
sharply separate pyrites from coal 

for coal cleaning is froth flotation, 
which has already reached a consider
able degree of sophistication in noncoal 
mineral industries. Raw, pulverized 
ore is fed to a water bath into which 
air is introduced under extreme agi
tation. The water phase contains a 
selective wetting agent which pref
erentially wets the surface of the min
eral particles to be separated. The ac
tivated surface then adheres to the 
bubbles, which float to the surface as 
a froth, and are collected. The method 
can be highly efficient; in refining of 
sulfide ores, for example, near-quanti
tative separation of sulfides of various 
metals can be obtained by sequential 
treatment of the slurry with suitable 
wetting agents. This approach has not 
yet been very successful for pyrite re
moval from coal , as it will require an 
intensive screening program to iden-

Adjusting. Wet concentrating table is most effective with finely pulverized coal 

down to a finer size than ash , because 
of its higher specific gravity. 

Other methods 

Other separation methods based on 
specific gravity that, though not yet 
in use, are being investigated, include 
the hydrocyclone, similar in concept 
to the units used to scrub particles 
from gas streams. For coal cleaning, 
water is the separation medium, and 
as the coal slurry is fed to the cyclone, 
centrifugal force generated effects the 
desired separation between high- and 
low-specific gravity material. An ad
aptation of this basic principle is the 
dense medium cyclone, which uses an 
aqueous suspension of finely ground 
magnetite to increase the specific grav
ity of the liquid phase and to allow 
sharper separation. 

One particularly promising method 
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tify suitable reagents that will effec
tively discriminate between coal and 
pyrite surfaces. 

Several other methods for pyrite re
moval have been suggested-e.g., the 
use of dielectric heating to convert the 
nonmagnetic pyrite into the ferromag
netic pyrrhotite, Fe7S8, which then 
could be removed magnetically. The 
method wou ld seem to offer relatively 
low-cost removal , but its feasibility 
has yet to be explored, as is the case 
with electrostatic separation of pyrite 
particles from an air stream of pul
verized coal. 

A final possibility is chemical re
moval of pyrite, and Jolevil Assoc ia
tion , Inc. has recently applied for a 
patent on selective oxidation of pyritic 
sulfur under controll ed conditions with 
suitable oxidants such as air, oxygen, 
or carbon dioxide. The company has 

stated that its tests on the process have 
demonstrated sulfur reductions of 25 
to 50% when suitable supplemental 
oxidants were added. 

Programs 

Much of the federal effort for 
bringing pyrite removal technology 
into fuller utilization throughout the 
coal industry is being funded by the 
National Air Pollution Control Admin
istration (NAPCA), mainly through 
stud ies at the U .S. Bureau of Mines 
Energy Research Center at Bruceton, 
Pa., and Bituminous Coal Research 
(BCR) in Monroeville, Pa., an affiliate 
of the National Coal Association. Fur
thest along of the NAPCA programs, 
perhaps, is the nationwide assessment 
by the Bureau of Mines of the nation's 
coal reserves. The Bureau is sampling 
representative coal seams from pro
ducing beds throughout the U.S. to 
determine how much and which of 
the present day reserves might be sus
ceptible to economical coal clean
ing processes. NAPCA is also funding 
research at the Bureau on several of 
the coal cleaning processes, and will 
soon announce a major pilot plant at 
an as yet undisclosed location to fur
ther evaluate the efficiency and eco
nomics of such methods. 

BCR, which has supported consider
able research on coal preparation for 
some years, is also conducting some 
pyrite removal studies for NAPCA. Other 
DCR work is in line with NAPCA's total
uiilization concept. Since the cost of 
any coal cleaning program would prob
ably be prohibitive if the Btu content 
of the refuse was rejected , the NAPCA 
program envisages preparation of a 
low-sulfur coal for combustion in a 
conventional boiler, and the pyrite-rich 
refuse burned in a smaller, high sul
fur combustion equipped with stack 
gas SO" recovery units. 

Costs 

Any discussion of the economics of 
coa l desulfurization must still of ne
cess ity be speculative. Present coal 
preparation steps usually add some
thing Jess than $ 1.00 per ton ; extension 
of the present techniques to optimize 
pyrite removal would probably in
crease coal preparation costs consid
erably, largely because or' the greater 
amou nt of material rejected. Most ob
se rvers agree that the present premium 
prices paid for low sulfur coals do not 
yet make most pyrite removal prac-
tices economic. PJP 



Blending technology and environment 

At a time when industry is under 
continuous pressure to abate pollu
tion , it is interesting to see how the 
builders of new industrial plants are 
going about the business of construct
ing facilities which are both profitable 
and environmentally acceptable. 

One such plant is the new aluminum 
reduction facility of Eastalco Alumi
num Co. in Frederick, Md. Not only 
does this plant incorporate air and 
water pollution controls, but consider
able effort was exerted to ensure har
mony between the plant •and its sur
rounding rural landscape. 

Aluminum production 

Eastalco is a wholly owned affiliate 
of Howmet Corp. (Greenwich, Conn.) 
which, in turn , is largely owned by 
the French Pechiney group. At the 
new Frederick plant, located on a 
1 700-acre site that was formerly farm
land, Eastalco is producing aluminum 
from alumina imported at Baltimore 
and transported from that port by 
railroad. Present capacity is 85,000 
tons per year from a single potline. 
(A potline consists of 240 electrolytic 
cells, or pots , each of which produces 
2000 lb of aluminum daily.) A sec
ond potline will be built when the de
mand for aluminum, now considerably 
oversupplied, picks up again. 

The main potential source of air pol
lution from an aluminum reduction 
plant is the reduction cell. In each cell, 
alumina- Al 20 ,.-is electrolytically re
duced to aluminum. Molten cryolite
sodium aluminum fluoride, Na,.AlF0-

serves as the electrolyte, and the cell 
is supplied with 130,000 amps de at 4 
volts. Because of the high tempera
ture in the cell, the cryolite is partly 
decomposed to hydrofluoric acid and 
other fluorine compounds, and the 
gases a re emitted directly into the pot
line building. Contaminated air is 
drawn through 64 independent scrub
bers housed in the building's roof, 
where high-pressure water sprays 
scrub out the contaminants before the 
air is discharged to the atmosphere. 
The scrubbers a re of Pechiney design 
and treat about 7 million ft3 of air 

New aluminum plant goes beyond 

installing pollution controls, seeks to harmonize 

industry and its rural setting 

per minute . (For a discussion of the 
adverse environmental effects of 
fluorides , see ES&T, August 1969, 
page 720.) 

The contaminated scrubbing water 
is treated in a separate unit and the 
cleaned water is recycled to the scrub
bers. The Potomac River, 8 miles 
away, supplies the plant with water, 
which is treated for silt and hardness 
before use. 

Another water scrubbing unit 
cleans the air within the building 
where carbon anodes are produced 
from pitch and petroleum coke (the 

utility that does not supply their 
region-which was occasionally sub
jected to blackouts and brownouts 
this summer. 

Landscaping 

The plant is positioned so that it 
is not visible more than a quarter
mile away. Trees have been planted 
on the property, and that part of the 
site that has not yet been developed 
( 1400 of the total 1700 acres) has 
been seeded with grass. A specially 
commissioned piece of modern sculp
ture, made of carbon steel and alu-

Potline. Each electrolytic cell in the line produces 2000 lb of aluminum every day . 
Fluorides emitted into the building are removed by 64 overhead water scrubbers 

anodes are used in the reduction cells) . 
Veteran aluminum industry observers 
have commented that the use of scrub
bers in the anode fabrication and bak
ing area is almost unheard of, so 
Eastalco's install ation must be noted 
as an innovation. 

Power demands 

Any plant based on electrolytic 
technology is bound to have an indirect 
impact on the environment because, of 
course, it uses so much electricity. In 
the case of the Frederick plant, its 
peak demand will be 130,000 kW. 
Fortunately for residents of the Wash
ington , D.C. area, only a short dis
tance to the south, this power will be 
supplied by Potomac Edison Co., a 

minum and intended as "an interface 
between the serene Maryland coun
tryside and the extremely sophisti
cated technology," is the dominant 
visual structure on a slight rise to the 
north. 

The pumphouse on the Potomac is 
built with native stone facing, and 
is an attempted reproduction of early 
19th century architecture. 

In a way, these esthetic consider
ations demonstrate how modern indus
tri al companies are trying to solve a 
dilemma as old as the industrial revo
lution- to close the gap between tech
nology and nature. To achieve com
plete harmony is, of course, an im
possible task. But the Eastalco people 
have tried . DHMB 
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Optimum recovery and 

reuse ratios in a free market do not 

always maximize social benefits 

Closing the gap 

Walter 0. Spofford, Jr. 

Resources for the Future, Inc. 
Washington, D.C. 

in waste management 

"Recovered materials almost 

invariably must compete 

with the virgin output of 

other basic materials" 
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A t a recent meeting of the Amer
ican Chemical Society, a well-known 
ecologist described the potential agri
cultural value of composted municipal 
refuse as a soil conditioner (not as a 
ferti lizer). He explained that soil con
ditioning was extremely important for 
maintaining long-term agricultural pro
ductivity, and we ought to do more 
about returning "waste" organic ma
teri al to the land. He did not, however, 
discuss the costs and the associated 
generation of residuals of returning 
municipal refuse to the soil. 

At the same meeting, a government 
official said com posting municipal ref
use was fine in principle, but was not 
"economic," that composting was th~ 
most expensive way of treating and 
disposing solid wastes. He further 
explained that most compost plants 
built in this country have run into fi
nancial trouble and have either dis
continued operations or are presently 
running a deficit. 

Obviously, the two gentlemen had 
differences of opinion, but oddly 
enough, they were both discuss ing eco
nomic issues-the allocation of scarce 
resources. Both were discussing the 
value (or lack of value) of the same 
materi al, municipal compost, but were 
they discussing the same resource al
location problem under the same 
ground rules? I think there is an ex
planation for their disagreement and 
that it lies partially in their concepts 
of economics. Hence, my motivation 
here is to attempt an economic expla
nation for the d ifference in opin ion, 
and to point out that, although both 
were discussing the fate of municipal 
compost ing, they were discussing the 
problem from very different economic 
points of view. 

The ecologist was looking at the 
problem from society's point of view
the essence of welfare economics-al
though it is not at all clear just what 

value system he used to compare al
ternatives. The latter was looking at 
the problem from a more narrow, but 
nevertheless very real, "private" mar
ket point of view that is the essence of 
economics. The value system he used 
in comparing residuals management al
ternatives was market prices. 

To provide a basis for examining 
the issue raised above, I would like to 
first discuss residuals management, in 
general, and the environment prob
lems we face because of the failure of 
the private market system to allocate 
certain common property resources
air, water, and some aspects of the 
land--efficiently among all users. Then 
we can discuss a specific example
paper and paperboard production , con
sumption, recovery and reuse, and dis
posal-that conven iently points out 
the difference between the private 
market optimum and the optipwm 
from the standpoint of society as a 
whole. In this regard , we should point 
out that although all rational decisions 
arc based on costs and benefits, differ
ent activities or economic units face 
very different cost and benefit functions 
on matters of residuals disposal. For 
example, the private entrepreneur 
is rarely forced to take into considera
tion all the damages associated with his 
activities on the quality of the environ
ment, whereas society as a whole (by 
definition) certainly would. 

Finally, I will discuss what might 
be done to encourage the private mar
ket to conform more closely with so
ciety's optimal goals; after all, deter
mination of society's goals and the 
means for closing the gap between the 
private and social positions is really 
the essence of politics. 

I would hope that the discussion 
provides the ecologist, engineer, and 
economist with a better understanding 
of the problems we, as a society, face 
in common and, in addition, a basis 



Production, recovery, and disposal of paper 
Liquid & gaseous residuals 

for continued discussions of the prob
lems of residuals man agement. 

Residuals management-an overview 

Residuals are generated at virtually 
every stage in the production and con
sumption of goods and services. These 
residuals can be either material or en
ergy, and although we will discuss only 
material residuals, the management ap
proach is equally relevant and essen
ti al for energy residuals. In an econo
my which is closed (no imports, ex
ports) and no net accumulation of 
stocks, the amount of residuals dis
charged into the natural environment 
is approximately equal to the weight 
of basic fuels, food, and raw materials 
entering the processing and produc
tion system, plus material taken from 
the atmosphere. This result, while ob
vious upon reflection, leads to the 
rather surprising corollary that re
siduals disposal, in terms of sheer ton
nage, is an even larger operation than 
basic materials production. 

Most material residuals are readily 
transformed from one state to another 

Liquid & 
gaseous 

residuals 

in product. m, consumption, and re
siduals treatment activities. Changes 
in state, however, frequently involve 
energy inputs and energy residuals, 
and in the context of residuals manage
ment, it is helpful to remember that 
residuals can be changed in form, but 
they do not disappear. The total weight 
of the material is still with us in one 
form or another. Hence, solids may be 
considered the irreducible limiting 
form of residuals. 

By the application of appropriate 
equipment and energy, all undesirable 
substances can be removed from wa
ter and air streams. As the restrictions 
on the discharge of material residuals 
to our air and water resources become 
more stringent, we can expect to be 
faced with the problem of handling 
greater and greater quantities of solid 
wastes. Both ai r and water pollution 
may be reduced, or even eliminated, 
with the application of the requisite 
resources, but we cannot eliminate the 
solid waste problem without essen
ti ally total material recovery and reuse . 
We include this discussion to empha-

feature 
size the importance of considering all 
forms of energy and material residuals 
within a single analytical framework. 

The discharges of sufficient quanti
ties of residuals-i.e., large amounts 
relative to the assimilative capacity of 
the environment--can, and generally 
do, impose external damages on other 
users of the environment. Normally, 
these damages are external to the oper
ations of the discharger because there is 
no mechanism by which he is charged 
for the damages imposed on others, 
damages associated with his use of 
common property resources-specifi
cally, the assimilative capacity of the 
environment. The extent of these ex
ternalities represent the failure of the 
private market system to allocate air, 
water, and land resources efficiently 
among all users. Stated differently, in 
terms of the many uses of the environ
ment, the private market optimum does 
not correspond to the social optimum. 

The ability of the natural environ
ment to assimilate residuals is an ex
tremely valuable resource. To eliminate 
completely all residuals, as in a space
craft, would be an extremely costly 
procedure. Indeed, as we have already 
pointed out, it would require complete 
recycling of all residual materials. On 
the other hand, if no restriction were 
put upon the use of the assimilative 
capacity of the environment, it will be 
used too much (as we have already 
experienced in a number of cases). 
This, in fact, is what the pollution 
problem is all about. 

Incentives 

If we wish to realize the advantages 
of decentralized decision-making mech
anisms-that is, the private market
we must find appropriate ways to miti
gate these external environmental ef
fects. The external costs of discharge 
of residuals must be compared with 
the costs of controlling the amounts of 
residuals discharged. A perfectly rea
sonable objective for a particular re
gion might be the minimization of the 
costs of treatment plus all external 
damages associated with the remain
ing residuals in the environment. 

Because the private market system 
fails to include all the relevant costs, 
governmental action is required. In
centives that have been used or pro
posed in an attempt to compensate for 
the failure of individual units to con-
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sider externalities can be classified as: 
• Legislative, including direct regu

lation, quality standards, and license 
requirements . 

• Litigation, including compensation 
for damages as well as restrictions on 
operations and (or) location. 

• Economic, including effluent 
ch<!rges or taxes, subsidies, and tax in
centives, including accelerated depre
ciation allowances. 

Whatever the policy instrument, the 
intent is to achieve a more efficient 
allocation of resources from the stand
point of society as a whole. 

Forms of external damages 

Damages may be referred to 
broadly as the direct and indirect dete
rioration in the quality of the environ
ments, and may assume many forms. 
Although in an economic sense, all 
damages are conceptually direct, it is 
useful to consider several categories of 
damages. Increased private market 
costs include increased costs of water 
and medical treatments and the clean
ing of clothes, automobiles, and build
ings. Increased nonmarket costs in
c! ude decreased esthetic character of 
water, air, and land, and certain costs 
stemming from the impact of residuals 
such as persistent pesticides and heavy 
metals on flora and fauna , particularly 
in food chains. 

Reducing residuals 

The quantities of material residuals 
which are ultimately discharged in, or 
returned to, the environment may be 
reduced by decreasing the quantities 
of residuals generated in production 
and consumption activities, and also 
by increasing levels of material re
covery and reuse, such as materials re
cycling, by-product production, and 
product re1.1tilization . 

The generation of residuals may be 
diminished in several ways, among 
them changes in product specifications, 
regulative price changes or taxes, use 
of substitute energy or raw material 
sources, more efficient processes, or in
creasing the useful lifetime of "dur
able" goods. 

It is the second alternative-materi
als recovery and reuse-that I will em
phasize here. 

The extent of material recovery and 
reuse is a function of the combination 
of private market prices and public 
and private constraints and incentives. 
The economic feasibility of materials 
recovery and reuse depends on: 

• Availability of a consistent supply 
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of residuals of a specified quality and 
quantity. 

• Processing and (or) reprocessing 
technology. 

• Product output specification. 
• Availability of markets for second

ary materials. 
Other factors remaining the same, 

as the extent of recovery and reuse of 
material residuals increases, raw ma
terial inputs decrease , treatment costs 
decrease (although not always), and 
the quantities of material residuals dis
charged to the environment decrease 
(again, not always). With few incen
tives, and at today's prices, it is profit
able for private entrepreneurs to re
cycle only a portion of the many ma
terial residuals generated. 

For example, let us look at the ex
tent of recovery and reuse for some 
materials in 1966: paper and paper
board, 21 % ; iron and steel, 45 % ; alu
minum, 20%; copper, 42% ; zinc, 
25% ; and rubber, only 12%. For fer
rous and nonferrous metals, the prob
lem is not so much the costs of re
processing itself as it is the costs 
(mostly collection) of inducing the 
flow of a specific residual (scrap autos, 
tin-plated steel cans, or aluminum 
products). In other situations, materi
als recovery is impeded because of in
sufficient output markets (compost 
from municipal refuse, low-grade sec
ondary paper stocks), or excessive re
processing costs (manual separation of 
paper from municipal refuse, or cop
per and other contaminants from auto
mobile hulks). 

Secondary materials 

Given a market capacity to utilize 
secondary materials, relative pricing is 
probably the most effective means of 
influencing the flow of materials to 
and from production and consumption 
activities. There is probably no re
covery operation or industry that could 
not be expanded if the market price 
of the output were higher. It is quite 
common for material recovery to ex
pand during periods of shortage of 
(and higher prices for) the competitive 
virgin raw material. The most notable 
example was during World War II. 

Recovered materials almost inevit
ably must compete with the virgin out
put of other. basic industries. Further
more, whenever a recorded material is 
qualitatively inferior in some respect 
to a virgin material, it must be deliver
able at a lower price to compete with 
its higher-quality substitute. 

In the past, prices have changed sig-

nificantly with current supply and de
mand. What is not economically feasi
ble today may be tomorrow. And, as 
we have seen, today's prices generally 
do not reflect all the social costs asso
ciated with residual generation and 
disposal. 

If a fee were imposed on residuals 
discharged to the environment, rela
tive prices of factor inputs to produc
tion would shift and increased materi
als recovery and reuse might very well 
be stimulated. 

The same result would occur if the 
costs of reprocessing material residuals 
for inputs to production and consump
tion activities were decreased, through 
final product specifications which 
would reduce reprocessing costs, the 
development of more efficient repro
cessing technology, new product uses 
for residuals, or new production pro
cesses which could process second
ary materials along with other raw ma
terial inputs. Technological innovation 
then , probably represents the most im
portant alternative for reducing the 
unit cost of both residuals treatment 
and materials recovery and reuse, and 
for expanding the opportunities for 
utilizing secondary materials. 

A case for materials recovery and re
use, then, can be made on the basis 
of the market value of secondary ma
terial and the reduction in residual 
handling and disposal costs, and asso
ciated external damages. But, given 
levels of economic activities and con
sumption, what of the socially desir
able extent of materials recovery and 
!erial inputs. Technological innovation, 
reuse? To determine this, we must first 
specify a criterion for maximum so
cial welfare. Minimization of the total 
cost of producing a product, the cost 
of handling and disposing of residuals , 
plus all external damages associated 
with remaining residuals in the envi
ronment , is only one possible criterion 
of maximizing social welfare. For ex
ample, this pa rticul ar criterion is one 
of pure efficiency, and questions re
garding the distribution of costs and 
benefits among both geographical 
areas and different income groups 
would certainly arise. Thus, in any 
real situation, the criteria used would 
probably be based on efficiency con
cepts with some adjustments related 
to the distributional problems. 

Paper-a case study 

To be more specific about the eco
nomics of solid waste management (in
cluding the possibilities of materials 



recovery and reuse ), let's look at the 
production, cons umption, and final dis

posal of paper products, and the role 
the secondary materials market can 
play in reducing the direct and ind i
rect costs, as well as the associated ex
ternalities. or social costs, of dispos
ing paper products in the form of 

solid waste. 
Gross output of the paper and paper

board industry in the U.S. represented 
about $9.3 billion in 1969. In that 
yea r, approximate ly 53.5 million tons 
of paper a nd paperboard were pro
du ced. and 58 million tons used . The 
diffe rence was made up by the excess 
of imports over export and changes 
in stocks. Of the total production, pa
perboard (includ in g wet machine 
board) accounted for 25 .7 million tons: 

pape r products accounted for 23.5 mil
lion tons: and paper and paperboard 
for construction purposes, 4.3 million 
tons. 

During the yea r, approx imately 
I 0.5 million tons of reclaimed paper 
stock was used in the production of 
paper and boa rd. The percentage of 
paper stock (secondary paper tiber) in 

tot a l fibrous materials consumed in 
boa rd and paper production for 1969 

was 19.0%. Although the total quan
titi es of paper stock used by mills is 

in c reas ing. 9.4 million tons in 1959 

""· 10.5 millio n tons in 1969, the per
centage of reclaimed fiber is decreas
ing, 26.4 % in 1959 vs. 19.0% in 1969. 

Waste pa per used in papermaking 

has been declining since the peak in 
World War II , when secondary fiber 
accounted for 35 % of the raw ma
te rial input for paper and pape rboard 

prod uction. Some reasons for thi s de
cline include "cont amin ation" of waste 
paper by plast ics, metals (paper clips, 
staples), clay coatings, and organic 
mate rial ( inks, laminants, and adhe
sives ): increased costs of waste pa

per collection: technological advances 
in wood pulping, which result in 
hi gher fiber yields from virgin ma
teri als a nd more efficient , less cost ly 
production: and integration and ex
pansion w ithin the industry which have 
resulted in add itions of virgin pulp
ing capacity. 

Paper represe nts between 40 to 55 % 
(d ry weight bas is ) of the municipal 

refuse collected from commercial and 
residential establishments. Of the pa
per stock consumed, 77.3 % is used 

in the manufacture of paperboard (in
cluding wet machine), 13.8 % is used 
in the production of paper (includ
in g newsprint ), 8.6 % is used in the 
manufacture of construction paper and 
paperboard , and 0.3 % is returned to 
pulp mills. In 1969, approximately 
R7 % of the total second ary fiber re

cove red was in the low-grade "bulkies" 
- mi xed , news boxboard cuttings, and 
o ld corrugated containers. (In 1966, 
o ld corrugated boxes represented about 
25 % of the tot al reclaimed paper 
stock. ) Of the remainder, 13 % was 
made up of highl y uniform wastes 
from commercial operations such as 

conve rte rs. pr inters, and pape r mills. 
Old corrugated boxes can some

times be profitably collected from re
ta il stores and supermarkets because 
the volume is substantial and the con
ta iners arc usually clean and pre
vio usly separated. In some areas of 
the country, old newspapers arc col
lected by nonprofit organizat ions, in

cluding Boy Scouts, churches, and 

Optimal recovery ratio for paper stock 

' ' ' Telllcasts)lluSelllmal)\ 
...... 1+2+1+4 ' 

Mutmum utihlllion due to 
...... ill speafications (R = 0.5) 

Maximum utdilatioo due to 
technoto&Y and product 

demand !R = 0.9) 

0.4 0.6 0.8 
Recovery Ratio , R 

The cost and damage functions shown are depicted as a 
function of the recovery ratio for paper stock. 
For clarity, only functions which affect positions of the 
various optima are shown. Hen ce, production costs 
other than raw fiber inputs, as well as the associated 
externa l damages, both of which are ass umed 
invariant with recovery ratio, are not included. 
The external dama ge function shown includes 
externalities associated with both disposal activities and 
materials recovery and reuse. For each recovery rat io, the 
various costs and damage represent the minimum cost 
combination of the various alternatives . 
This diagram is , of course, a g ross oversimplifi cation of 
al l the costs and damages actually involved , and the 
functions shown represent an aggregate of a variety of 
cost functions only for purposes of exposition . In any real 
situation, this analysis would be made with use of 
linear or nonlinear programming techniques or simulation; 
the number of variables and complicating 

1.0 interrelationships would be too great in any to be 
presented in the form shown here 
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private collectors; in New York City, 
when sufficient demand was present, 
a surprising proportion of used news
papers collected in that area was sup
plied by apartment house janitors. 
The demand for old newspapers is es
pecially high in areas served by news
print or newspaper recycling plants 
such as Neenah, Wis., the home of 
Bergstrom Papers; and Garfield, N.J., 
Alsip, Ill., and Pomona, Calif., 
where the Garden State Paper Co. has 
plants. Garden State Paper Co. claims 
they will build a paper recycling 
plant anywhere that will guarantee an 
input of 300 tons of old newspapers 
per day. 

Despite the absence of new incen
tives and regulations, three paper
making plants in 1969 converted 365,-
000 tons of old newspapers into 3 20,-
000 ' tons of fresh newsprint worth 
$45 million. Garden State Paper Co.'s 
plant in Alsip, Ill., sold their re
cycled newsprint for $146 a ton, 
which, at the time, was $7 less than 
the price of newsprint made from 
virgin pulp. As compensation for col
lecting these old newspapers, some $9 
million went to such groups as the 
Salvation Army, Boy Scouts, churches, 
and so on. 

These examples are encouraging, 
and indicate that present market 
forces are working in some areas. But 
before going any further in this dis
cussion of secondary fiber reclamation, 
we should really examine more closely 
how one might determine an optimal 
reuse level for paper and board that 
would be desirable from the point of 
view of society as a whole. 

Optimal recycling 

Under present marketing conditions, 
paper stock comprises about 20% of 
the raw material input to paper and 
paperboard production. Although the 
relative prices of paper stock and vir
gin pulp play a major role in the ex
tent of recovery and reuse, other fac
tors are at work as well. For one thing, 
consumers of paper and board prod
ucts may employ material specifica
tions rather than performance specs. 
That is, they require that their prod
ucts be made from 100% virgin fi
bers rather than specifying that it 
should have a given strength, softness, 
or color. Another problem is that sec
ondary paper stock supply, as well as 
quality, is apt to vary significantly. 
To even out the quantity fluctuations, 
among other things, would require 
covered storage facilities. 
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Market prices for the various grades 
of paper stock fluctuate widely, and 
private investors are reluctant to make 
long-term investments in capital in
tensive equipment-the very equip
ment they need to minimize the unit 
costs of collection, storage, and repro
cessing of these materials. 

Recently, prices for the low-grade 
stock has been depressed because of 
slackening production of building pa
per and insulating board. It is a mat
ter of record that the U.S. paper stock 
industry responds sensitively to activ
ity at the building paper and board 
mills, which consume some 9% of 
total U.S. tonnage. Thus, when a dip 
in the housing industry afflicts the 
building paper and board mills, it de
velops a soft market for the low grades, 
thus weakening the entire pricing 
structure. For example, when the tight 
mortgage money created a sharp de
cline in housing starts in mid-1967, 
this was a disastrous period for dealers 
whose warehouses were stacked with 
inventories. With the return of hous
ing starts, paper stock prices index re
bounded from 78.1 (1957- 59 = 100) 
in 1967 to I 08.3 in I 969. For No. 
I mixed, the dip and surge were 
even more pronounced: from 103.2 
in 1966 to 65.4 in 1967, 99.8 the next 
year, II 0.0 in 1969. 

However, prospects for paper stocks 
are improving. The current market for 
paper stock is influenced by rising vir
gin pulp prices and indicates the start 
of a trend to increased use of waste 
paper as a pulp substitute. Another 
bright spot in the paper stock indus
try has been the 1969 increase in 
export demand-up 36,000 tons to a 
total of 289,000 tons. It should be kept 
in mind, however, that almost 87 % of 
the reclaimed paper stock is of the 
lower grades. These lower grades are 
used primarily for products that are 
subject to substantial variations in de
mand ; most notably, construction pa
per and board. Hence, the paper 
stock industry is affected by variabil
ity in both supply and demand. 

As I stated at the outset, producers 
and consumers have had to pay little 
or nothing for the use of the assimila
tive capacity of the environment. Un
used paper residuals must be disposed 
of in some manner, if they are not 
recycled. In analyzing solid residuals 
management with respect to paper 
residuals, the question is: What would 
the degree of recycling be if such ex
tended costs were included in the 
private market system? 

In an attempt to determine an op
timal recovery rate from society's point 
of view, we will use, as an example, 
a single paper stock category (such as 
No. I news or old corrugated) and as
sume it to be used for a single prod
uct. 

Optimal recovery ratio 

For specifying an optimal recovery 
ratio, we will use the criterion of eco
nomic efficiency, free from institutional 
constraints. It should be kept in mind, 
however, that this is only one of the 
possible criteria that might be con
sidered. From a methodological stand
point, the criterion chosen to represent 
society's welfare function is immate
rial. In an operational situation, how
ever, it would be most important. 

For our analysis, we will assume 
that the consumption level of paper 
-but not, of course, paper stock
is fixed; that is, it is determined exo
geneously. We will, however, use per
formance specifications rather than 
material specifications in ou~ analysis, 
and will assume that the products are 
identical if the consumer of the prod
uct cannot distinguish between them 
in terms of hi s use of the product. 
Consequently, this allows in our 
analysis for the manufacture of prod
ucts made from various combinations 
of virgin pulp and reclaimed fiber. 
The manufacturer, however, may face 
very different costs in providing the 
same performance from different mix
tures of virgin and reclaimed fiber . 

The objective of the anafysis is to 
determine the optimal reuse level. 
We determine this by minimizing the 
total costs of producing a given prod
uct, including the costs of materials re
covery and reuse, the costs of waste 
collection, treatment of disposal, and 
all external damages associated with 
production, reprocessing, and disposal 
activities. We further assume that we 
are dealing with a deterministic prob
lem and that supply and demand 
fluctuations do not exist. 

Before continuing with a description 
of the system, it should be pointed out 
that because the residuals problem is 
so pervasive, and because paper and 
paperboard products are so interre
lated with other economic activities, a 
general equilibrium approach to the 
paper recycling problem ·is really in 
order. However, for most practical 
work, partial equilibrium analyses are 
almost always a necessary compromise. 
Concentration on a particular product 
chain which, except for specific situa-



"Waste paper used in 

papermaking has been 

declining since World War 

II because of technological 
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tions, neglects both location problems 
and interconnections with other eco
nomic activities (except through fixed 
market prices) is purely an heuristic 
device. 

The system 

To discuss the public and private 
benefits associated with recycling, we 
must be a little more specific about 
the system involved. Internal flows of 
materials, raw material inputs, and dis
posal of residuals to the environment 
must be depicted. The production, 
consumption, materials recovery and 
reuse, and disposal system that we will 
be using for this discussion is shown 
schematically (see box). Because we 
are only interested in the flows of ma
terials, and pulp, paper and board in 
particular, the only input to the sys
tem that we consider explicitly is vir-

gin pulpwood; we do not go back to 
the operations in the forest, or consider 
the transportation of pulpwood to the 
mill. 

Even with such an apparently simple 
system, there are countless trade-otis 
that can be made. At the source of 
paper residuals generation, for ex
ample, we could separate the used 
paper from other solid residuals or ref
use for special pickup. We might in
cinerate the paper at the user's loca
tion and dispose of the residue by way 
of the municipal collection system; we 
can store the material in various forms 
for periodic pickups of differing fre
quencies; we could compact and bail 
the material on site (to save stor
age space and reduce collection costs); 
or we could shred, grind , and pulp it 
and discharge it to the municipal sew
erage system. 

There are also a variety of alterna
tive collection possibilities; frequencies, 
sizes and types of collection vehicles, 
sizes of collection crews, curb vs. back
yard pickups-all are alternatives that 
might be considered in a complete 
analysis. 

Locations of materials processing 
facilities and (or) disposal facilities 
play an important role in the transport 
of solid residuals. For example, are 
transfer stations feasible and, if so, 
where should they be located? Is sep
aration at the source or at a transfer 
station, or other central processing ac
tivity, the more desirable alternative? 

There are also many alternatives for 
treating and disposing of solid resid
uals. If ultimate disposal is in a sani
tary landfill, volume-reduction opera
tions-incineration, compaction, com
posting-should be considered. As the 
land available for landfill operations 
becomes more scarce, especially near 
urban areas, and the solids have to be 
transported further and further away, 
volume-reduction alternatives become 
more and more attractive. 

Costs and external damages 

To specify an optimal reuse rate, 
certain costs and damages must be 
delineated. We assume for this analy
sis that the market price of pulpwood 
encompasses all the social costs of em
ploying this resource in paper- and 
board-making. 

The costs of collection, recovery 
and reuse, treatment, disposal, and 
transportation are all determined by 
the market, and thus readily available, 
at least in principle. But nonmarket 
externalities are another matter. For 

our purpose, we assume the external 
damages associated with pulping and 
the manufacture of paper and board 
are the same for virgin pulp and re
claimed fibers and any combination 
thereof, although this is not likely. 
However, associated with collection, 
treatment, and disposal activities 
are certain "externalities" that must 
be included in the analysis. The kinds 
we are most familiar with are those 
associated with air and water pollu
tion. And the actual external damages 
suffered by others will depend upon 
the assimilative capacity of the environ
ment, all other dischargers in the area, 
the relative locations of emitters and 
receptors, and so on. Other forms of 
externalities associated with collection, 
recovery and reuse, and disposal that 
must be considered are: noise of col
lection and processing and (or) treat
ment activities, as well as those of an 
esthetic nature. 

Before we leave this discussion, it 
is only fair to point out that although 
externalities are very real and more 
than one politician has either been put 
in office or deposed from office be
cause of them, they are often difficult 
to quantify in meaningful dollar-terms. 
That is, explicit damage functions are 
generally lacking. This is especially 
true for those externalities associated 
with either the imputed or indirect 
costs. 

Optimal reuse rate 

Given the cost and damage func
tions discussed above, the objective 
is to choose a level of recovery and 
reuse that minimizes the costs and 
damages of wood pulp, paper and 
board manufacturing costs; secondary 
materials recovery (including private 
costs for separation and preparation) ; 
processing and transportation; solid 
waste collection; treatment and dis
posal; and external damages. These 
cost and damage functions are depicted 
(see box) as a function of the recovery 
ratio. For this example, we show 
the position of the socially op
timal recovery ratio at 0.80 and the 
location of the optimal recovery ratio 
for the private market at 0.55. From 
the municipality's standpoint, of 
course , the optimal recovery ratio is 
I .0, and the cost of disposal is zero. 
These optimal recovery ratios are at 
the point where the respective costs are 
minimized. 

From the point of view of society, 
the optimal recovery ratio is where 
all social costs, including damages, arc 
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minimized. This is the point where 
the marginal cost of using paper stock 
in the production of paper is equal to 
the sum of the marginal benefits (re
duction in costs) of wood pulp, paper, 
and board manufacturing costs; solid 
waste collection; treatment and dis
posal ; and all external damages. 

But what about the point of view 
of the private entrepreneur? If he 
does not have to pay for disposal 
either directly or indirectly, his optimal 
position with respect to paper stock re
covery will be the point where the 
marginal costs of employing paper 
stock in the production of paper are 
just equal to the marginal reduction 
in costs of pulpwood and paper and 
board manufacturing costs. 

A numerical example of waste man
agement costs, together with the re
maining residuals discharged to the 
environment, might be helpful at this 
point. B. T. Bower and his coworkers, 
in thei r report on the Second Regional 
Plan for metropolitan New York 
("Waste Management: Generation and 
Disposal of Solid, Liquid, and Gaseous 
Wastes in the New York Region," 
March 1968) , have provided such an 
example. They have estimated for the 
year 2000, the waste management costs 
-incinerator, wet scrubber, settling 
basin, plus landfill of the incinerator 
residue-for two paper stock recovery 
ratios-20% and 80% . It is interest
ing to note that the annual cost of solid 
waste disposal, with only 20% of the 
paper recycled, is about 1.5 times the 
annual cost if 80 % of the paper were 
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recycled, a difference of almost $100 
million for the New York region (31-
county area in New York, New Jersey, 
and Connecticut). Their estimated 
costs are $300 million per year for 
20% paper recycled and $120 million 
for 80% recycled. 

Almost as impressive are the. quan
tities of residual particulates dis
charged to both the atmosphere and 
water course. Assuming good incinera
tion (I 0 lb of particulates discharged 
per ton of waste incinerated), the par
ticulates discharged to the atmosphere 
amount to I 020 tons per day for 20% 
recycling and 680 tons per day for 
80% of the paper recycled. For the 
particulates discharged in the waste 
water, and also assuming good inciner
ation (50 lb of particulates per ton of 
waste incinerated, 80% removal in the 
wet scrubber, and 90 % removal in 
the settling basin), 20% recycled pa
per stock results in 408 tons of par
ticulates per day, whereas 80% re
covery and reuse results in 288 tons 
per day. 

To relate physical quantities of re
siduals discharged in the environment 
to the externalities referred to above, 
damage functions would be required. 
We include this example here, how
ever, to point out that even though 
solid residuals are treated and modi
fied prior to disposal in the enviren
ment , external ities, generally, are not 
completely el iminated. The other rea
son for presenting this example is to 
indicate that substanti al savings in 
waste management costs could be 
achieved by increasing the recovery 
rate of paper stock. 

Public incentives 

Given a "socially desirable" reuse 
level which has been evaluated by in
ternalizing all the costs to society, and 
under conditions relatively free of con
straints, how do we design new insti
tutions that will attempt to compen
sate for our failure to reach the reuse 
ratio that maximizes social welfare? 

Without drastic price alterations, and 
a reasonable expectation of prices re
maining steady and favorable to the 
secondary materials market, there is 
probably no direct way to increase 
private sector recovery significantly in 
the short run other than through some 
form of public subsidy. Up to some 
point, such subsidy could be justified 
solely on the bases of: 

• The savings in direct costs of re
siduals hand ling and disposal for a 
municipality, or other agency. 

• Plus an improvement in environ
mental quality ; ir other words, in "ex
ternalities" associated with residuals 
generation, collection, and disposal. 

For such a scheme, the cost of the 
subsidy might be internalized by in
cluding a disposal fee. or tax in the 
price ·of the original product itself
the charge to be proportional or 
even equal to the direct and indirect 
costs it imposes on society for its dis
posal. Proceeds from such a disposal 
fee would be redistributed to the 
waste disposal agency for operational 
and subsidy purposes, rather than us
ing funds from the general treasury . 

Summary 

Reducing residuals through either 
reduction at the source or material re
covery and reuse is frequently less 
costly than residuals disposal. The op
tima! recove ry ratio for most ma
teri als, from either the private market 
or social points of view, in general, 
wi ll be less than I 00 % and will vary 
according to the material and even 
within grades of the same material. 
The social optimum will, except in un
usual and extreme cases, represent a 
combination of virgin material inputs, 
material recovery and reuse, residuals 
handling and disposal , and even some 
external damages. Furthermore, be
cause of residuals handling and dis
posal costs, and the associated external 
damages, the private market optimum 
will always be less than the social op
timum, unless, of course, all costs are 
internalized, in which case they will 
be the same. And public incentives, 
in the form of subsidies, charges, taxes, 
or regulation, will be required to en
courage the private market optimum 
to conform more closely with the so
cially optimal level of recovery and re
use . 

Finally, whether a given alternative 
is considered "economic" depends on 
both the criterion used for ranking al
ternatives and the point of view of 
the unit making the decision-for ex
ample, the private entrepreneur or so
ciety as a whole. Decisions will be 
based on costs and benefits, but dif
ferent activities will face different cost 
and benefit functions. Hence, for some 
locations, composting municipal refuse 
may not be economic. for either a 
private entrepreneur or a municipality, 
but might very well be from the stand
point of society as a whole, assuming, 
of course that compost as a soil con
ditioner has the social value ascribed 
to it by some ecologist. 
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Fate of Phosphorus in Waste Treatment Processes: 

Enhanced Removal of Phosphate by Activated Sludge 

Arnold B. Menar and David Jenkins 

Sanitary Engineering Research Laboratory, University of California, Berkeley, Richmond, Calif. 94804 

• The activated sludge process achieves about 20% phos
phorus removal from sewage containing 10 mg. P per liter to 
produce an activated sludge containing 2-3% P. Greater P 
removals and higher sludge P contents are caused by chemical 
precipitation, specifically, in hard water sew ages by the pre
cipitation of calcium phosphates which become entrapped in 
the activated sludge floc matrix. Precipitation depends on 
sewage pH, which depends on activated sludge C02 produc
tion. High mixed liquor C02 production causes low mixed 
liquor pH. As the mixed liquor proceeds down the aeration 
basin, the amount of degradable organics decrease and, in 
turn, both DO consumption and CO, production rates de
crease. At a constant air supply rate, mixed liquor DO con
centration increases and C02 content decreases, thus the pH 
of the mixed liquor increases. It is only fortuitous that at 
some point along the length of the aeration basin a rise in 
both DO and pH occurs. Operational parameters such as 
organic loading, mixed liquor suspended solids, and DO 
have no effect on the enhanced removal of phosphate by acti
vated sludge. 

I n the considerable body of literature concerning the fate 
of phosphate in the activated sludge process, there ap

pear to be two distinct schools of thought. The first view
point, represented in papers by Sawyer (1944), Sekikawa, 
Nichikawa, et a/. (1966), Hall and Engelbrecht (1967), and 
Jenkins and Menar (1967) can be summarized as follows: 
The volatile mass (VSS) of activated sludge contains between 
2 and 3% by weight of biologically incorporated phosphorus; 
the amount of phosphate incorporated biologically into acti
vated sludge is not affected by the growth rate of the sludge 
or by process operating parameters such as organic loading, 
mixed liquor volatile suspended solids concentration 
(MLVSS), aeration rate, or mixed liquor dissolved oxygen 
(DO) concentrations; and phosphate removal is proportional 
to the net sludge growth. 

With activated sludge P contents of 2 to 3 %. domestic 
sewage P contents of 10 mg. P per liter and substrate removal 
rates in the standard rate range (0.4 to 1.0 lb. COD re
moved per lb. MLVSS-day), biological removal of phos
phate can only account for a maximum of 20 to 30% of the 
influent phosphate or about 2 to 3 mg. of P per liter of an 
influent 10 mg. ofP per liter. 

The second point of view, expounded in papers by Levin 
and Shapiro (1965), Borchardt and Azad (1967), and Connell 
and Vacker, (1967), embodies the idea that under certain 
conditions, activated sludge is capable of removing more than 
the 2 to 3% phosphate-P that it requires for growth. The 
biological uptake of excess phosphate has been termed 
"luxury uptake." According to these authors, phosphate re
moval by this mechanism is enhanced by high-DO concen
trations and, conversely, phosphate incorporated into sludges 
by the luxury uptake mechanism can be released easily under 
anoxic conditions and conditions of low pH, such as those 
that might be encountered in the sludge blanket at the bottom 
of a secondary clarifier or in an anaerobic digestor. Further, 
luxury uptake of phosphate leads to sludges with phosphate 
contents two to three times greater than normal sludges, and 
consequently, treatment of domestic sewage at standard or
ganic loading rates can lead to phosphate removals of 60 to 
90% of an influent 10 mg. P per liter. 

A mechanism for the enhanced removal of phosphate must 
be consistent with these observations and, in addition, must 
provide satisfactory interpretation of the following observa
tions made at the Rilling Road Plant, San Antonio, Tex.-a 
plant that has experienced phosphate removals as high as 90%. 

At a point about 3/ 4 of the way along the 300-ft. aeration 
basin where the DO concentration increases from about 1.2 to 
5 mg.jliter, there is a sharp drop in soluble orthophosphate 
concentration. 

"Reversed tapered aeration," in which higher aeration rates 
are used at the tail end of the aeration basin than the head end 
of the basin, enhanced the removal of phosphate. During 
aeration at the Rilling Road Plant, the pH of the sewage in
creased from 7.3 to 7.9. Activated sludge with a high phos
phate content had a very low (approximately 70 %) volatile 
matter fraction . 

Postulated Mechanism of Enhanced Phosphate Removal 

Phosphate removal in excess of that predicted by biological 
growth requirements ·is caused by chemical precipitation. 
The phosphate precipitate is physically entrapped in the ma
trix of the activated sludge floc and is removed with the waste
activated sludge. 

In hard water sewages, such as that at San Antonio, Tex. , a 
significant phosphate removal is by calcium phosphate pre
cipitation-the solubility of the calcium phosphate being a 
function of the pH of the sewage. 

In the metabolism of organic matter activated sludge con-
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Table I. Comparison of Mineral Characteristics of Water from 
San Antonio, Tex., and Sewage from San Ramon, Calif. 

Constituent 

P04 as P 
Ca 
Mg 
Total hardness as CaC0 3 

Alkalinity as CaCO, 
pH 

" Durfor and Becker, 1964. 
• Vacker, 1967. 

San Antonio 
mg. /liter 

9' 
64" 
17" 

230" 
225' 

7 . 3' 

San Ramon 
mg. /liter 

16 
66 
44 

346 
405 

7. 7 

sumes oxygen and produces CO,, which controls the mixed 
liquor pH. C02 concentrations of 0.5% by volume (compared 
to typical atmospheric C02 contents of 0.03% by volume) 
have been determined by Weddle (1968) in the diffused air 
issuing from an activated sludge aeration basin. 

In an activated sludge aeration basin the DO concentration 
is controlled by the rate of aeration and the rate at which the 
activated sludge consumes oxygen (for a constant rate of oxy
gen transfer). Since 0 , is consumed and CO, is produced by 
activated sludge in the metabolism of its substrate, the rates of 
0 2 uptake and C02 production should parallel each other. 

In a conventionally operated activated sludge basin, return 
activated sludge and settled sewage enter at the head end of the 
basin. Here, the rates of C02 production and DO consumption 
are high and, consequently, the mixed liquor DO concentration 
is low. A high C02 production rate leads to high mixed liquor 
C02 concentrations and a low mixed liquor pH. As the 
mixed liquor proceeds down the aeration basin, the amount of 
degradable organic matter decreases; the DO consumption 
and C02 production rates decrease, the mixed liquor DO con
centration increases; and the dissolved CO, content decreases 
and the mixed liquor pH rises. Thus, an increase in DO con
centration should be accompanied by an increase in mixed 
liquor pH to a value that, at some point along the length of the 
basin, calcium phosphate precipitation will occur. 

This point will coincide fortuitously with the point a t which 
the mixed liquor DO concentration increases, and significantly 
with the point at which a decreased mixed liquor CO, content 
has allowed the pH to rise to a point where calcium phosphate 
precipitation occurs. 

Several other changes that take place during aeration may 
influence the precipitation of calcium phosphate. 

In settled sewage, the total phosphate consists of dissolved 
orthophosphate, some organic phosphate, both in solution and 
suspension , and condensed phosphates. Calcium may be pres
ent as Ca 2+ and also as particulate sa lts with fatty acid anions 
and particulate or dissolved complexes with orthophosphate 
condensed phosphate anions. 

Activated sludge treatment rapidly hydrolyzes condensed 
phosphates to orthophosphate, possibly releasing calcium from 
condensed phosphate complexes. Microbial degradation of 
fatty acid salts of calcium would release Ca 2+ ions and degra
dation of organic compounds might release small amounts of 
phosphate. The net result of these processes is that both the 
postulated precipitating species- orthophosphate and cal
cium-would increase during activated sludge treatment. 

Anoxic conditions develop in activated sludge when the DO 
consumption rate exceeds the oxygen supply rate. Since DO 
c~nsumption is accompanied by CO, production, anoxic 
conditions should be accompanied by a pH decrease. The pH 
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decrease should be more severe in the activated sludge floc 
matrix than in the liquid surrounding the floc, especially in a 
quiescent sludge blanket. 

Because of the intimate association of the colloidal calcium 
phosphate particles with the activated sludge matrix, pH de
creases associated with anoxic conditions will be especially 
felt by the particles and it is possible that in an anoxic floc 
interior locally acid conditions would cause calcium phosphate 
dissolution and release of orthophosphate into solution. 

It has been observed that phosphate is released from acti
vated sludge when the DO concentration is below 0.3 mg.( 
liter (Levin and Shapiro, 1965) and that the released phosphate 
is from the acid-soluble fraction (Shapiro, 1967). 

An enhanced phosphate removal mechanism involving 
calcium phosphate precipitation is therefore plausible in light 
of reported observations. This paper will provide experimental 
evidence that confirms the precipitation hypothesis. 

Experimental 

Effect of Aerating Gas on Calcium Phosphate Precipitation. 
Batches of activated sludge effluent from the Valley Com
munity Services District (VCSD) Water Reclamation Plant, 
San Ramon, Calif., which has mineral characteristics similar 
but not identical to those of San Antonio sewage (Table I), 
were aerated with air, pure nitrogen, pure oxygen, and air + 
5% C02• The results of this experiment (Figure 1) show that 
the important function of the aerating gas is C02-stripping, 
which subsequently causes an increase in the pH of the liquid. 

DO concentration per se is unimportant in the removal of dis
solved orthophosphate, since 0 2 and N, were equally effective 
in causing calcium phosphate precipitation. These two gases 
raised the pH of the activated sludge effluent to an identical 
value and at an identical rate, while the DO in the effluent 
aerated with 0 2 reached 34.4 mg./liter, the DO in the sam
ple bubbled with N 2 fell from 7.2 to I . 7 mg./liter. 
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Figure 1. Batch aeration of activated sludge effluent with air, air + 
5 % CO,, 0 ,, and N, 



Table II. Release of Orthophosphate from Activated Sludge 

Initial After 3-hr. aeration with 
concen- Air+ Air+ 

Analysis tration Air 0.5% co, 5% co, 
DO, mg./liter 5 .8 8.4 8 .4 8 .4 
pH 8 .17 8 .43 7.60 6.85 
Dissolved orthophos-

phate, mM/liter 0 .33 0 .25 0 .51 1.04 
Dissolved calcium 

mM/liter 1.49 1.36 1. 72 2.45 
Mole ratio of re-

leased calcium 
and orthophos-
phate: Ca:P 1.28 1.35 

Air was not as effective as either N, orO, in causing the pre
cipitation of orthophosphate because air, containing approxi
mately 0.03% C02, is not as efficient a CO,-stripper as pure N, 
or 0 2• This is reflected by the pH changes caused by bubbling 
air, in comparison to those caused by N, and 0 ,. The final pH 
in the N2- anq 0 2-bubbled activated sludge effluents was 9.20, 
whereas the final pH of the effluent bubbled with air was 8.65. 
Similarly, dissolved orthophosphate and calcium levels fell 
more rapidly and to lower values in the N,- and 0 ,-aerated 
samples than in the effluent bubbled with air. 

Aeration with air+5% C02 caused a pH decrease from 
7. 75 to 6.95, since the aerating gas mixture contained a higher 
C02 content than that to which the activated sludge effluent had 
been equilibrated. A small increase in dissolved orthophos
phate and calcium took place, indicating that the sludge con
tained some calcium and orthophosphate that could be solu
bilized at a pH below 7.75. 

Comparison of the results of aeration with air and with air 
+ 5% C02 provides further indication of the unimportance of 
DO concentration in orthophosphate precipitation. While the 
DO concentration in both samples was identical at all times 
during the experiment, the dissolved orthophosphate con
centration fell from 14.6 to 9.4 mg. P per liter in the air-bubbled 
sample and rose from 14.6 to 16.9 mg. P per liter in the sample 
aerated with air+5% CO,. 

Release of Calcium Phosphate from Activated Sludge. Ali
quots of activated sludge mixed liquor from a pilot plant that 
was being operated · to produce a high phosphate sludge 
(5.2% P on a VSS basis) were bubbled with air, air+ 0.5% CO,, 
and air+5% C02• After 3 hr., the DO concentration in all three 
aliquots increased from 5.8 to 8.4 mg./liter (Table II). In the 
sample aerated with air the pH increased from 8.17 to 8.43, and 
the dissolved calcium and orthophosphate decreased by 0.13 
and 0.08 mMfliter, respectively. In the activated sludges aerated 
with air+0.5% C02 and with air +5%CO,, the pH fell from 
8.17 to 7.60 and 6.8.5, respectively. In both of these samples, 
dissolved calcium and orthophosphate were released (Table II), 
the releases being greater for the sample aerated with air + 5% 
C02 (and having the lower pH). 

Pilot Plant Experiments. A four-compartment, 300-liter 
aeration-capacity activated sludge pilot plant was located 
at the VCSD Water Reclamation Plant, San Ramon, Calif. 
The pilot plant was fed with primary effluent from the VCSD 
primary sedimentation basins. Samples of the influent and 
effluent flows were taken automatically every 15 min. and 
composited by pumping into refrigerated containers. 

During each experiment, the pilot-plant performance 
(and where applicable, the performance of the VCSD plant) 

was characterized by organic loading, hydraulic residence 
time, mean cell residence time, and substrate removal effi
ciency. 

For each experimental period the daily measurements of 
process performance were graphically summarized, and pe
riods of steady operation were determined by inspection. The 
criterion for steady-state operation of the pilot activated sludge 
plant was ±30% deviation of daily values of MLVSS and 
substrate removal rate from the mean value and a ±15% 
deviation of daily sludge Ca and P values from the mean value. 
The data during periods of steady-state operation were then 
screened for conformance to a phosphate materials balance. 
The criterion for conformance to the phosphate materials 
balance was ±10% from completion. Only data that con
formed to steady-state and phosphate materials balance cri
teria were used. 

San Antonio Conditions. The pilot plant was operated to 
conform to the parameters reported to be important for en
hanced phosphate removal by Connell and Vacker (1967) in 
their studies at the San Antonio Rilling Road Plant. The pilot 
plant aeration basin configuration with four 75-liter con
tinuously stirred tank reactors (CSTR) in series and with 
settled sewage and return activated sludge entering at the first 
reactor, closely resembled the two-pass aeration basin of the 
Rilling Road Treatment Plant. The results of the six-week ex
periment (Table III) show that enhanced phosphate removal 
was not obtained in the pilot plant when the San Antonio con
ditions were matched almost identically. Thus, under conditions 
of identical MLVSS, BOD loading, effluent NOa-N, and at 
mixed liquor DO concentrations that consistently exceeded 
the specified minimum of 1.5 mg./liter, the pilot plant reduced 
the phosphate concentration from 15.2 to 12.2 mg. P per liter
a removal of phosphate that could be accounted for entirely by 
incorporation into activated sludge cell material- i.e., bio
logical removal for growth. Indeed, during the entire period 
of operation under San Antonio conditions, the activated 
sludge P content in the pilot plant never exceeded 2.9% on a 
volatile matter basis and averaged 2.3% P-a figure which is 
in excellent agreement with the 2.6% P obtained in previous 
work (Jenkins and Menar, 1967). 

It was concluded that the conditions of MLSS, BOD load
ing, effluent NO,-N, and mixed liquor DO reported by Con
nell and Vacker (1967) were of no direct significance in the 
enhanced phosphate removal by activated sludge in this study. 

Table III. Comparison of Average Operating Conditions and 
Phosphate Removal at San Antonio Rilling ~oad Pl~~t 

and at Pilot Plant Operated under San Antomo Conditions 
Rilling 
Road• Pilot 

Parameter Plant plant 

MLSS, mg./liter 1130 1130 
BOD loading, lb. BOD/lb. MLSS-day 0 .5 0 .5 
Mean cell residence time, days 

(sludge age) 3.2 2.2 
Mixed liquor DO, mg./liter 3 .0 2 .8 
Effluent NO.-N, mg. Nfliter 1 .0 1.5 
Influent pH 7.3 7 .7 
Effluent pH 7.9 7 .8 
Influent total phosphate, mg. P /liter 10.5 15.2 
Effluent dissolved phosphate, 

mg. Pfliter 0 .9 12 .2 
Phosphate removed, mg. Pfliter 9 .6 3 .0 

a Connell and Vacker (1967). 
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Table IV. Operating Conditions and Results of Pilot-Plant Preaeration Experiment 

Operating conditions 
Substrate removal rate, lb. COD 

removed/lb. ML VSS-day 
Mean cell residence time, days 
Hydraulic residence time, hr. 
Air supply rate, cu. ft. /gal. waste treated 
MLSS, mg./liter 
MLSS, volatile fraction, % 

Results of operation 
Influent total COD, mg./liter 
Effluent dissolved COD, mg./liter 
COD removal efficiency, % 
Influent total P, mg./liter 
Effluent dissolved P, mg./liter 
ML VSS, P content, % 
Influent total Ca, mg./liter 
Effluent dissolved Ca, mg./liter 
Influent pH 
Effluent pH 
Effluent DO, mg./liter 

Preaeration Experiment. The purpose of this experiment 
was to determine whether the pH of the incoming sewage 
could be raised by preaeration to such a degree that phos
phate precipitation would take place in the activated sludge 
aeration basins. 

The pilot plant was divided into two sections of approxi
mately equal volume, the first two reactors serving as preaera
tion basins and the latter two as the activated sludge aeration 
basins. Both the preaeration and aeration sections were further 

Table V. Operating Conditions and Results for 
Comparative Study 

Pilot VCSD 
plant plant 

Operating conditions 
Substrate removal rate, lb. COD 

removed/lb. ML VSS-day 0 .25 0 .29 
Mean cell residence time, days 12 .6 12 .9 
Hydraulic residence time, hr. 7 .8 9 .1 
Air supply rate, cu. ft. /gal. waste 

treated 97 3.0 
MLSS, mg./liter 2780 2935 
MLSS, volatile fraction, % 79 .1 85 .2 
Mixed liquor temperature, °F. 68.4 67.5 

Results of operation 
Influent total COD, mg./liter 267 264 
Effluent dissolved COD, mg./liter 30 23 
COD removal efficiency, % 88 .8 91.3 
Influent total P, mg./liter. 16 .6 16 .8 
Effluent dissolved P, mg./liter 11 .8 14 .1 
MLVSS, P content, % 4 .0 2 .1 
Influent total Ca, mg. Cafliter 69.6 68 .0 
Effluent dissolved Ca, mg. Cafliter 56.0 58.0 
ML VSS, Ca content, % 4 .4 1.4 
Influent pH 7 . 7 7.7 
Effluent pH 8.3 7.2 
Effluent DO, mg./liter 8.4 4 .2 

1118 Environmental Science & Technology 

Overall (preaeration + 
Influent Preaera tion activated sludge) 

2 .4 0 .8 
0 .18 2 .3 
4 .3 8. 7 

14 .0 28 .0 
443 770 

81 .1 76 .5 

217 
78 41 
64 81 

15 .3 
11.0 10.1 
3.2 4 .5 

64 .4 
62 .0 58 .8 

7.7 
8.3 8.3 

1. 5 5 .4 6 .2 

baffled to prevent short-circuiting by dividing each reactor 
into four compartments. 

The operating conditions and the results of the three-week 
preaeration experiment are summarized in Table IV. 

With average preaeration and aeration times of 4.3 and 4.4 
hr., respectively, the pH of the influent settled sewage was 
raised from 7.7 to 8.3 during preaeration, a pH that was main
tained in the mixed liquor aeration basins. 

The phosphate concentration was reduced by 4.3 mg. P per 
liter (total influent P-dissolved effluent P) during preaeration 
and further reduced by 0.9 mg. P per liter by the activated 
sludge section of the plant. The overall reduction of 5.2 mg. P 
per liter is far greater than the approximately 2- 3 mg. P per liter 
reduction that would be predicted by biological removal alone 
at a substrate removal rate of 0.8 lb. COD/lb. VSS-day (Jen
kins and Menar, 1967). The activated sludge in the aeration 
basin contained 4.5% P on a VSS basis, a figure significantly 
greater than the average 2.6% found by Jenkins and Menar 
(1967) for activated sludge. Calcium concentrations were re
duced by 2.4 mg. Caper liter (total influent-dissolved effluent) 
by preaeration and by 5.6 mg. Caper liter after aeration. 

From these data, it could be reasoned that, as the pH rises 
and as calcium and orthophosphate are released during pre
aeration, precipitation of a colloidal calcium phosphate takes 
place. On contact with the mixed liquor in the aeration basin, 
the colloidal calcium phosphate particles agglomerate with 
activated sludge and are removed. 

Comparative Study with VCSD Plant. The objective of the 
comparative study was to show that the phosphate removal 
of two activated sludge plants operated with identical flow 
patterns and organic loadings, and treating the same sewage 
could be regulated by the pH of the mixed liquor. The pilot 
plant was operated identically to the VCSD treatment facility
i.e., as a sludge reaeration plant with 25 % of the aeration 
basin used for sludge reaeration. The only operating variable 
that differed between the two plants was the air-to-liquid ratio, 
which was 3 cu. ft. /gal. in the VCSD plant and approximately 
97 cu. ft. /gal. in the pilot plant. 

Mean operating conditions and results of the 11-week com-



parative study (Table V) show that the pilot plant and VCSD 
plant operating parameters were identical, with the minor 
exception that the hydraulic residence time in the pilot plant 
was 7.8 hr. compared with 9.1 hr. in the VCSD plant. 

In the VCSD plant the pH of the sewage fell from 7.7 to 7.2 
during activated sludge treatment, while the increased rates of 
aeration in the pilot plant caused a pH increase of.from 7.7 to 
8.3 during treatment. The VCSD activated sludge plant re
moved 2.7 mg. P per liter to produce an activated sludge with 
2.1% P (VSS basis)-figures entirely predictable on the basis 
of phosphorus requirements for biological growth (Jenkins 
and Menar, 1967). The pilot plant, however, effected a removal 
of 4.8 mg. P per liter and produced an activated sludge con
taining 4.0% P (VSS basis)-values far in excess of those pre
dictable from sludge growth requirements. 

The pilot plant activated sludge was significantly lower in 
volatile matter content than the VCSD sludge (79% compared 
with 85 %), indicating that it contained a higher content of 
inorganic material. The calcium content of the pilot plant 
activated sludge was 4.4% Ca (VSS basis) compared with 1.4 % 
Ca (VSS basis) in the VCSD activated sludge. The calcium 
removal effected by the VCSD plant was 10 mg. Caper liter, 
whereas in the pilot plant 13.6 mg. Ca per liter was removed. 

Two additional pilot plant experiments, the first conducted 
at an average substrate removal rate of 0.2 lb. COD/lb. VSS/ 
day and MLSS of 4950 mg./ liter and the second at an average 
substrate removal rate of0.59lb. COD/lb. VSSjday and MLSS 
of 1850 mg./liter demonstrated that all the conditions asso
ciated with enhanced phosphate removal in the previous pilot
scale experiments were effective in low-rate, high-solids units 
and in standard rate activated sludge units (Table VI). 

Parallel between Ca and P Removal. During the compara
tive study a cold spell caused the performance of the relatively 

Table VI. Operating Conditions and Results for Low Loading-
High Solids, and Standard Rate Activated Sludge Studies 

Low load-
ing-high 

solids Standard 
system rate system 

Operating conditions 
Substrate removal rate, lb. COD 

removed/lb. ML VSS-day 0.2 0 .59 
Mean cell residence time, days 14 .5 4 .0 
Hydraulic residence time, hr. 6.7 6 .0 
Air supply rate, cu. ft .jgal. waste 

treated 83 75 
MLSS, mg.jliter 4950 1850 
MLSS, volatile fraction, % 66.1 72 .6 
Mixed liquor temperature, o F. 77 .6 75 .9 

Results of operation 
Influent total COD, mg./liter 273 232 
Effluent dissolved COD, mg.jliter 33 36 
COD removal efficiency, % 87.7 84 .3 
Influent total P, mg./liter 17 .7 15 .8 
Effluent dissolved P, mg./liter 11.1 104 
ML VSS, P content, % 6 .8 6 .0 
Influent total Ca, mg. jliter 64.3 62.8 
Effluent dissolved Ca, mg./liter 55 .5 56 .0 
MLVSS, Ca content, % 10 .0 8.3 
Influent pH 7 .5 7 . 7 
Effluent pH 8.1 8 . I 
Effluent DO, mg.jliter 6 .0 6 .2 

exposed pilot plant to deteriorate, especially with regard to 
phosphate removal. Figure 2 shows that the phosphate and 
calcium contents fell simultaneously at the onset of the cold 
weather and recovered in perfect step following the return 
of normal temperatures. The parallel behavior of calcium and 
phosphate removals and sludge calcium and phosphate con
tents is consistent with the precipitation mechanism postulated 
for enhanced phosphate removal by the pilot plant. 

Discussion 

Laboratory and pilot plant experiments have shown that 
enhanced phosphate removal by activated sludge in hard 
water sewages can be rationally explained by calcium phos
phate precipitation followed by trapping of the precipitate by 
the activated sludge floc. Biological uptake of phosphate by 
activated sludge treating domestic sewage produced an acti
vated sludge with 2 to 3% P on a VSS basis and results in a 
phosphate removal of 20 to 30 % of an influent 10 mg. P per 
liter. Laboratory experiments demonstrated the insignificance 
of DO as a parameter in calcium phosphate precipitation and 
showed that pH, which in an activated sludge aeration basin 
is largely controlled by the CO, content of the mixed liquor, 
was of decisive significance. The pilot plant experiments show 
the aeration basin DO fortuitously reflects the pH value of the 
mixed liquor (Figure 3) with high DO concentrations being 
associated with high pH values for a given set of operating 
conditions. 

Pilot plant activated sludge experiments have shown that 
decreases of dissolved phosphate were accompanied by de
creases of dissolved calcium and that the activated sludge 
phosphate and calcium contents paralleled each other (Figure 
4). Further evidence that increased activated sludge phosphate 
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Figure 4. Correlation of activated sludge phosphate and calcium 
contents 

content was associated with an inorganic compound and not 
caused by a biological uptake was obtained from the relation
ship of activated sludge phosphate content to the volatile frac
tion of activated sludge (Figure 5). As the phosphate content 
of the activated sludge increases, its volatile fraction decreases. 
Data included in Figure 5 from the current pilot plant studies, 
from the San Antonio Rilling Road Plant and from prior 
studies by Jenkins and Menar (1967), show that as phosphate 
incorporation into activated sludge increases, a progressively 
more nonvolatile sludge is produced. 

An examination of all laboratory and pilot plant data shows 
that there is an empirical correlation between the concentra
tion product (Ca H) (orthophosphate) and pH (Figure 6). While 
this correlation at the present time is empirical it does provide 
a consistent representation of the data and confirms the hy
pothesis that the solubility of calcium phosphate in sewage 
systems is a function of pH. 

Several activated sludge treatment operating parameters 
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Figure 5. Correlation of activated sludge phosphate content and 
volatile fraction 

claimed to be necessary for enhanced phosphate removal 
(Connell and Vacker, 1967; Levin and Shapiro, 1965) do not 
appear to be significant. High DO concentrations per se did 
not cause enhanced phosphate removal in these experiments. 
Connell and Vacker (1967) report that the particular organic 
loading of 0.5 lb . BOD/lb. MLSS-day and the particular 
MLSS concentration of 1000 mg./liter were most favorable 
for enhanced phosphate removal. Pilot plant activated sludge 
experiments showed that enhanced phosphate removals could 
occur at a wide range of organic loadings and MLSS concen
trations. Other correlations of Vacker, Connell , eta/. (1967) 
relating enhanced removal of phosphate to sludge volume 
index, effluent nitrate content, effluent SS concentration, and 
the effluent ammonia concentration were not substantiated. 

The involvement of a precipitation mechanism in the en
hanced removal of phosphate by activated sludge has been 
demonstrated by this research. In hard water sewages such as 
those of San Antonio and VCSD, the precipitation appears to 
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Figure 6. Correlation of the concentration product (Ca2+)(ortho
phosphate) with pH 

be calcium phosphate. However, it should be noted that the 
residual dissolved orthophosphate concentrations obtained at 
San Antonio at the pH values reported by Connell and Vacker 
(1967) for this plant are much lower than would be predicted by 
the correlation curve in Figure 6. Moreover, the dissolved 
orthophosphate residuals obtained in the pilot plant experi
ments at no time approached those low values of < 1 mg. 
P per liter reported for the Rilling Road Plant at San Antonio 
(Connell and Vacker, 1967). The reasons for this disparity are 
not evident at this time and data on the nature of the calcium 
phosphate precipitate are inconclusive. It is indeed possible 
that the divergence of the results reported at San Antonio and 
those found for San Ramon is caused by differences in the ionic 
and organic nature of the system in which precipitation takes 
place. No evidence was found that would support the postu
late that biological luxury uptake accounted for the enhanced 
removal of phosphate by activated sludge in hard water 
sewages. 
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Nitrogen Fixation by Nonsymbiotic Microorganisms in Some California Soils 

Pieter L. Steyn and C. C. Delwiche 

University of California, Davis, Calif. 95616 

• The rate of nitrogen fixation by soil samples from various 
California environments was determined at monthly intervals 
for a period of one year by comparing direct isotopic observa
tions of fixation rates with rates determined by the acetylene
ethylene method. Annual fixation rates of approximately 5 
kg. nitrogen per hectare per year were observed in the most 
favorable environment examined, and rates as low as 2 kg. 
per year were observed on a more arid site with native vege
tation. Observations made by direct isotopic methods com
pared reasonably well with those obtained with useoftheacetyl
ene-ethylene method, but some variability between the two oc
curred. Limiting factors in the fixation reaction are reported 
and the significance of observed rates is discussed. 

C ontributions from free-living microorganisms to the 
nitrogen balance of the biosphere have not been fully 

assessed. A carefully drawn balance sheet of nitrogen trans
formations is needed, however, since nitrogen plays an im
portant part in the nutrition of both animals and plants. As 
pressures for food production increase and agricultural 
methods place greater emphasis on maximizing production 
potential , the management of nitrogen assumes greater im
portance because of the degradation of environment quality 
which mismanagement can produce. This degradation of 
quality applies particularly to food and to water resources, 
both of which could attain excessive levels of nitrate ion. 

Legumes are presently considered to be the prominent 
nitrogen fixers of the earth, but contributions may neverthe
less be considerable from nonlegumes, blue-green algae, and 
bacteria. Organisms capable of fixing nitrogen nonsymbiotic
ally were reviewed by Stewart (1966), who included at least 
18 bacterial genera, several yeasts, and blue-green algae. 
The relatively little attention given to free-living nitrogen
fixing organisms during the past 50 years or more is ascribed 
by Stewart (1966) to the prevailing assumption that the only 
organisms involved were Clostridium and Azotobacter, both 
unlikely to be important in relation to soil fertility. As re
viewed by Stewart (1966), however, certain "unexplained 
phenomena" suggest that free-Jiving soil organisms fix con
siderable amounts of nitrogen. Efforts to estimate the rate of 
fixation have been limited because the rate of fixation is low 
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and (or) methods are too insensitive to detect small changes 
in nitrogen content. The methods used include total nitrogen 
determinations (Kjeldahl nitrogen) (Jaiyebo and Moore, 
1963 ; Moore, 1963; Moore and Abaelu, 1959; Olsen, 1932; 
Olson, 1958 ; Parker, 1957 ; Stevenson, 1958, 1959), lysimeter 
determinations (Chapman, Liebig, eta/., 1949; Gel'tser, 1961; 
Smith, 1944), N2

15 studies (Delwiche and Wijler, 1956; 
Stewart, 1965), and acetylene-ethylene studies (Hardy, Hol
sten, eta/., 1968 ; Stewart, Fitzgerald, eta/., 1967). Since the 
Kjeldahl determination is too imprecise to detect small 
changes, large numbers of samples must be assayed and given 
statistical analysis. Lysimeter studies do not permit evaluation 
of rates of nitrogen fixation, for they cannot determine losses 
through denitrification. 

Nitrogen fixation rates can be determined with greater 
sensitivity by incorporating the stable isotope N, 15 and sub
sequently making a mass spectrometric analysis than by 
determining total nitrogen. This method theoretically allows 
determination of the net rate of fixation by free-Jiving orga
nisms in the complicated soils system. Results obtained with 
this method under conditions simulating those in nature 
(Delwiche and Wijler, 1956) indicated fixation rates that were 
low in unamended soi ls and about three times as high in soil 
amended with the equivalent of 4 tons of straw per acre. 
The study of Delwiche and Wijler (1956) provided a direct 
estimate of free-living nitrogen fixation, although the values 
obtained did not extend over a full year and only a limited set 
of conditions were included in their work. 

A method, based on the reduction of acetylene to ethylene, 
that can be 103 times as sensitive as the N2

15 method and 106 

times as sensitive as the Kjeldahl method (Hardy, Holsten, 
et a/., 1968) resulted from discoveries that acetylene can in
hibit nitrogen fixation (Dilworth, 1966; Schollhorn and Burris, 
1967), that the inhibition is competitive(Schollhorn and Burris, 
1967), and that the ethylene formed is not further reduced and 
does not interfere with fu rther acetylene reduction (Dilworth, 
1966). 

The reduction of acetylene to ethylene involves the transfer 
of two electrons, whereas the reduction of nitrogen to am
monia involves six electrons. No consistent ratios between 
moles of N, fixed to moles of acetylene reduced have yet been 
obtained for complex soil systems, although they have been 
reported for enzyme preparations from bacterial cells (Hardy, 
Holsten, et a/., 1968; Schollhorn and Burris, 1967; Stewart, 
Fitzgerald, et a/., 1967) and from cultures of bacteria (Hardy, 



Holsten, et a/., 1968). Even though the acetylene-ethylene 
method has several advantages over the N, " method, it 
remains an indirect method, so calibration by direct methods 
is necessary. 

The work reported here is an effort to determine nitrogen 
fixation by free-living organisms in different soils under differ
ent management regimes over a period of one year. The N, " 
method is used under conditions simulating those prevailing 
in the field. The acetylene- ethylene method is also used to 
establish a calibration between the two methods and to deter
mine any variability in the calibration. 

Because of the large number of variables which can con
tribute to error in the estimation of fixation, the significance 
of any single observation is questionable. The precision of 
determination of the isotope ratio is about 0.002 atom % N " 
at low levels of enrichment and relatively constant within 
the procedures used in this study. This makes possible the 
detection of a dilution of about I part in 5 X 10•. For this 
reason, sensiti vity was predominantly a function of total 
nitrogen, which varied considerably among samples and be
tween sites. 

There was, moreover, a significant variability in total 
nitrogen content of soil samples at any given site and a con
siderable variability in fixation. It was for this reason that a 
large number of samples was taken and, although the extent 
of fixation undoubtedly varies greatly in time and location, 
the figures obtained probably represent a reasonable mean for 
each site, 

Materials and Methods 

Four sites were sampled monthly fo r one year. Site 1 was on 
Yolo clay loam on which the dominant vegetation, the peren
nial morning glory (Convolvulus arvensis L.), was controlled 
by herbicides and hoeing. Site 2 was on Yolo clay loam under 
perennial lawn grass irrigated during the dry season. The turf 
consisted mainly of Poa prarensis L., Fesruca rubra L., and 
Cynodon dacrylon L. , the last of which become dormant during 
winter. Si te 3 was on unirrigated Pleasanton gravelly loam 
with native vegetation. The dominant vegetation, left undis
turbed, was Avena barbata Brot., Sripa pulchra Hitchc., and 
S. cernua Stebbins and Love. Site 4 was on Yolo loam on 
which wheat had been grown. The residues were plowed under 
in July 1968, and the field was irrigated after the August 
sampling, left fallow until planted with safflower (in April 
1969), and irrigated during the dry season. The soil types 
employed were described series with the fo llowing character
istics. 

Yolo series consists of neutral to mildly alkaline soils formed 
from recently deposited alluvium from sedimentary rock 
sources. In profile, the soils have dark brown, medium to 
moderately fine-textured surface soils 30- to 50-cm. thick, 
overlying brown similarly textured materials more than 1.5-m. 
thick, which offers no significant impediment to root or water 
penetration. 

Yolo clay loam has a clay loam surface soil overlying clay 
loam or silty clay loam subsurface material extending more 
than 1.5-m. deep. 

Yolo loam has a loam surface soil overlying stratified layers 
of very fine sandy loam, fine sandy loam, and loam, extending 
more than 1.5-m. deep. 

Pleasanton series consists of neutral to moderately acid 
gravelly soils formed on nearly leve l to gently sloping alluvia l 
fans and terraces. The parent materials were derived from 
mixed rock sources. In profile, the soils have dark grayish
brown, gravelly, medium-textured surface layers, 27- to 60-cm. 
thick, overlying brown to dark brown, very gravelly, moder-

ately fine-textured subsoils 30- to 75-cm. thick. These, in turn, 
rest on brown to yellowish-brown, gravelly, medium-textured 
materials extending more than 1.8-m. deep. 

Pleasanton gravelly loam has a dark grayish-brown, 
gravelly, loam surface that is massive and hard when dry. 
At about 40 em., it rests on a subsoil of very gravelly, sandy 
clay loam that has a weak, blocky structure and offers a 
slight to moderate impediment to root and water penetration. 

Two locations about 15 em. apart were selected at each of 
the different sampling sites, and soil cores 22 mm. in diameter 
were sampled at each location for depths of 0 to 5, 10 to 15, 
and 30 to 35 em. and placed in plastic bags. In the laboratory, 
each core was cut into disks, the disks were quartered, and 
quantities of 4 to 10 g. each were placed in each of four 
modified Thunberg tubes. Since the enriched nitrogen some
times contained contaminant oxides of nitrogen, giving rise to 
highly inaccurate fixation figures, two of the four tubes were 
used as controls and stetilized in an autoclave for 1 hr. 
Later, as methods for elimination of contaminant oxides of 
nitrogen proved effective, the number of control samples was 
reduced. 

Tests for sterility were made by including in the sterilization 
process four cotton-stoppered test tubes, each containing 4 g. 
of soil. These were incubated for 24 hr. at 26 °C., and 10 mi. 
of sterile nutrient broth was then added to each tube. The tubes 
were incubated for seven days and observed for microbial 
growth. The sterilization process proved adequate. The two re
maining tubes were paired with the sterilized samples and evac
uated in batches of 16. Nitrogen gas ofatleast 95 %enrichment 
with respect to N2

15 (BioRad Laboratories, Richmond, Calif.) 
was admitted into the tubes through an ascarite filter to a 
pressure of 5-cm. Hg, and a gas mixture (Matheson Co.) 
consisting of 0 2 (22 %), C02 (0.04 %), and Ar (the balance) 
was used to attain a pressure of 3 em. below ambient. The 
stopcocks were closed, and the tubes were incubated for 72 hr. 
at 26 oc. Two tubes were selected randomly from each batch 
of 16, and the initial composition of the gases was analyzed 
mass spectrometrically for mass/charge (m.(e.) 44 (C02), 

32 (02) 30 (N2
15), 29 (N14N 15), and 29 (N,"). At the end of 

the incubation period the gas composition of all the tubes was 
analyzed similarly, and the contents of the tubes were trans
ferred to 50-ml. beakers, dried overnight at 105 °C., and 
ground with a porcelain mortar and pestle. One-gram quan
tities were digested and steam-distilled according to the 
microKjeldahl procedure (Bremner, 1965). The titration end 
point was determined potentiometrically with a pH meter to 
avoid the use of an indicator. The samples were further acidi
fied with 0.1N HCl and eva ported to near dryness. 

The ammonia was converted to N, with alkaline sodium 
hypobromite and passed through two consecutive liquid 
nitrogen traps to remove contaminating gases which could 
have interfered with the mass spectrometric analysis. Mass 
spectrometric analyses were carried out with a Consolidated
Nier isotope-ratio mass spectrometer (Model 21-201). A 
standard 0.01M NH,CI solution (Baker Analyzed Reagent, 
lot no. 30369) was run between every five samples after the 
liquid nitrogen traps were cleaned. The N 15 content of the 
samples was calculated by the method of Wijler (1954), and the 
results obtained were adjusted by a correction factor which 
was the product of two independent factors: The first of these 
was calculated from the ratio between m.fe. 30 and m. fe. 28 
of the initial gases, assuming the ion voltage to be directly 
proportional to the partial pressure of the ion species. The 
second correction factor was calculated with the Michaelis
Menten equation (Briggs and Haldane, 1925), correcting for 
the partial pressure of N2 in the initial incubation gas, and 

Volume 4, Number 12, December 1970 1123 



Table I. Nitrogen Fixation Rates Obtained by Direct Isotopic Method in Proflle of Four Sites 
Fallow soil 

g. N per g. kg. N per 
soil per hectare 

Month day X 10' per month 

Aug. '68 1.5 0 .15 
Sept. 2.8 0.41 
Oct. 1 .0 0.12 
Nov. 1.6 0.15 
Dec. 1.4 0.15 
Jan. '69 4.8 0.59 
Feb. 4.1 0 .43 
Mar. 6.5 0.85 
Apr. 1.0 0 . 14 
May 0 .9 0.11 
June 1.8 0 .24 
July 0 .8 0 . 11 

Total 28 .2 3.46 ±0 .20 
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Irrigated lawn Native vegetation Wheat field 
g. N per g. 

soil per 
day X 10' 

4 .9 
5.7 
2 .5 
1. 7 
0.0 
9.6 
5.1 
5.1 
2 .1 
2.5 
3.0 
2 .2 

44 .4 

kg. N per g. N per g. kg. N per g. N per g. kg. N per 
hectare soil per hectare soil per hectare 

per month day X 10' per month day X 10' per month 

0 .60 2.5 0 .13 2.8 0 .39 
0 . 51 2 .7 0 . 13 3.6 0 .49 
0 .21 4 .1 0 .18 0.2 0 .02 
0.16 3.0 0 .14 0.7 0.07 
0.00 7.6 0.37 5.6 0.73 
1.08 6.8 0.33 5.4 0.74 
0. 56 8 .0 0 .35 5.3 0.71 
0.45 0 .26 0 . 38 
0 .23 1.3 0 .06 1.3 0 .1 
0 .25 2 .1 0.09 1.6 0 .22 
0 . 33 1.1 0 .05 0 . 5 0 .05 
0 .26 0 . 5 0 .02 0.9 0 . 10 

4.76 ± 0 .25 39 .7 2 .11 ± 0.10 27 .9 4.07 ± 0 .16 

taking km. = 0.02 atm. (Wilson, Burris, eta/., 1942) for N, 
during nitrogen fixation. Although this value for km. appears 
to be low compared with experience with cell-free preparations, 
test samples, supplied partial pressures of nitrogen three times 
that normally employed confirmed the validity of the assump
tion. 

Some lots of N2
15 contained significant contamination of 

fixed nitrogen, probably as oxides of nitrogen. To eliminate 
these contaminates, acidified 0.3M FeSO, (pH 2) was ad
mitted into the gas container prior to use, and a liquid 
nitrogen trap and ascarite filter were used in series, in that 
order, between the gas container and the manifold, when 
introducing gas into test chambers. 

Figure 1. Cumulative nitrogen fixation on four sites 

The acetylene-reduction capacity of soil was determined 
by methods similar to those used by Hardy, Holsten, et a/. 
(1968). Soil cores of 1-cm. diameter were obtained with a no. 9 
cork bore and placed in a test tube of 1.2-cm. i.d. 
and 10-cm. long to approximately 2 em. from the .top. A 
paper disk, 1 em. in diameter, was placed on top of the 
soil core to prevent direct contact between the soil and the 
serum stopper (Scientific Glass Apparatus Co., R 7950). 
The volume of the tube, with the stopper inserted, was 13 ml. 
The tubes, with soil cores, were attached to a manifold pre
viously described by means of modified plastic syringe 
cylinders and hypodermic needles, and evacuated. The 
control samples were filled with the Ar-D2-C02 gas mixture 
previously described. Treated samples received 0.1 atm. of 
high-purity acetylene (Matheson Co.) passed through a 
concentrated H,SO,-acetone scrubber and adjusted to atmo
spheric pressure with the Ar-D2- C02 gas mixture. Since the 
acetylene always contained some ethylene, each group of 16 
vials included four empty vials as internal controls. The tubes 
were shaken to move the soil core up against the stopper, 
inverted, incubated for 1 hr. at 26 ° C., and then transferred to 
an ice bath to stop the reaction. After 15 min., the tubes were 
withdrawn one at a time and shaken to move the soil core to 
the bottom of the test tube; 1.5-ml. of distilled water, previously 
boiled to remove gases, was injected into the containers; 
and 0.5-ml. gas was withdrawn for analysis with a Varian 
Aerograph 600 C gas chromatograph. The carrier gas was 
high-purity nitrogen (Matheson Co.) at a flow rate of 20 mi. 
per minute, and H, was supplied by a hydrogen generator at a 
flow rate of 20 mi. per minute (Varian Aerograph, Model650). 
The oxidant in the hydrogen flame was high-purity dry 0 2 
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(Matheson Co.) at a flow rate of 60 mi. per minute. Separation 
was achieved on a 6-ft. 1/ 8-in. Porapak R 50- 80 mesh column 
(Varian Aerograph) at an oven temperature of 72.5 ° C., and 
ethylene was detected by hydrogen flame ionization. The 
standard was a mixture of air and 10 p.p.m. high-purity ethyl
ene (Matheson Co.). The volume of gas was calculated 
from the total volume of 13 mi., with the assumption that soil 
particle density was 2.65 g. per cc., and soil- water density was 
I g. per cc. Acetylene reduction was calculated according to 
the perfect gas law and corrected with the Michaelis-Menten 
equation (Briggs and Haldane, 1925) assuming km<"otylono) = 

0.005 atm. (Hardy, Holsten, et at. , 1968). 
The soil samples were further analyzed for ammonia, 

nitrite, and nitrate nitrogen, as well as moisture content. 
Determinations were carried out as described by Jackson 
(1958) but scaled down to accommodate 2.5-g. samples. 
Further modifications included the determination of ammonia 
nitrogen by means of Nesslerization and photometry after 
steam distillation of the soil extracts. For nitrate determina
tions, the phenoldisulfonic method was used (Jackson, 1958), 
and nitrite was determined by the Shinn (1941) method. 

The water retentiveness of soil was determined by the ce
ramic plate method (Richards, 1965). Moisture equivalent 
(m.e.) was determined at 'f, bar, and "permanent wilting 
point" (p.w.p.) at 15 bar. 

Soil temperature data were obtained from the Department 
of Agricultural Engineering, University of California, Davis. 
Mean monthly temperatures were calculated from daily 
maximum and minimum soil temperatures recorded at 10 em. 

Results 

Nitrogen Fixation Rates. Fixation rates are reported in 
Table I, and cumulative nitrogen fixation is shown in Figure I . 
The gravelly loam of the native foothill site contained 50% 
gravel in the 0--7 .5-cm. layer, 66% in the 7 .5- 22.5-cm. layer, and 
68 % in the 22.5- 35-cm. layer. Fixation rates were corrected 
accordingly. The fixation rates for Sites 3 and 4 during March 
having been lost, were estimated by interpolation. Annual 
fixation rates never exceeded 4.8 ± 1.9 kg. N per hectare 
35-cm. deep, which was recorded for the irrigated turf of Site 2. 
The annual fixation rate of the "fallow" soil of Site I was 
3.5 ± 1. 7 kg. N per hectare 35-cm. deep. The lowest fi xation 
rate was in the gravelly soil with native vegetation in Site 3, 
namely, 2.1 ± 0.8 kg. N per hectare 35-cm. deep per year, in 
contrast to 4.0 ± 1.3 kg. N in the wheat field soil of Site 4. 
Figure I shows that fixation rates at all sites were highest in 
winter. In the "fallow" soil of Site I , fixation rate increased 
significantly in January, remained relatively high through 
March, and decreased thereafter. The trend was the same in the 
irrigated turf of Site 2, but in the gravelly soil of Site 3 and the 
wheat field soil of Site 4, significant increases occurred in 
December, lasted through February, and became relatively 
low April through July. From August through March, 
Sites I and 2 were sampled in the first week of the month, 
and Sites 3 and 4 in the second week. 

Effect of Temperature. Mean monthly temperatures were 
compiled from soil temperatures recorded at a depth of 10 em. 
on the Davis campus over a period of one year (Table II). 
Mean soil temperatures in August through September fell 
within the range optimal for nitrogen fixation (Jensen, 1965). 
A decrease was observed in October, and a low mean tempera
ture of 6.5°C. was recorded during December through Jan
uary. This was still within the limits that allow fixation to 
occur, according to Jensen (1965), and an increase was 
observed from February through July but it never exceeded the 
opiimal range for fixation. 

Table ll. Mean Monthly Soil Temperatures 
Recorded at 10 em. 

Month Maximum Minimum Average 

Aug. '68 31.4 22 . 1 26 .7 
Sept. 33 .1 23 .6 28 .4 
Oct. 22 .4 15 .2 18.8 
Nov. 14 .0 9.9 12 .0 
Dec. 8. 1 4 .9 6 . 5 

Jan. '69 7.8 5.2 6.5 
Feb. 10 .2 6. 3 8 .2 
Mar. 16. 3 8.9 12 .6 
Apr. 21.1 13.3 17 .2 
May 29 .5 20.3 24 .9 
June 31.9 22 .9 27 .4 
July 34 .4 25.6 30.0 
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Figure 2. Moisture status of test sites 

Effect of Soil Moisture. Table III gives soil moisture contents 
of the different soil samples, and Figure 2 presents values for 
samples from the 10 to 15-cm layers. Table IV shows the soil 
moisture relationships of the different sites and depths. 
The unirrigated fallow soil was completely dependent upon 
rainfa ll, whereas the lawn turf was irrigated regularly during 
the dry season. The gravelly soil with native vegetation was 
likewise dependent upon rainfall, and the wheat fi eld was 
irrigated after the August sampling, before which the residue 
of the preceding wheat crop was plowed under, and also dur
ing the dry season after having been planted with safflower 
in the spring of 1969. 

On the unirrigated sites, moisture content of the soil fell 
below the p.w.p. , particularly in the upper 10 em., during 
the dry season, and at these times little or no fixation was 
observed. Figure 2 shows that the moisture content of samples 
taken from the unirrigated soil of Site I fell below the p.w.p. 
at 10 em. in August through October, and again in June 
through July. 

Energy Source. Various figures have been reported for the 
ratio of nitrogen fixed to carbohydrate utilized by nitrogen
fixing organisms. These values range from I to 27-mg. N 
fixed per gram of carbohydrate consumed, depending upon 
conditions (Stewart, 1966). If it is assumed that 5-mg. N 
were fixed for each gram carbohydrate utilized, a carbohydrate 
input of70 g. per square meter would have been needed on the 
fallow site. Although the dominant vegetation (morning 
glory) was largely controlled by herbicides, the input of 
plant material from this source was estimated to be more than 
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Table Ill. Total Nitrogen and Soil Moisture Content of Soils Investigated 
Fallow soil Irrigated lawn Native vegetation Wheat field 

mg. N per Percent mg. N per 
Month g. soil moisture g. soil 

Aug. '68 3.7 5.9 3.6 
Sept. 3.7 7 .0 4 .8 
Oct. 3.9 4 .9 4 .1 
Nov. 3.4 14.1 4 .3 
Dec. 3.5 12 .2 4 .1 

Jan. '69 3.6 16 .5 5.5 
Feb. 3.5 19 .5 4 .5 
Mar. 3 .4 19 .5 4 .7 
Apr. 3.3 17 .6 4 .3 
May 3.5 15 .8 4 .2 
June 3.3 8.4 4.4 
July 3.1 6.3 4.8 

Table IV. Acidity and Moisture Relationships of 
Soils Investigated 

Site and depth, Moisture retention at 
em. pH 1/s bar 15 bar 

Fallow soil 

0 to 7 . 5 6 .3 25.7 12 .1 
7 . 5 to 22 .5 6 .3 25 .2 11.1 
22 . 5 to 35 6 .3 29 .2 11.2 

Irrigated lawn 
0 to 7. 5 7 .0 32 .8 16 .6 
7.5to22 .5 7 .3 24.6 11 .9 
22 .5 to 35 7 .2 26 .7 13 .0 

Native vegetation 

0 to 7 . 5 5.7 24.2 12 .7 
7 .5 to 22 .5 5.8 18.2 8.6 
22 .5 to 35 6 .1 18 .8 10 .1 

Wheat field 

0 to 7 . 5 6 .3 24.5 18 .0 
7 .5 to 22.5 6 .6 27 .0 12.4 
22 .5 to 35 6.8 27 .2 13.0 

adequate for the fixation observed. On all other sites, energy 
input was estimated to meet or exceed these requirements. 

Nitrogen Status of the Soils. Table III gives the total nitrogen 
contents of the soils as determined by the Kjeldahl method. 
Nitrite was never observed, and nitrate and exchangeable 
ammonia did not represent a significant fraction of the total 
nitrogen. 

Effect of Acidity. The acidity of the soils from various sites 
and depths (Table IV) fell within the limits and ranged 
around the optimum (near neutrality) for fixation (Jensen, 
1965). Values ranged from pH 5.7 to 6.1 (in the gravelly soil 
with native vegetation of Site 3) to pH 7.0 to 7.3 (in the 
irrigated turf of Site 2). 

Acetylene Reduction as a Measure of Nitrogen Fixation. 
Table V gives comparative values between acetylene reduction 
and direct determination of nitrogen fixation during July. 
No ethylene was detected in any of the control samples. In 
five of the nine instances in which comparisons were possible, 
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Percent mg. N per Percent mg. N per Percent 
moisture g. soil moisture g. soil moisture 

17 .7 4 .7 2.4 2.6 7 .0 
20 .7 4 . 5 5. 5 2 .7 14 .6 
18 .7 5.5 9 . 3 3.0 16 .4 
20 . 5 5 .3 13 .7 2 .8 19 .6 
19 .6 4.4 14 .7 2.7 22 .9 

19 .3 4.3 17 .8 2.5 29 .1 
22.4 3 .8 18 .1 2 .8 3.02 
24.9 4 .5 17 .6 2 .8 21 .4 
16 .3 4 .4 13 .4 2 .7 19 . 8 
21 . 1 3.9 5. 3 2.6 14 .0 
27 .0 3.6 4 .3 2.7 13 .4 
23 .6 3.6 2.4 2 .7 10 .0 

Table V. Correlation between the Acetylene-Ethylene and 
Direct Methods of Assaying for Nitrogen Fixation 

Acetylene Nitrogen 
Acetylene reduction fixation 

moles/g. moles/g. reduced 
Site and depth, soil/day soil/day nitrogen 

em. X 1012 X 1012 fixed 

Fallow soil 
0 to 7 . 5 109 13 .0 8.4 
7 . 5 to 22 .5 278 32 . 5 8.6 
22 . 5 to 35 152 39.9 3.8 

Irrigated Ia wn 
0 to 7 . 5 719 114 6.3 
7.5 to 22 . 5 203 66 .5 3.1 
22.5 to 35 211 56 .4 3. 8 

Native vegetation 
0 to 7 . 5 9 0.0 
7 . 5 to 22 .5 102 0 0 
22.5 to 35 219 54.0 4 . 1 

Wheat field 
0 to 7. 5 256 46.4 5.5 
7.5to22.5 200 0.0 
22.5 to 35 145 46.6 3. I 

the molar ratio of acetylene reduced to nitrogen fixed fell 
between 3.0 and 4.5, which approaches the theoretical value 
of three, and is in close agreement with values obtained with 
Azotobacter vinelandii (Hardy, Holsten, et a/., 1968). In the 
"fallow" soil of Site 1 the ratios obtained for the 10 to 15-
and 30 to 35-cm. layers both exceeded 8.0, whereas the ratio 
in the top layer of the irrigated turf of Site 2 was greater than 
6.0. Acetylene reduction occurred in three instances where no 
fixation was detected by isotopic methods, and a ratio of 5: 5 
was observed in the 0 to 5-cm. layer of Site 4. Acetylene re
duction is more sensitive than direct observation of nitrogen 
fixation. However, there are a number of possibilities for 
interference. Production of ethylene by soil organisms (Free
bairn and Buddenhagen, 1964; Ilag and Curtis, 1968; 
Young, Pratt, et a/., 1951) or by plants cannot be excluded, 
nor can the possibility that ethylene may be metabolized. 
Adsorption of ethylene to soil surfaces, resulting in lower 
reduction rates is possible, and acetylene reduction may 



not be linear with time. We obtained good linearity for periods 
up to 5 hr., but 24-hr. incubation periods sometimes gave 
anomalous results. Hardy, Holsten, et al. (1968) reported a 
linear rate of acetylene reduction up to 18 to 20 hr. for A. 
vinelandii, and 6 hr. for Clostridium pasteurianum in pure 
cultures. An initial lag often observed with A. vinelandii 
was presumably the effect of transfer and dilution. Inoculum 
from a culture in the late log phase of growth had a longer lag 
than that from the early log phase. 

Discussion 

No effort was made to carry out investigations in situ, 
primarily because of the cost of isotopic nitrogen. Such pro
cedures would be possible with the acetylene-ethylene assay, 
and for this reason, comparisons were made in the laboratory 
between the acetylene--ethylene and direct isotopic methods. 
Contributions from free-living photosynthetic nitrogen
fixing microorganisms would not have been detected, although 
there are indications that they may be important in soil under 
certain conditions (Jaiyebo and Moore, 1963; Stewart, 
1965; Tehan and Beadle, 1955). Photochemical reduction 
of nitrogen and accretions through rainfall were likewise not 
included in this study. 

Fixation rates were significant in all sites, but the annual 
rate of fixation never exceeded 4.8 kg. N per hectare 35-cm. 
deep per year (in the irrigated turf of Site 2). Under favorable 
conditions, however, this rate was exceeded for shorter 
periods. The lowest rate, 2.0 kg. N per hectare 35-cm. deep 
per year, was observed in the gravelly soil of Site 3, which 
was under undisturbed native vegetation. Figures obtained 
are in reasonable agreement with estimates of Lipman and 
Conybeare (1936) of 6.7 kg. N per hectare per year, and find
ings of Delwiche and Wijler (1956) of 6.2 kg. N per hectare 15-
cm. deep per year. These rates also fell within the same region 
as findings by Hardy, Holsten, et al. (1968) of 0.42 kg. N 
per hectare 23-cm. deep per month under anaerobic conditions 
in soil in Chester County, Penna. The fixation rates observed 
were significantly lower than gains of 44.9 kg. N per hectare 
per year obtained by Chapman, Liebig, et at. (1949), 50.5 to 
74 kg. N obtained by Gel'tser (1961), and 274 kg. N found by 
Smith (1944) in lysimeter studies under nonlegumes. Fixation 
rates observed in these experiments were also significantly 
lower than some values obtained with Kjeldahl determinations. 
Jaiyebo and Moore (1963) found gains of 56 kg. N per hectare 
per year under a mulch, and 89.8 kg. N under star grass in 
Nigeria. In this latter work, contributions by green algae 
cannot be excluded. In greenhouse studies, Moore (1963) 
found gains of 112 to 145.8 kg. N per hectare perfour months in 
soil under grass. Moore and Abaelu (1959) reported an in
crease equivalent to 157 kg. N per hectare per year in bare 
soil kept moist in pots in a greenhouse. On observing succes
sion rates on Southern Lake Michigan sand dunes, Olson 
(1958) estimated annual nitrogen accretions to be 4.03 kg. N 
per hectare 1-dm. deep. Stevenson (1959), studying the in
crease in nitrogen content of the ecosystem of Pinus radiata 
forest developed over a period of 25 years on depleted hill 
country in New Zealand, found an average annual increment 
of 35.9 kg. N per hectare per year. From data obtained in our 
study, it seems unlikely that free-living nonphot,osynthetic 
microorganisms alone could have been responsible for the 
relatively high rates of nitrogen fixation mentioned above. 
From an agronomic point of view, nitrogen fixation by free
living organisms may not be economically important, since 
nitrogen additions in the same site run to about 120 kg. N 
per hectare, compared with 4.0 kg. fixed. Under range con
ditions nitrogen fertilizer is usually not added, and the soils 

are usually nitrogen deficient. Therefore, any addition is 
significant. From data given by Chapman, Liebig, et al. 
(1949) for Riverside, Calif., and a seasonal total precipitation 
of 61.7 em. for the Davis area from July 1968 to June 1969, 
the amount of nitrogen contained in rainwater was estimated 
to be 0.97 kg. N per hectare per year. Free-living bacteria, 
therefore, contribute a significant fraction of the total nitrogen 
input in unfertilized range soils under the conditions studied. 

Since the acidity and nitrogen status of all soil samples were 
not limiting to nitrogen fixation, the limiting factors might 
have been soil moisture, temperature, and available energy 
sources, and fluctuations in nitrogen fixation rates during 
winter in all sites was clearly a response to rainfall, although 
temperatures were close to the lower limits for fixation (Jensen 
1965). Rainfall may be responsible for a downwash of soluble 
organic substrate into the soil, making it available to nitrogen
fixing organisms. The fixation rates for the "fallow" soil of 
Site 1 and the gravelly soil of Site 3 showed significant in
creases during the month following increase in soil moisture 
content. In the "fallow" soil of Site 1, a sixfold decrease in 
nitrogen fixation rate occurred during April, although soil 
moisture content remained favorable into May. This may re
flect the depletion of available soluble organic matter as soil 
temperature became more favorable. In the gravelly soil of 
Site 3, a similar decrease took place. In the irrigated turf of 
Site 2, soil moisture was never limiting. The dominant vegeta
tion consisted of three grass species, of which Bermuda grass 
became dormant during winter. The foliage was killed by 
frost, and it may be that available soluble organic substrate 
serving as energy source for nitrogen fixation was washed into 
the soil. The 2.5-fold decrease in fixation rate in April from 
that in March may again signify a depletion of such energy 
sources. 

The wheat field soil of Site 4 had an even more complex 
situation. The fixation rate for August was relatively high 
although soil moisture was below the p.w.p. throughout the 
profile examined. The residue of the preceding wheat crop 
was plowed under prior to the August sampling, making 
available a substantial amount of organic matter low in nitro
gen. During September the soil moisture content was more 
favorable and an increase in nitrogen fixation was observed. 

The effect of available energy sources was demonstrated by 
relative fixation rates observed in the different sites, and the 
consistently higher rates in the upper layer than in deeper 
layers of the irrigated turf of Site 2. 

At the 10-cm. level, soil temperatures remained within the 
limits for nitrogen fixation even in winter. The samples could 
not be incubated at ambient temperatures, for reasons already 
stated. Comparisons were made between direct observation 
of nitrogen fixation and the acetylene--ethylene method, and 
since the latter method lends itself excellently to in situ 
assays, more precise measurements may be possible if certain 
precautions are taken, as will be discussed later. 

In comparisons between the acetylene-ethylene method and 
direct observation of nitrogen fixation, several ratios were 
obtained that corresponded with those found by Hardy, 
Holsten, et at. (1968), and Klucas (1967), between 3.0 and 4.5. 
Variations were observed, however, with ratios larger than 
8.0 in some cases and in others acetylene reduction occurred 
where no nitrogen fixation was observed. No ethylene was 
ever detected in the control samples in the absence of added 
acetylene. 

These variations cannot be ascribed to lack of sensitivity 
on the part of the direct isotopic method, since the relatively 
high ratios were obtained where nitrogen fixation should 
have been easily detectable with the isotopic method. 
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The usefulness of the acetylene-ethylene method lies in its 
flexibility and simplicity. It is inexpensive, and its sensitivity 
is not affected by the total nitrogen content of the system, 
whereas the sensitivity of the direct method is inversely pro
portional to the total nitrogen content of the system. The more 
extensive time of incubation required to get sensitivity from 
the direct method and the cost and complexity of the procedure 
limit its application. However, since correlation between the 
two methods is not rigid, the direct method is still necessary 
as a reference. 

Summary and Conclusions 

The contribution of free-living nitrogen-fixing microorgan
isms to the nitrogen balance in soil was studied. Assays were 
carried out in the laboratory, simulating field conditions, 
by both the direct isotopic and acetylene-ethylene methods. 
Four different sites were investigated. Site 1 was Yolo clay 
loam on which the vegetation was controlled with herbicide 
and by hoeing. Site 2 was irrigated turf on Yolo clay loam. 
Site 3 was a gravelly loam in the Pleasanton series with un
disturbed native vegetation. Site 4 was wheat field in Yolo 
loam. The residues of the preceding wheat crop on this site 
were plowed under, sampled in August, irrigated, and left 
fallow until planted with safflower the next spring, and irri
gated during the dry season. 

Fixation never exceeded 4.8 ± 1.9 kg. N per hectare per 
year (in the irrigated turf of Site 2). The lowest fixation rate, 
2.1 ± 0.8 kg. N per hectare per year, was observed in the 
gravelly loam of Site 3. Fixation was 3.5 ± 1. 7 kg. N per hec
tare per year in the unirrigated Yolo loam of Site 1, and 4.0 ± 
1.3 kg. N in the wheat field of Site 4. 

Fixation rates in all sites were highest in winter. 
Depth had no consistent effect on fixation rates except in 

the upper layer of the irrigated turf of Site 2, where fixation , 
whenever measurable, was consistently higher in the upper 
than in the deeper layers. 

No nitrite was detected, and ammonia and nitrate nitrogen 
never constituted a significant fraction of the total nitrogen 
content of the soil. 

The acidity of all soils fell within the limits for fixation, 
ranging around the optimum pH value (near neutrality). 

Soil temperatures at 10 em. never exceeded the limits for 
nitrogen fixation . The effect of temperature, especially during 
winter, was somewhat obscured by incubation at 26° C. 

Limiting factors seemed to have been soil moisture and 
soluble available energy sources. 

Free-living microorganisms do not seem likely to be the 
sole contributors to the relatively high fixation rates observed 
by some other workers. 

Free-living nitrogen fixation does not seem to be economi
cally important in intensive agronomic agriculture but, aug
mented by nitrogenous compounds in rainfall, may contribute 
significantly to the nitrogen balance in unfertilized range soils. 

Reasonable correlation was obtained between the acetylene
ethylene and direct methods of assaying for nitrogen fixation . 
In the majority of cases, ratios ranged between 3.0 and 4.5. 
Variations were observed, and in all such instances the values 
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were larger than 4.5. In only one of these instances could the 
apparent discrepancy be ascribed to insensitivity of the direct 
method. 

The acetylene-ethylene method has much to recommend it, 
but the direct method must still be used as reference since 
correlation between the two methods is not rigid. 
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• Experimental studies of turbulence promoters for hyper
fi ltration show that detached promoters can be fabricated 
which possess characteristics of " ideal" promoters- i.e. , they 
do not block the membrane surface nor provide stagnant 
regions where solids can accumulate or where the concen
tration of rejected sa lts can build up. Also, with dynamically 
formed m embranes, turbulence promoters cause marked 
increases in transmission rate and reduce transmission rate 
losses with time. Economic eva luation of conditions for which 
application of turbulence promoters to the hyperfiltra tion 
process might be attractive was carried out by using an optimi
zation computer code. Results show that use of turbulence 
promoters markedly affects optimum plant geometry ; by 
virtue of higher fluxes when using turbulence promoters 
(known to be experimentally possible with dynamic mem
branes), appreciable reduction in water cost may be possible 
when the dynamic membrane is not strained to meet product 
water quality requirements. 

0 ne of the most promising applications of hyperfiltration 
with dynamic membranes is pollution control where 

removal of organic contaminants and reduction of in
organic salt concentration are the principal objectives 
(Kraus, Shor, eta/., 1967; Perona, Butt, eta/., 1967 ; Savage, 
Bolton, eta/., 1969). Economic optimization studies (Griffith, 
Keller, et a/., 1968) show that low water costs may be possible 
with ion exchange-type dynamic membranes provided the 
intrinsic rejection of the membrane is well above the minimum 
theoretica lly required and provided sufficiently large mem
brane permeabilities are available. 

Significant increases in dynamic membrane permeability 
have been observed in exploratory studies (Thomas and Wat
son, 1968) of the effect of detached spiral turbulence promoters 
on membrane performance. In these studies, the turbulence 
promoters were located in the downstream half of a porous 
tube, otherwise the operating conditions were the same. In one 
test at 400 p.s.i . pressure, the flux in the turbulence promoted 
half of the tube was 190 g.p.d./ft. 2 compared with 150 g.p.d./ 
ft. ' in the unpromoted half of the tube. 

The object of the present study was to determine the effect 
of various turbulence promoter designs on permeability and 
rejection of dynamic membranes and to assess the effect of 

turbulence promoters on desalinated water costs. To minimize 
effects of membrane chemistry (Kraus, Shor, et a/., 1967; 
Shor, Kraus, et a/., 1968b), hydrous zirconium oxide was used 
to form the membrane and MgCI, solutions were used as feed. 

Turbulence Promoters. The performance of a wide variety 
of turbulence promoter configurations has been evaluated 
experimentally (Bergles and Morton, 1965) largely with the 
goal of enhancing the rate of heat transfer. As yet, there is 
neither a preferred configuration nor a general theory which 
predicts the amount of enhancement (Bergles and Morton, 
1965 ; Nunner, 1956; Koch, 1958; Dipprey and Sabersky, 
1963; Owen and Thomson, 1963). Consequently, it is common 
practice to develop specific configurations tailored for the par
ticular requirements of a given process. For heat transfer, the 
promoters are usually made as an integral part of the sur
face (Kays and London, 1964; Sheriff and Gumley, 1966). 
This gives, in addition to the turbulence generated by the 
promoter, a fin effect due to the increase in surface area for 
heat transfer. In membrane processes, spacers between the 
membrane surfaces often act as turbulence promoters. How
ever, in some cases the spacers may block from 20 to 40 % 
of the membrane surface (Katz, 1960). Other spacer designs 
which block a smaller fraction of the surface and may also act 
as turbulence promoters are plastic screens and ridged per
forated plastic sheets (Saline Water Conversion Report, 1966). 

An idea l requirement for turbulence promoters for hyper
filtration is that the turbulence promoter neither blocks the 
membrane surface nor provides stagnant regions where solids 
can accumulate or where the concentration of rejected salts 
can build up. Prevention of stagnant regions is essential in the 
hyperfiltration process because the salt concentration may 
build up in these regions, resulting in " breakthrough" and 
marked deterioration of membrane separation performance 
(Johnson, Dresner, eta/., 1966). 

A potentially attractive turbulence promoter design which 
meets many of the "ideal" requirements outlined above is the 
"detached" promoter in which the promoter is supported 
away from the surface. Fundamental studies of such promoters 
have been reported previously (Thomas and Kraus, 1964; 
Thomas, 1965 ; Watson and Thomas, 1967) as h ave explora
tory studies aimed at reduction of concentration polarization 
at dynamically formed hyperfiltration membranes (Thomas 
and Watson, 1968). 

Optimization studies (Mixon, 1968) of detached promoters 
for hyperfiltration with hydrous zirconium oxide dynamic 
membranes using MgC12 solution feeds have been com-
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pleted with use of promoters fabricated from a wire in the 
form of a spiral, supported away from the surface by a con
tinuous wire runner 0.5 to 1.5 the diameter of the wire spiral. 

These studies showed that, with '/ 4-in. i.d. tubes, optimum 
performance occurred when the spiral and runner wires both 
had a diameter 0.1 the tube diameter. With these promoters 
the maximum increase in mass-transfer coefficient was 400% 
and the flux was doubled (based on smooth tube values mea
sured under the same conditions). The maximum effectiveness 
of these turbulence promoters occurred for Reynolds numbers 
from 2 X 103 to 4 X 103• 

Empty Channel Hydrodynamics. The effect of turbulent flow 
on concentration polarization in hyperfiltration systems is 
given by 

1 - Rob• v 1 - R 
In - --= K - N n, 11 4Ns, 213 +In -- (1} 

Rob• u R 

provided the intrinsic rejection, R, is a constant. Although real 
hyperfiltration membranes frequently do not possess constant 
intrinsic rejection [e.g., with neutral membranes, such as 
cellulose acetate the intrinsic rejection may be a function of 
flux (Sheppard and Thomas, 1970) and with ion-exclusion 
membranes the intrinsic rejection may be a function of both 
flux and the concentration at the membrane solution inter
face (Shor, Kraus, et a/., 1968a,b)], for a test with constant 
feed composition Equation 1 may be used to represent the 
variation of observed rejection with velocity on a plot of In 
[(1 - Robo)/Robol vs. vfu' 14 (Shor, Kraus, et a/., 1968a ; Cooney 
and Rabe, 1968). From the experimental results of several 
studies with ion-exclusion type membranes (Shor, Kraus, eta/., 
1968a; Mixon, 1968}, it is apparent that the affect of noncon
stancy of R is reflected primarily in the value of Kin Equation 
1 and not in the value of the exponent on u. Equation 1 may 
also be used to obtain the intrinsic rejection at infinite cir
culation velocity (Shor, Kraus, eta/. , 1968b). However, ac
curate calculation of the concentration at the membrane 
solution interface at finite axial velocities requires correction 
for the nonconstancy of the intrinsic rejection. Equation 1 may 
be rearranged to a form similar to that used in correlating 
heat-transfer data 

} = 

[
1 - Rob•/1 - RJ uln - - - - -

Rob• R 

KN ne l/ 4 
(2) 

Equation 2 has the advantage that when results are plotted as 
log j vs. log N n., the value of the exponent on the Reynolds 
number can be readily determined as can the value of the 
coefficient K. When plotting heat-transfer data as j vs. N n., 
the laminar, transition, and turbulent flow data have a slope 
of - 1/ 4, and a smooth curve connecting the laminar and tur
bulent curves may be drawn through the transition regime 
data. Usually the Reynolds number for the beginning of fully 
developed turbulent flow heat transfer is a factor of 4 or 5 
greater than the Reynolds number for the end of the laminar 
flow regime. 

Turbulence Promoter Performance. In turbulent flow, .the 
principal effect of turbulence promoters on dynamic mem
brane performance is reflected in the transmission velocity'· v, 
and the coefficient K of Equations 1 and 2. A secondary 
effect which may occur is a different value of the exponent 
of the Reynolds number. Determination of the value of K 
and of the exponent on the Reynolds number is readily accom
plished by plotting results for turbulence promoters as j 
factor vs. Reynolds number, with use of Equation 2. 
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Figure 1. Effect of turbulence promoter with partial runner on ob
served rejection in hyperfiltration studies with dynamically formed 
membrane of hydrous ZriV oxide (600 p.s.i.g.) 

Equipment and Procedure 

Turbulence promoter tests were carried out in a stainless 
steel recirculation loop. The loop consisted of a 50-g.p.m. 
canned rotor pump, a heat exchanger to maintain the cir
culating stream at a steady temperature, air-operated control 
valves, and a line bypassing the test section. High flow rates 
were measured with a calibrated venturi and low flow rates 
were measured with a high-pressure rotometer. Feed was in
troduced with a Hydropulse pump rated at 31j, g. p.m. 
This capacity was sufficient to permit a large portion of the 
circulating steam to be let down to atmospheric pressure, 
mixed with product water and returned to the loop, thus 
minimizing concentration changes during a run. 

Porous carbon tubes were used as support for the dynamic 
membranes; they were 20-in. long, 0.39-in. o.d. , 0.23-in. i.d. , 
and were capable of withstanding a pressure of 1000 lb. per 
square inch when pressurized internally. 

For most of the tests, the membrane was formed by cir
culating a solution of 0.0001M hydrous zirconium oxide, 
O.ot5 to 0.04M MgCI,, and sufficien t HCI to give a pH of 3, 
through the carbon tube at a linear velocity of 5.8 ft. per 
second (a Reynolds number of about 13,000) under a pressure 
of 600 p.s.i.g. After a membrane formation period of 16 to 
18 hr., the membrane was sufficiently stable to give repro
ducible results for circulation velocities from 0.5 to 18 ft. per 
second using the same feed composition as during the mem
brane forming portion of the run. 

Turbulence Promoters. To determine the effect of runners 
on detached turbulence promoter performance, spiral pro
moters were fabricated from wires with diameters of 0.025 in., 
a diameter previously ·(Mixon, 1968) found to be near opti
mum for the tube diameter used in this study. The pitch of the 
spiral was 0.25 in. Three different designs were tested. 

CoNTINUOUS RuNNERS. Four continuous wire runners with 
diameters of 0.010 in. were spot welded to the outside of the 
wire spiral. The runners thus served to hold the ·spiral away 
from the membrane surface, to maintain the pitch of the spiral, 
and to stiffen it. 

PARTIAL RUNNERS. Short pieces of runner with diameters of 
0.010in. and length of0.7 in. were spot welded to each end and 
to the middle section of the spiral. To provide rigidity and to 



maintain spiral pitch, two wires with a diameter of 0.025 in. 
were spot welded to the inside of the spiral. 

No R uNNERS. This spiral had no runner on the outside and 
two runners spot welded to the inside for rigidity. The nominal 
outside diameter of the spiral was 0.001 in. less than the inside 
diameter of the carbon tube ; some turns of the spiral were as 
much as 0.008 in . smaller in diameter than the inside diameter 
of the tube. Considering the slight eccentricity of the hand
bored carbon tube, it is probable that on the average the spiral 
was separated from the surface by 0.002 to 0.004 in. with 
occasional point contact. 

Since dynamic membranes presumably can be formed on 
irregular surfaces, an attempt was made to remove material 
from the inside of a carbon tube, leaving a ridge with a pitch 
of 0.25 in. This was not accomplished but it was possible to 
use a screw-thread die to produce a turbulence promoter with 
20 turns per inch of tube length with a thread height of 0.032 
in. This tube had a surface area 65 % greater than a smooth 
tube with the same diameter. 

In all cases, the turbulence promoter was positioned in the 
downstream half of the tube. Such an arrangement permitted 
the emux to be divided into two streams, so that the promoted 
and unpromoted performance of the membrane could be 
eva luated under as nearly identical experi mental conditions as 
possible. 

Experimental Results 

Figure I shows results of two tests with the same design 
" parti al runner" turbulence promoter but different feed 
concentrations plotted as In [(I - R. 1, )/R.,,] vs. vfu'' '. a 
form which permits determination of the intrinsic rejection, 
R, by ex trapola tion to infinite circulation velocity, u. The 
valid ity of thi s procedure has been demonstrated (Shor, 
Kraus, et a!., 1968b). Values of the intrinsic reject ion at the 
two different concentrations are in excellent agreement with 
those of previous studies (Shor, Kraus, eta!., 1968b), and are 
characteri stic of results with ion exchange-type membranes. 
The results for the portion of the tube containing no tur
bulence promoters have the initial stra ight line form pre
dicted by Equation 1 for the turbulent flow regime. As the 
linear veloci ty is decreased, there is a sharp reduction of re
jection in the transition flow regime and finally very low 
rejection in the laminar fl ow regime. The resu lts for the por
tion of the tube containing a turbulence promoter fall along 
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Figure 2. Comparison of effect of partial and continuous runners on 
hyperfiltration j factor 

Dynamically formed hydrous Zr 1v oxide membrane, 600 p.s.i.g . 
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Figure 3. Effect of spiral turbulence promoter with no runners on 
observed rejection and product water Hux 

0.023 M MgCh, 600 p.s. i.g., hydrous Zr1v oxide membrane 

a curve with almost constant slope and do not have the sharp 
break characteri stic of the transition from turbulent to laminar 
flow. It is notable that for vfu"' ~ 20 X I0- 5 (cm./sec.)' ' '• 
the observed rejection of the portion of the tube containing no 
turbulence promoters was less than 20%. whereas the ob
served rejection of the portion of the tube containing tur
bulence promot~rs was greater than 80 %- i.e. , the presence of 
turbulence promoters caused a marked improvement in 
membrane rejection. The shape of the curves shown in Figure I 
is characteristic of the bulk of the results we have obtained 
with and without turbulence promoters. 

The results shown in Figure I are replotted in Figure 2 as j 
for hyperfiltration vs. N "' (see Equation 2) using the same 
symbols as in Figure I for the different conditions. In addition, 
there is a new set of results for turbulence proniOter with a 
"continuous runner." There is good agreement among all 
three no-turbulence promoter tests which had transmission 
rates from 48 to 11 0 g.p.d. /ft. 2 and feed concentrations from 
0.018 to 0.031 M. The line through the laminar flow data has a 
slope of - 'f, as expected from heat-transfer results, and the 
line through the smooth tu be turbulent flow data has a slope of 
- 'f, , as indicated by Eq uation 2 and also as expected from the 
heat-transfer results. The slope of - 1/ 4 also supports the 
valid ity of the linear, slope intercept model in which In {[(I -
R,,,)fR.o,]/[(1 - R)/Rl l is plotted vs. vfu"' and the results 
extrapolated to obtain the intrinsic rejection at infi nite circu
lation velocity-i.e., the nonconstancy of R primarily affects 
the value of Kin Equations I and 2, not the va lue of the ex
ponent of u. 

In Figure 2, the solid circles and triangles are results ob
tained by using the same "partial runner" turbulence promoter ; 
as with the unpromoted data the agreement of the two tests 
is quite good. The solid squares in Figure 3 are results ob
tained with a spiral turbulence promoter identical with the 
turbulence promoter used in the other tests shown in Figure 2, 
except that it had "continuo us" runners instead of "partial" 
runners. At a Reynolds number of 103, both turbulence pro
moter designs increased the j factor by an equal amount 
(a factor of 2.6). At larger Reynolds numbers the effectiveness 
of the promoter with continuous runners decreased contin
uously until, at a Reynolds number of 3 X 10', it had no effect 
on the j factor when compared with smooth tube results. 
In contrast, the results for the promoters with the partial 
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Figure 4. Effect of spiral turbulence promoter with no runners on 
hyperfiltrationj factor 

600 p.s.i.g., hydrous Zri v oxide membrane 

runners were considerably above the smooth tube results even 
at a Reynolds number of 5 X 10 4 (a factor of 1.48). Note that 
the transmission rate in the half of the tube containing the 
turbulence promoter was always greater than the value for 
the corresponding test in the unpromoted half of the tube. 

Results of a test with the spiral with no runners are shown in 
Figures 3 and 4. As pointed out above, despite the absence of 
runners, it is believed that this 0.025-in. diameter wire spiral 
was 0.002 to 0.004 in. away from the surface over most 
of its length because of irregularities in spiral manufacture 
and in the diameter of the hand-bored carbon tube. Notable 
features of these results are: the same intrinsic rejection 
(93.7%) for both promoted and unpromoted half of the tube; 
pronounced enhancement well into the normal laminar flow 
regime; maximum mass-transfer enhancement in the transi
tion Reynolds number regime (a factor of 5.7 in this instance); 
marked increase in transmission rate in that portion of the 
tube containing the turbulence promoter (from 80 to 200 
g.p.d./ft. 2 in this instance); and significant increase in j 

factor well into the turbulent flow regime (a factor of 2 at a 
Reynolds number of 4 X 10 4

). 

The behavior of an attached "screw-thread" promoter is 
illustrated in Figures 5 and 6. With this promoter a choice 
must be made of which surface area to use in calculating the 
transmission velocity from the measured volumetric produc
tion rate-i.e., the area corresponding to the nominal tube 
diameter or the true surface area of the screw thread. If the 
nominal diameter is used to calculate the surface area, the 
transmission rates for the unpromoted and promoted sur
faces are 110 and 260 g.p.d. /ft. 2, respectively. If the true sur
face areas are used the transmission rates of the unpromoted 
and promoted surfaces are 110 and 160 g.p.d./ft. 2, respectively. 
The true surface area was used in the calculation of the j 

factors shown in Figure 6, and the nominal surface area was 
used for Figure 5. 

Comparison of Figures 3 and 5 shows a major difference 
in the performance of detached and attached promoters in 
hyperfiltration- i.e., with detached promoters, both the pro
moted and unpromoted halves of the tube gave the same in
trinsic rejection (Figure 3) whereas with the attached (screw
thread) promoter, the intrinsic rejection of the promoted half 
of the tube was 95% compared with 99% for the unpromoted 
half of the tube. [Note that in terms of product quality, the 
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proper comparison is of the value of (I - R)-i.e., 0.04 and 
0.01, a factor of four difference largely attributable to stag
nant regions at the root of the screw thread.] These values of 
the intrinsic rejection were used in the calculation of the 
j factors shown in Figure 6. In the laminar, transition, and 
turbulent flow regimes, the screw-thread turbulence promoter 
gave j factors twice the value for the smooth tube when the 
true surface area was used to calculate the transmission 
velocities. When the transmission velocity was based on nom
inal tube diameter, the screw-thread turbulence promoter 
j factor was 3.3 times the value for the smooth tubes. In heat 
transfer studies with air as the fluid (Draycott and Lawther, 
1961; Furber and Cox, 1967), a screw-thread turbulence pro
moter with 24 threads per inch gave j factors twice the value 
for the smooth tube when the nominal tube diameter was 
used in the calculation of heat flux. The apparent greater 
effectiveness of the screw-thread promoter at the high Schmidt 
numbers of the present study is consistent with similar ob
servations with both attached (Smith and Gowen, 1965) 
and detached (Watson and Thomas, 1967) turbulence pro
moters. 

Time Dependence. The effect of turbulence promoters on the 
transmission rate of dynamic membranes occurs in two differ
ent ways, as illustrated in Figures 7 and 8. These results were 
obtained by using a carbon tube which was brushed and acid 
washed between each test to remove the membrane. A new 
membrane was formed at three different velocities: 47, 160, 
and 540 cm. jsec., with a spiral detached turbulence promoter 

Figure 5. Effect of attached (screw thread) turbulence promoter on 
intrinsic rejection of dynamically formed hydrous zirconium oxide 
membrane 
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Figure 6. Effect of attached (screw thread) turbulence promoter on 
hyperfiltration with a dynamically formed hydrous zirconium oxide 
membrane 

600 p.s.i.g., 0.027 M MgCI, 
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Figure 7. Effect of circulation velocity and time on formation of 
dynamic membrane 

No turbulence promoter, feed: 0.032M MgCI:z. membrane: O.OOOlM 
Zr 1

'" oxide 

with longitudinal runners located in the downstream half of 
the tube. Duplicate tests, indicated by differently shaded 
points, showed good agreement. At the lowest linear velocity 
(47 cm.fsec., or N n, = 3100, corresponding to a low transi
tion region Reynolds number), both promoted and unpro
moted transmission rates decreased as the -0.3 power of time. 
However, the transmission rate of the promoted half of the 
tube wa~ 2.3 times grea ter tha n the unpromoted half of the 
tube. At the intermediate velocity (160 cm.fsec., N n, = 

10,500), the transmission rate of the promoted half of the 
tube was again greater than that of the unpromoted half. How
ever, at thi s velocity the transmission rate of the promoted 
half of the tube decreased at a slower rate than the unpro
moted half- i. e., with the -0.25 power of time compared with 
the -0.33 power of time for the unpromoted half of the tube. 
At the highest velocity (542 cm.fscc., N n, = 35,000), the 
transmission rate of the promoted half of the tube was again 
greater than the unpromoted half a nd the rate of decrease 
with time was much smaller- i.e. , the - 0.12 power of time 
for the unpromoted tube. Thus, a detached turbulence pro
moter with spiral runner apparently caused both a higher 
transmission rate and a slower decrease of transmission rate 
with time than was observed in the absence of turbulence 
promoters. 

Friction Factors. Friction factors for carbon tubes contain
ing wire spiral with no runners, with a parti al runner, and with 
a continuous runner were within ± 10% of each other and 
were almost a factor of I 0 greater than the friction factors 
for a carbon tube with no turbulence promoter in the Reyn
olds number range 2 X 10 ' to 4 X 10 ' . The results for the 
three spiral promoters in carbon tubes were fitted by 

I = 0.77/Nn, '· " (3) 

and the results for the carbon tube with no promoters were 
fitted by 

(4) 

The results for carbon tube with no promoters were somewhat 
a bove the conventiona l smooth tube line; the results fitted 
curves (Schli chting, 1968) for an equiva lent sand grain rough
ness of kd/ D = 5 x 10- 3• 

Economic Calculations 

Computer Code. The effect of turbulence promoters on the 
economics of hyperfiltration with dynamic ion exchange-type 
membranes was briefly explored using computer code de-

Figure 8. Effect of detached turbulence promoter, circulation velocity, 
and time on formation of dynamic membrane 

Feed: 0.031M MgCI, membrane: O.OOOIM Zr1v oxide 

veloped by Griffith, Keller, eta/. (1970). A general description 
of the code and results of a parametric study of tubular systems 
have been published elsewhere (Griffith, Keller, eta/., 1968b). 

The computer code determines optimum How conditions 
to give minimum water costs by using a genera l nonlinear opti
mization procedure based on gradient search (Zellnik , Sondak, 
et a/., 1962; Cooper and Kephart , 1965; Cross, 1968). The 
numerica l procedure developed to approximate the differ
enti al process is based on subdividing the tube into a number 
of subsections, such that the concentration change in each 
section is equal and a rbitrarily sma ll. For given feed concen
tration , concentration ratio, tube di ameter, inlet How condi
tions, and membrane properties, the concentration polar
ization, effective pressure, and salt concentration in the product 
are calculated at the inlet to the first subsection. An iterative 
procedure is used to calculate concentration polarization, 
effective pressure, and salt concentration in the product at the 
end of the first subsection, as well as the length of the sub
section, the incremental water recovery, and the associated 
pressure and velocity drop over the subsection. This procedure 
is continued recursively down the tube and the pertinent vari
ables arc summed to obta in the overall water recovery, tube 
length, and pressure drop. From these results, the area and 
pumping requirements are calculated. Then a cost can be cal
culated for given economic parameters. 

Although the hydrodynamics was treated in a sophisticated 
manner, a simplified cost equation was used. This equation 
contains two parameters : (I) a daily capital and maintenance 
charge per square foot of membra ne area, CA, and (2) a 
unit cost for pumping power, CE. If the ratio of area to energy 
costs is defined as 

(5) 

then the unit cost of product water, C,, may be expressed as 

(6) 

A simplified equation of the Equation 6 type is most 
meaningful if the cost parameters are interpreted as incre
mental costs. The area cost, CA, would then be the additional 
capital charge and operating expense (expressed as cent/ft. 2 

day) associated with increasing the size of the plant; thi s in
cludes, for example, capital charges arising from additional 
membranes, backing materials, collection systems, space re
quirements, as well as additiona l operating expense to main
tain the increased area . The capital charges arising from the 
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cost of pumps might be included in CA , though it seems more 
appropriate to include pump costs in CE, the cost of energy 
(per k.w.h.), since additional pump costs are, as a first approx
imation, proportional to the energy consumption. 

The costs developed by using this computer program are thus 
relative and incremental; to obtain total water costs, terms 
not proportional to area or energy consumption would have 
to be included. For rough estimates of total water costs for a 
given set of conditions (or designs), however, it is probably 
sufficient to evaluate CA from the total daily plant cost and 
the area; CE may then be the unit energy cost (with or without 
pumps). 

In the present calculations, the ion exchange-type mem
brane characteristics were the same as those used in previous 
calculations (Griffith, Keller, eta/., 1968). The effect of tur
bulence promoters on hyperfiltration was based on the ex
perimental results shown in Figures 3 and 4, and their effect 
on friction factor was estimated from Equations 3 and 4. 
In particular, membrane permeabilities were 2 and 5 g.p.d./ft. 2 

atm. for the smooth tube and turbulence promoter cases, 
respectively. Friction factors for the turbulence promoter cases 
were assumed to be 10 times those for a smooth tube; the 
effect of turbulence promoters on concentration polarization 
was accounted for by using K = 12 in Equation 1 rather than 
the smooth tube value (Shor, Kraus, eta/., 1968b) of 25. 

Results of Optimization Calculations. Figure 9 illustrates the 
difference between optimum conditions for turbulence pro
moters and no turbulence promoters as well as the detailed 
nature of the computer output. Most notable is the marked 
decrease in plant length (from 245.7 to 75.2 ft.) associated 
with turbulence promoters. The decrease in plant length is 
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hyperfiltration membrane formed in the presence and absence of 
turbulence promoters 
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caused by both decreased velocity and increased permeability 
in the turbulence promoter case. 

The results of a series of calculations are summarized in 
Table I. These results are for minimum incremental water 
costs for a plant with CA = 0.5 and 1¢ per day ft.', and 
CE = 0.5¢ per k.w.h. CA and CE costs are not inconsistent 
with those used in prev ious economic studies (Keilin and 
DeHaven, 1965; Menzel, 1967). At a feed concentration of 
2000 p.p.m., the ion-exchange membrane characteristics as
sumed for the calculation are strained to produce product 
water of 500 p.p.m. quality. Consequently, there was little or 
no economic advantage for use of turbulence promoters 
with their attendant higher permeability membrane. 

When the inlet feed concentration is reduced to 1500 p.p.m. 
the membrane capabilities are no longer strained to produce 
500 p.p.m. product water with appreciable water recovery 
and the increased flux possible with turbulence promoters 
resulted in a significant economic advantage. 

With a feed concentration of 1500 p.p.m. and an area cost 
of 0.5¢ per ft. 2 day, the difference in optimum water cost 
without and with turbulence promoters was 2.9¢ per kgal. , 
(total cost of 12.1 and 9.2¢ per kgal. , respectively). Increasing 
the area cost to I ¢ per ft. 2 day increased the difference in 
optimum water cost without and with turbulence promoters 
to 5.4¢ per kgal. (total cost of 18.0 and 12.6¢ per kgal., 
respectively). Since the same area cost was used in the no
turbulence promoter and turbulence promoter calculations, 
the difference in cost represents the maximum that can be 
paid for turbulence promoter manufacture. 

The results given in Table I provide considerable insight 
into the details of how operating conditions were changed 
to achieve the optimum costs. The principal input changes 
due to turbulence promoters were an increase in permeability 
from 2 to 5 gal. per day ft. 2 atm., a decrease inK (Equation 1) 
from 25 to 12, and an increase in the friction factor by a factor 
of 10. The first two items lead to decreased costs, the last to 
increased cost. In arriving at a new optimum for a system with 
turbulence promoters, the optimization procedure determined 
optimum operating conditions with nearly equal plant and 
pumping costs as was the case in previous optimization calcu
lations for smooth tubes (Griffith, Keller, et a/., 1968). To 
maintain the approximate balance between plant and pump
ing costs, the optimization procedure in the computer program 
reduced the entrance pressure to 65% of the smooth tube 
value and it reduced the entrance velocity to 50% of the 
smooth tube value. Despite the reduction in inlet pressure, 
these conditions gave a 48 % increase in flux because of the 
increased permeability of the membrane in the presence of 
turbulence promoters. 

Discussion 
The experimental results of the present study support the 

definition of an ideal turbulence promoter for hyperfiltration 
as being one which neither blocks the membrane surface nor 
provides stagnant regions where solids can accumulate or 
where the concentration of rejected salts can build up. 

The screw-thread promoter design apparently permitted 
stagnant regions to form at the root of the thread, resulting in 
a significant decrease in intrinsic rejection compared with that 
observed on the smooth upstream half of the tube (Figure 5). 
In contrast, the spiral turbulence promoter with no runners 
(separated from the surface by an estimated 0.002 to 0.004 in.) 
gave the same intrinsic rejection as observed with the smooth 
upstream half of the tube (Figure 3). 

Comparison of the results obtained with turbulence pro
moters with continuous runners, partial runners, and no run-



Table I. Results of Economic Optimization Calculations for Tubes with and without Turbulence Promoters and 
Ion Exchange-Type Membrane 

Tube diameter ~ '/• in., CE ~ 0.5 cent/k.w.h. 
Bkndcd 

Plant Pumping Total Wd !Cr 

Feed Inlet Inlet Inlet Tube Av. Water cost, cost, cost, cost, !• 
con en pressure velocity Reynolds No. of length flux recovery cent/ cent/ cent/ cent/ 

(p.p.m.) (atm.) (ft./sec.) number tubes (ft.) (g.p.d. /ft. 2) ( %) kgal. kgal. kg a!. kgal. 

No-turbulence promoter,.f;,;[ = 1.0 
permeability = 2 gal./ft. 2 ·day· atm. 

1500' 40 8.6 16,800 996 222 69 53 7 .2 5 . 7 12 .9 12 .3 
60 13 .1 25,600 555 279 98 63 5 . 1 7.3 12.4 
48 3< 10.5 20,600 761 246 82 57 6.1 6.5 12.6 12 . 1 

2000" 40 11.4 22,300 1230 193 65 32 7.8 9.4 17 .2 
60 17 .0 33 ,400 681 261 86 39 5 .8 11.7 17.5 
46.6' 13.2 25,800 983 213 73 35 6.9 10 .1 17.0 

1500' 40 8.1 15 ,900 1210 179 71 46 14 . 1 6.6 18.9 
60 12 .2 23 ,800 616 243 102 61 9 .8 7 .5 17 .3 
65. I < 13 .7 26,800 595 235 110 56 9.1 8.9 18.0 17 . 1 

2000" 40 11.0 21 ,600 1300 178 66 32 15 .2 9 .6 24 .8 
60 15.8 31,000 774 210 94 37 10.6 12 . 3 22.9 
59 .8< 15.8 31 ,000 773 211 94 37 10.7 12.3 22.9 

Turbulence promoter,fpff = 10 
permeability = 5 gal./ft. 2 ·day · atm. 

1500' 40 7.0 13 ,600 1270 83 145 52 3.4 5.9 9 .4 
60 10 .2 19,900 793 102 189 56 2.6 8.1 10.8 
31 '9' 5.6 11 ,000 1670 75 121 48 4. I 5 .0 9.2 

2000' 40 9 .5 18 , 500 2390 47 136 20 3. 7 15.2 18 .8 
60 12.6 24,800 1430 59 182 25 2 . 7 18.2 20.9 
39 .9< 9.4 18 , 500 2390 47 136 20 3 .7 15.1 18.8 

1500" 40 6 .5 12 ,700 1480 67 157 49 6 .4 6 . 3 12.6 
60 9.8 19 ' 100 860 86 208 54 4.8 8.5 13.3 
42.2' 6.9 13,500 1320 71 162 50 6.2 6.5 12 . 6 

2000" 40 9 . 3 18 , 200 2450 45 140 20 7 . I 15' 3 22 .4 
60 12 .5 24,600 1450 56 188 25 5 . 3 18 . 3 23.6 
43 .8 ' 9.9 19 ,400 2150 48 150 21 6 . 7 15 . 7 22.3 

a Economically advantageous to blend product with feed to produce desired end-product. 
b R AE= l . 
c Indicates optimized value. Inlet velocity and water recovery optimized in all cases. 
d RAE~ 2. 

ners clearly indicated the necessity of minimizing contact with 
the dynamic membrane surface, particularly for Reynolds 
numbers in excess of 10 '. 

A novel feature of the detached turbulence promoter is that 
it maintains its effectiveness well into the normal laminar 
flow regime. Generally, this type of behavior is not observed 
with attached promoters (Bergles and Morton, 1965; Dipprey 
and Sabersky, 1963; Kays and London, 1964). 

A feature of all the turbulence promoters we have studied is 
that they increase the flux over that observed from the un
promoted portion of the tube in the same experiment. The 
greatest increase in flux (from 80 to 200 g.p.d ./ft. ' ) was ob
served with the spiral promoter with no runners. In addition 
to larger values of flux observed with turbulence promoters 
over the whole laminar to turbulent velocity range at any given 
time, flux decline with time was much slower for the tur
bulence promoter half of the tube than for the unpromoted 
half of the tube operating at the same velocity when the veloc
ity was above 160 cm. fsec. 

Based on economic optimization calculations, use of a tur
bulence promoter with dynamic membranes can result in a 
significant economic advantage, largely because of the in
creased permeability. Use of turbulence promoters also results 
in markedly different operating conditions and plant geometry 

compared with no-turbulence promoter plant-i.e., a 50% 
reduction in inlet velocity, a 35 % reduction in inlet pressure, 
and a 65% reduction in tube length. 
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Nomenclature 

A = area ft' 
CA = unit'co~t of area, cents/ft.' day 
CE = unit cost of energy, centsfk.w.h. 
c. = product water cost, centsfkgal. 
D = tube diameter, ft. 
f = smooth tube friction factor, (DD.Pf4LXpu'f2g,) 

dimensionless 
} ;, = turbulence promoter + smooth tube friction factor, 

dimensionless 
g, = conversion factor, (lb. m/lb.1Xft.jsec.') 
j = j factor (see Equation 2) dimensionless 
K = coefficient in Equation I, dimensionless 
L = tube length , ft. 
N n, = Reynolds number, dimensionless 
Ns, = Schmidt number, dimensionless 
P = pressure, atm. 
D.P = pressure drop, lb. force/ft. ' 
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P8 = energy consumed per day, k.w.h.fday 
p = fluid density, lb. mass/ft. 3 

R AE = cost ratio, CA/CE 
R = intrinsic salt rejection 
Rob• = observed salt rejection 

= production rate, ft. /sec. 
u = axial velocity, ft. /sec. 
W,, = daily production, kgal.fday 
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The Monitoring of Hydrogen, Methane, and Hydrocarbons in the Atmosphere 

William H. King, Jr. 

Esso Research and Engineering Co., Linden, N.J. 07036 

• A simple, automatic system of recording only methane and 
(or) methane plus all other hydrocarbons using a selective 
combustor and a flame ionization detector is reported. In 
addition, another system is presented using the selective com
bustion technique and a water sorption detector where hydro
gen, methane, reactive hydrocarbons, and nonreactive hydro
carbons are separately recorded. In the latter instrument, the 
air is first dried and led through a combustion tube and then 
to a water detector. Reactive and nonreactive hydrocarbons 
are distinguished by ease of combustion. 

I n monitoring the atmosphere for hydrocarbons, the flame 
ionization detector (FID) is most often used. This sen

sitive instrument responds to hydrocarbon and partly oxidized 
hydrocarbon. Methane accounts for 60 to 90% of the atmo
spheric hydrocarbons, but it is photochemically inert. The 
large methane signal obscures the active smog-producing 
hydrocarbons. Thus, a method for simple registration of all 
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nonmethane hydrocarbons has been sought. Gas chromatog
raphy is used, but it is expensive and normally reports only the 
light hydrocarbons. Ortman (1966) described a method pres
ently used in some monitoring stations where all hydrocarbons 
except methane are removed from the air with use of an ac
tivated carbon fi lter with the resulting air analyzed for methane 
via the FID. This is a simple technique; however, filters require 
careful preparation and replacement. In addition , there is a 
5-min. delay between methane concentration changes and the 
observed result. 

The decomposition energy required for methane is signifi
cantly higher than other hydrocarbons; it is also photochemi
cally inactive, and by the same token, advantage can be taken 
of methane's inertness to ana lyze for it in the presence of other 
hydrocarbons by using a selective catalytic combustor. Meth
ane analysis is almost instantaneous using the combustor, and 
life is in excess of six months. Another class distinction can be 
made between the remaining hydrocarbons by altering com
bustor temperature. 

Three basic methods of monitoring hydrocarbons will be 
considered in the following discussion. These are diagrammed 



in Figure 1. The advantage of these three techniques over the 
other methods lies not only in the selectivity of the combustor 
to H., CH, and other hydrocarbons, but in sensitivity. Also, 
it do~s not' depend as much on compound type as do such 
techniques as nondispersive infrared. 

Method 1 depends on the flame response being proportional 
to the number of carbons burned per second. Dietz (1967) 
summarizes the F1D weight basis response fac tors for many 
hydrocarbons. For 83 paraffins, 20 aromatics, and 5 olefins, 
the response factors are within 5 % of each other (1 ± 0.05), 
while oxygenated compounds run 40 to 85 % lower than paraf
fins. 

Method 2 produces signals proportional to the hydrogen 
content of the hydroca rbon, while Method 3 yields a carbon 
content signal. The carbon signal is the most faithfu l for re
porting the weight fraction of hydrocarbon in the air. Un
fortunately, CO, analyzers are not yet ava ilable with adequate 
sensitivity to use on ambient air hydrocarbon monitoring. 
Rosenbaum (1959) has applied the technique to gas chro
matography effl uents where concentrations far exceed I p.p.m. 

Method 2 should be preferred since a coated crystal sorption 
detector for water is sensitive enough , simple, rugged, and 
long-Jived. The eq uipment requires only the a ir sample and 
electricity. The response time is a few minutes, far slower than 
the FID ; however, it is adequate for air monitoring. 

Method I is a modification of the usua l method of monitor
ing the atmosphere with the FJD. The FID is rapid, sensitive 
enough, already in use, and popular. With this method, the 
methane plus hyd rocarbons are determined by operating the 
combustor cold; next, the combustor hea t is increased to the 
point where a ll hydroca rbons except methane are consumed. 
Thus, the FID signal is for methane alone, and subtraction 
yields the nonmethane hydrocarbon signal. The disadvantages 
of the FID are that hydrogen and combustion air cylinders 
are required, and it is a subtractive and not a direct techn ique 
for reactive hydroca rbons. However, this is an accepted ap
proach and will be widely used, especia lly since most air 
monitoring stations already have FJD's, and all they need to 
add is the programmed selective combustor to measure 
methane. The combustor also permits the fl ame background 
to be measured. 

Experimental 

The character of Methods 1 and 2 were determined and 
eva luated for several months in conjunction with automatic 
programmed selective combustor units. The selective com
bustor consisted of a 1/ 4-in . o.d. quartz tube contai ning a 2-in.
long coil of 16 mil platinum wire 24-in. long. This coi l was 
connected to a transformer which could vary the power input 
from 0 to 64 W manually or by an automatic timer. At 64 W 
all hydroca rbons, including methane, were burnt. Thus, a zero 
level for the FJD was determined. This procedure, then, elimi
nates the bother and expensive "zero gas" to determine back
ground levels. Wire temperatures were estimated from the 
resistance of the coi l and known coefficients. 

Analysis of the selec tive combustor products was accom
plished with a Perkin-Elmer F-It chromatograph equipped 
with a fl ame ionization detector. One-cc. samples were used, 
and the column was 1/ 8 in. X 5 ft. Porapak Q operated at 
JOO o C. 

The output of the select ive combustor was fed to either the 
F-11 FID or to a water-sensing sorption detector. The selective 
sorption detector for water consisted of two piezoelectric 
quartz crysta l resonators coated with a hygroscopic polymer. 
The uncombusted dried air flowed over one crystal through 
the combustor to the second detector crysta l. Thus, when 

MET HOD 1 
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/1.1£.Til00 2 

AIR 

MET HOD 3 
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Figure 1. Three basic methods for hydrocarbon monitoring 

hydrocarbons were present the frequency of the second crystal 
would decrease because it received the water of combustion. 
The net frequency difference was recorded vs. time. Calibra
tion was affected by passing precombusted air through a small 
KOH electrolysis cell at the inlet. Thus, known amounts of 
hydrogen were generated, creating known water concentra
tions. 

Under Method 2, a dryer must be used in front of the com
bustor to keep the large amount of atmospheric water from 
swamping the water analyzer. Cartridges packed with Dowex 
50 W X 8 (Na+) form ion-exchange resi n dried at 300°F . in 
dry nitrogen were most effective in passing hydrocarbons, 
alcohols, olefins, and the like, and yet highly effective in trap
ping the water. Samples of C to C11 paraffins were injected 
at the pump inlet to test the overa ll system for hangup, and the 
expected yields of water were found. C10 to Cu gave long tails 
lasting 5 to 10 min., but lighter materials were much faster. 
Polar materials such as alcohol , acetone, and toluene had 
negligible tailing as long as the cartridge was reasonably dry . 
The water picked up by the dryer tended to hold polar mate
rials. This problem and cartridge replacement were eliminated 
by the use of a heatless dryer developed by Skarstrom (1960). 
The heatless dryer was also packed with Dowex 50 W X 8 
(Na+). This type of dryer regenerates itself every 30 sec. at the 
expense of purging some dry air. It is simple and long-lived , 
and each drying cycle produces product a ir a little dryer than 
the previous cycle until the dew point is not observed, even at 
liquid nitrogen temperatures (78 °K.). Rejection of water to 
this extreme is not a requirement. In addition, the dryer is 
maintained in a constant condition of dryness which greatly 
reduces polar compound hang up. 

For automatic operation of the selective combustor in 
Method 2, four voltages were selected by a four- switch timer. 
The circuit and program of Figure 2 produce the following 
combustion conditions shown in Table I. 

For automatic operation of Method 1, where H, and re
active hydrocarbons cannot be determined, the last two pro
gram steps are omitted. The first step is 7 min. of high heat to 
combust all hydrocarbons and establish the FJD, zero. The 
next 7 min . of the medium heat establish the methane level, 
and then the power is turned off for 40 min. to record total 
hydrocarbons. 

Results and Discussion 

The performance of the selective combustor was determined 
by feeding p.p.m. -level hydrocarbons in air at various flow 
rates to the combustor and analyzing the product by gas chro
matography. Methane is the most difficult to burn ; however, 
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SWITCH POSITION 

COMBUSTOR 
TIME ~ SW I sw 2 ~ SW 4 

0 TO 45 MINU TES 12 NO NO NO NO 

45 TO 50 MINUTES NC NO NO NO 

50 TO 55 MINUTE S NC NC NC NO 

55 TO 60 MINUTES NC NC NC NC 

Figure 2. Electrical circuit for the selective combustion tube 

Switch positions are shown for the Industrial Timer Corp. MC8/4SW/A12 
unit 

Table I. Temperature Program of the Selective Combustor 
Part of the Temperature 

hour• (min.) level Remarks 

0 to 39 
39 to 46 

46 to 53 

53 to 60 

High H,, C~o plus hydrocarbons burnt 
Medium H, plus all hydrocarbons except 

C1 burnt 
Low H,, olefinic, and reactive hydro-

carbons burnt 
Very low Only hydrogen burnt 

a A cycle time of l hr . was selected because this is the frequency of data 
logging at our air monitoring station . This particular program record s 
total hydrocarbons most of the time. The other species show up as steps 
down from the total once per hour. 

at an estimated wire temperature of 1200° to 1300°C., com
bustion is complete provided the residence time exceeds 0.4 
sec. Efficiency data obtained at several flows for 1.6 p.p.m. 
methane feed are shown in Table II. For air flow rates below 
60 cc.fmin., at least 97% of the methane reacted as indicated by 
the residual of 0.05 p.p.m. This low value is an analytical 
error produced by the syringe injection method since intro
ducing only the syringe needle indicated 0.05 p.p.m. 

The results of gas chromatographic analysis of combustor 
products vs. combustor temperature are shown in Figure 3, 
p.p.m.-level hydrocarbons were used. At 400°C., the two ole
fins were combusted to extinction; however, at this point, 
methane is generated by thermal cracking, etc. At about 1000° 
C., most of the ethane and olefins were burnt and some meth
ane is lost, while at 1300°C., all hydrocarbons, including meth
ane, are consumed. While not shown, a sharper distinction is 
obtained between methane and propane. For methane/ethane 
the selection is about 87% effective, while for methane/pro
pane it is 95%. 

Hydrogen is very easily consumed on platinum in air be
cause H 2 absorbs in the platinum as atomic hydrogen, and 
reaction with oxygen is complete at 150°C. as evidenced in 
Table III. It has thus been shown that several compound types 
are selectively burnt by the platinum combustor. 
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Table II. The Combustion Efficiency 
of Methane vs. Flow Rate• 

Flow rate (cc./min.) 
Residence time 

(sec.) Product p.p.m. CH, 

10 
20 
40 
60 

130 
290 

2 
1 
0.5 
0.4 
0.2 
0.1 

0.05 
0.05 
0 .05 
0 .05 
0.2 
0 .7 

a Ambient air containing 1.6 p.p.m. methane passed through a com
bustor a t various ftow ra tes. The exhaust was analyzed by gas chro
matography. 

Optimum temperatures can be obtained on synthetic mix
tures containing typical hydrocarbons. Tests on ambient air 
during high pollution were conducted to check the selected 
temperatures. A temperature scan on polluted air from com
plete combustion to zero showed two breaks : one at high tem
perature, indicating the methane/paraffin separation; and one 
in the 250 to 500° C. range, indicating the nonreactive/reactive 
split. These separations are by no means precise or as well 
defined as obtained with the synthetic blends because of the 
large smear of materials in polluted air. The important point 
is that the separation is directionally the same as one could 
expect the reactivity to be in the atmosphere. A better defini
tion of the separation must await detailed studies on the cata
lytic combustion of trace materials to water. This is now 
possible with the sensitive water sorption detector. 

Innes and Andreatch (I 970) reported on a selective com
bustor using vanadia catalyst in a heat of combustion detector 
operating at high concentrations . They showed a reasonable 
correlation of low severity combustion with smog effects. 

By employing a flame ionization detector as Method 1 was 
diagrammed in the introduction, new and useful atmospheric 
hydrocarbon analyses result. A simple timer programs the 
combustor through two temperatures . Full on for 5 min. re
moves all hydrocarbons, thus establishng a zero level. This 

~ ; 0 

20 

PRO r YLE NE 
(li>i'Ml-

---1 ·--. , --
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( 

Figure 3. Analysis of combustor products at various temperatures 
demonstrating degree of selectivity 



is advantageous for checking drift automatically without using 
expensive "zero gas", which is never really zero. After full on 
has established zero, the timer switches to a new heat for 5 
min. where methane is not combusted, but all other hydrocar
bons are, and the FID now registers the value for methane. 
Next, the combustor switches off and total hydrocarbons are 
sensed. But what about the olefins that were so beautifully 
separated by the combustor? Why not add a third heat to 
indicate olefins? Alas, Mother Nature has been unkind be
cause near the olefin temperature, methane and other hydro
carbons are produced by cracking and recombination reac
tions, and the flame response increases with increasing tem
perature. This is shown by Figure 4. 

An automatic zero, methane, and total hydrocarbon ana
lyzer using the combustor and a Beckman FID was operated 
on laboratory air before being installed in an air monitoring 
station for long-term evaluation. Typical results are shown by 
a reproduction of a recording in Figure 5. The recording shows 
several hours of monitoring. At the points marked I , the com
bustor was turned full on, establishing the zero level at 2. At 
Point 2 the combustor was turned down to pass methane only, 
thus establishing the methane level at 3, where the power was 
removed to permit recording total hydrocarbons for the re
mainder of the hour when the whole cycle repeats . The curious 
spike at I was determined to be due to oil vapor in the air, 
which condensed on the combustor during the off period. This 
was confirmed further by other analyses. When the cycle was 
repeated after short "off' intervals, no spike resulted. When 
the combustor was off for several hours, a giant spike oc
curred. By integrating the spike area, the oil concentration was 
estimated to be 0.1 p.p.m. No systematic workup or check on 
this conclusion was made. 

Methods 2 and 3 are capable of a ll three selectivities be
cause only products of the combustion are sensed. In Method 
2 the air sample is first dried and then combusted. The result
ing water is selectively detected by a sorption detector, which 
responds to water, but not hydrocarbons. Several models of 
the Method 2 analyzer were built. One, using a DuPont 510 

f EED CQt..lPOSlTION PP~.l 

J 1\IETilA NE 
1 ETIIYLENE 
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VARIAC SETTING 

Figure 4. Total flame ionization response vs. combustor temperature 

Table III. Selective Catalytic Combustion at 150°C. 
Percent converted 

Vapor Platinum Palladium 

Hydrogen 100 100 
Methanol 2 0 .012 
Ethanol 2 0 .05 
Acetone 0 .05 0 .04 
Pentane 0 .001 0 .0002 
Benzene. 0 .001 0 .0002 
Methane 0 .0003 0 .0006 

Table IV. Percent of Time Concentration Is Exceeded• 
Total 

hydrocarbons 

By flame 
By King 

0.1 

5.0 
5 .6 

4 .1 
4 .4 

10 

3.2 
3.6 

50 

2 .3 
2 .2 

• These are hourly p,p.m. data for August 1969. Average for the 
month was 2.4 p.p .m. Beckman FlO and 2.4 p.p.m. King. 

moisture analyzer and a Gow-Mac combustor (13-750), is still 
undergoing a side-by-side comparison test with a Method I an
alyzer at the Esso Research Air Monitoring Station (ERAMS). 
At this point in time, one year has been Jogged with no mainte
nance on Method 2, and two failures by Method I. Both ana
lyzers track each other well , as shown by Table IV. Method I is 
by flame ionization and Method 2 is called the King Method. 

A second, and Jess expensive, analyzer using Method 2 is 
installed at the author's home in Florham Park, N.J. This is 
practical since the method is simple, requiring only a small 
pump, a dryer, a combustion tube, a timer, a sorption de
tector, and an inexpensive Heath Kit recorder. An "at home" 
recording of methane, paraffins, and reactive hydrocar
bons is shown in Figure 6. In this recording, the combustor 
program was set for 42 min. to combust all, then from Points I 
to 2 for 6 min. to combust all except methane, from Points 2 

I LMI( ION I ZA liON 
r'L US SELECT IVE COfllBUSTOR 

ANALYSIS OF AIR 
r OR f..lETHAN( AND 

TOTI\l HYOROCARCONS 

12.3 PPM 
II YDROCARBON 

/ reAK 

1--- I HOUR ---1 
Figure 5 
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to 3 for 6 min. to combust olefins plus hydrogen, and from 
Points 3 to 4, 6 min. to combust only hydrogen. 

At 07:00 hr. on July 23, I969, where these points are de
picted in Figure 6, the hydrocarbon concentrations are 1.6 
p.p.m methane (Points I to 2), 1.15 p.p.m paraffin type hydro
carbons (Points 2 to 3) and I.9 p.p.m. olefin and other reactive 
hydrocarbon types (Points 3 to 4). Methane values were fa irly 
constant, rarely reading 2 p.p.m., while the other hydrocar
bons varied widely in October 1969, 1.4 p.p.m. methane was 
observed for long periods. Other hydrocarbons were less than 
0.2 p.p.m. before the traffic started on S. Orange Ave., which is 
700 ft. away from the sampling point. The effect of traffi c is 
readily discernible from the general background . Compare 
hours 06 :00 to 07:00 and 07:00 to 08:00. The rapid fluctua 
tions correlate with traffic density . The use of low power 
(I 50 ° C.) between Points 3 and 4 establishes a zero level where 
hydrogen only is burnt. Thus, if hydrogen should change, the 
zero level will change. Other measurements have convinced 
me that this rarely happens. If the hydrogen level is desired, 
the combustor can be programmed for an "off" period. 

Hydrogen was monitored for long periods of time at 
Bayway, N.J. , with use of a slight modification of the above 
system. The heatless dryer was packed with activated charcoal , 
using a purge to feed ratio of 7 : I, water and all hydrocarbons 
including methane were rejected. The hydrocarbon rejection 

NE/ 9 NE /10 NE/ l l 

efficiency was 100 % and methane was 97 %. This product was 
then led through a combustor and thence a water analyzer. 
The reason for the initial separation is because the combustor 
makes a 100 ~~ selection between methane and hydrogen. The 
selection between hydrogen and anything else in the atmo
sphere must be open to some question simply because it is 
difficult to test everything else. After several months of moni
toring, the 1-p.p.m. level was found to be very steady. Only 
once did the level reach 10 p.p.m. for a few minutes. The data 
suggest a slight diurnal effect with a maximum at 2:00 p.m. 
The deviation from average was only 0.1 p .p.m., and further 
investigation away from the heavy industrial area is needed to 
confirm or deny the diurnal effects. The ultraviolet conversion 
of formaldehyde to H, and CO is known. McQuigg and Cal
vert (1959) suggested the high altitude conversion of form
aldehyde as a possible source of diurnal H,. 

Summary and Conclusions 

Three new ways to monitor hydrocarbons in the a tmo
sphere were discussed. Method I involves a selective com
bustor and a fl ame ionization detector. With this method , an 
automatic zero level, meihane, and total hydrocarbons are re
corded. Method 2 involves converting the hydrocarbons to 
water with a selective combustor. Here, hydrogen, olefins, 
paraffins, and methane are recorded. The third method is 

Table V. Comparison of Flame and King Detector Methods of Continuous Atmospheric Hydrocarbon Analysis 

Response 
Sensitivity 
Sample 

Complexity 

Life 

Calibration 

Portability 

FID and combustor• 

Fast (0.1 sec.) 
Good (4 p .p.b.) 
Total carbon 
Methane by difference; not 

capable of reactive HC 
Requires H, and air cylinders 
Sensitive, expensive electrom

eter 
Entire unit thermostated (100 

liters) 
Flow of air and H , controlled 
Jets foul and require main

tenance 
Requires known blend 

Not portable 

XTAL and combustor 

Adequate (5 min.) 
Good (10 p.p.b.) 
Total hydrogen 
Reactive HC direct ; other HC 

and methane by differences 
No extra gases 
Simple electronics (4 transistors) 

One small cell thermostated 
(2.5 cc.) 

Not flow sensitive 
No critical orifices 

Simple. H2 by electrolysis-a 
first principle method 

Easily made portable and 
battery operated 

a The combustor has another important use in FID work. By placing one in the flame support air line all hydrocarbons are removed a nd noise re
duced such that 1-p.p.b. hydrocarbons are resolved by a gas chromatograph using 5-cc. samples. 
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analogous to Method 2, except the carbon dioxide of com
bustion is sensed. 

The preferred technique is Method 2 for the reasons 
summarized in Table V. Since most air monitoring sta
tions now have flame units, Method 1 will probably pre
vail after combustors are commercially available. It is ex
pected that Method 2 or 3 will be popular when and if reactive 
hydrocarbon monitoring becomes important. 
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Singlet Oxygen in the Environmental Sciences. Possible 

Production of '02 by Energy Transfer following Oxygen-Enhanced Absorptions 

J. W. Coomber,' D. M. Hebert, W. A. Kummer, D. G. Marsh,' and J. N. Pitts, Jr. 

Department of Chemistry, University of California, Riverside, Calif. 92502 

• A reversible absorption of actinic light ().. > 300 nm.) by 
collision complexes of tetramethylethylene (TME) and tri
methylethylene (TrME) with ground-state molecular oxygen 
02('~,-) has been examined. The Benesi-Hildebrand treat
ment of the reversible enhanced absorption gives the extinction 
coefficients of the collision complex. Using Mulliken's con
cept of charge transfer between olefin as donor and oxygen 
as acceptor, a mechanism for the production of singlet molec
ular oxygen [O,( 't.,) and (or) 0,( 1~0+)] is suggested. The 
applicability of these processes to photochemical air pollution, 
to the photodegradation of polymers, and to biological systems 
is discussed. 

F our routes have been proposed to account for the 
formation of singlet molecular oxygen, 02( 1~,+ or 

1t., ), in polluted urban atmospheres of the Los Angeles type 
(Pitts, 1969; Pitts, Khan, et a/. , 1969). They are (a) direct 
absorption of solar radiation by ground-state molecular oxy
gen, 0,( '~ ,-) (Leighton, 1961), (b) absorption of solar radia
tion by organic pollutant molecules, such as aldehydes, ke
tones, and polynuclear aromatic hydrocarbons, followed by 
transfer of energy to ground-state molecular oxygen, the 
Kautsky (1939) mechanism (Khan, Pitts, et a/. 1967), (c) 
photodecomposition of ozone (Kummler, Bortner, et a!., 
1969), and (d) as a product of certain exothermic chemical 
reactions (Murray and Kaplan, 1968). 

Coomber and Pitts (1970) have observed the first two pro
cesses under simulated atmospheric conditions using an in
frared spectrophotometer fitt ed with 40-m. pathlength cells. 
These authors suggested a fifth route for formation of singlet 
molecular oxygen which involves absorption of uv light by an 

1 Present address, Phys ical Chemistry Section, Central Electrici ty 
Research Laboratories, Leatherhead, England . 

2 Present address, Xerox Corp., Rochester, N.Y. 

oxygen-olefin collision complex. The 10 2 production is due to 
the perturbation and enhancement of the "forbidden" singlet
triplet absorption of the olefin by ground-state molecular 
oxygen followed by transfer of energy from triplet olefin to 
02('~, - ) to give 10 2( 1 ~. + or 't.,). 

In the present research, we hoped that by determining the 
uv absorption spectra of TME, TME + 0 ,, TME + C,H,Br 
mixtures, and the difference spectra of TrME- 0 ,-TrME, we 
would be able to detect this 0 2-enhanced transition and could 
then investigate the importance of this mechanism to photo
chemical air pollution. 

Experimental 

UV absorption spectra were measured by use of a Cary 15 
spectrophotometer. Two quartz sample cells, having 5- and 
7-mm. pathlengths, were used for liquid samples. They were 
fitted with two side arms for degassing, bulb-to-bulb distilla
tions, and sample transfer under vacuum, and could be evacu
ated via a Teflon greaseless stopcock to w-o torr. 

Materials 

Tetramethylethylene (TME) (Chemical Samples Co.) was 
treated with LiAIH, overnight, filtered, and the filtrate run 
three times through a 4-cm. column of fresh alumina. The 
sample was stored in vacuo and was better than 99.9% pure 
by g.l.p.c. Trimethylethylene (TrME) (Chemical Samples Co., 
99.9 %) was purified by passage through an alumina column 
until a minor, second peak completely disappeared. Ethyl 
bromide (Matheson, Coleman, and Bell) was purified by 
g.l.p.c. with use of a 15-ft. by 0.25-in. columnof20% Carbowax 
20MJHMDS Chromosorb W (60/80 mesh) at 75 ° C. with He 
as the carrier gas. No impurity was detected in the final 
sample. Cyclohexane (Matheson, Coleman, and Bell, spectro
quality reagent), oxygen (Matheson, ultrahigh purity grade), 
and air zero gas (Matheson) were used without further purifi
cation. 
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Figure 1. Effect of dissolved oxygen on absorption spectrum 
of TME at 25 °C., pathlength 5 mm. 

Procedure 

Curve I. Neat TME degassed at IO- • torr 
Curve 2. Partially oxygenated TME 
Curve 3. Oxygen saturated TME 

TME was thoroughly degassed by freezing, pumping, 
warming, and agitating until three consecutive pumpings 
gave " sticking vacuum." For the solution spectra, TME was 
transferred to the 5-mm. cell and a spectrum obtained in the 
230-400 nm. region. The sample was saturated with oxygen 
and its spectrum taken. This TME- 0 , mixture was frozen, 
pumped, and warmed and its spectrum retaken. This pro
cedure was repeated until all the oxygen had been removed. 
In experiments with TME-C,H,Br mixtures, the spectrum of 
degassed TME was run and then ~21'1 C,H,Br was distilled 
into 15-ml. TME and another spectrum were taken. The 
TrME-cyclohexane solution was saturated with oxygen and 
its spectrum taken in the 230-400 nm. region. Immediately 
afterwards the mixture was thoroughly degassed by freezing, 
pumping, warming, and bulb-to-bulb distillation to establish 
rapid equilibrium of olefin and residual oxygen between the 
gas and liquid phase. This procedure was repeated until no 
further change in the uv spectrum occurred, usually after 
six to seven cycles. 

R esults and Discussion 

The spectrum of degassed liquid TME shown in Figure 1 
agrees well with the literature spectrum, (API, 1959). 
There is no absorption at wavelengths longer than 275 nm. 
When the sample was saturated with oxygen the long wave
length limit of absorption was shifted to 380 nm. (Figure 1, 
Curve 3). Reducing the amount of dissolved oxygen by freeze
pump cycles reduced the intensity of the absorption (Figure 1, 
Curve2). 

When the same procedure was followed with a thoroughly 
degassed sample of 2-ml. TME in 10-ml. cyclohexane, the 
following results were obtained (Figure 2). With no oxygen, 
the long wavelength cutoff remained constant at 250 nm. 
(Figure 2, Curve 1). This was shifted to 350 nm. on saturation 
with oxygen (Figure 2, Curve 2). The effect of flushing the 
oxygenated solution with nitrogen is also shown in Figure 2, 
Curve 3. The absorption still persists between 250 and 310 
nm., showing that some oxygen remains. Obviously, degassing 
is to be preferred for removing dissolved oxygen. Curve 4 in 
Figure 2 shows that even careful degassing does not completely 
remove the increased absorbance. G.l.p.c. analysis of the 
TME-02 mixture showed that several products (~I % of the 
starting material) had been formed, of which only the hydro-
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peroxide of TME (2,3-dimethyl, 3-hydroperoxy, 1-butene) 
could be identified. These products may be responsible for 
the remaining irreversible enhancement of the absorption. 

The absorption spectrum of 21'1 C,H,Br/15 mi. TME is 
shown in Figure 3. Compared to the spectrum of neat TME 
the long wavelength cutoff has again been shifted toward the 
red and no structure is visible in contrast to the TME-0, 
mixture. 

As TME is very reactive toward 0 , , a less reactive com
pound, trimethylethylene, was chosen for study. Again, an 
0 2-enhanced reversible absorption was found . G.l.p .c. analysis 
of the TrME/0 2 mixture showed that less than 0.01 % prod
ucts had been formed. Figure 4 shows the difference spectrum 
of (TrME/O,fcyclohexane-TrMEjcyclohexane)- i.e., the en
hanced reversible absorption due to oxygen. 

For these mixtures the modified Benesi-Hildebrand equa
tion has been used (Scott, 1956 ; Trotter and Hanna, 1966). 
If a donor D and an acceptor 0 2 form a complex C with an 
additional absorbance A = (C) (e,)1, assuming that (D) = 
(D 0

) - (C) ~ (D 0
), one gets on rearrangement the following 

equation : 

The value of y plotted against different donor concentrations 
on the molar, molal, and mole fraction scale (subscripts c, m, 
and x) yields e,, Em, and ' •• respectively, as the inverse of the 
slope and • ,Q , , <mQm, and <zQz, respectively, as the inverse of 
the intercept. The equilibrium quotients Q's (rather than 
equilibrium constants, because no activity coefficients are 
included) and extinction coefficients for TrME- 0 , complex 
are shown in Table I. 

The values of,, and Em or '•• respectively, often represent 
upper and lower bounds for the " true" extinction coefficient 
(Trotter and Hanna, 1966). The 95% confidence limits for 
the different Q's vary between ± 5 and ± 11 %. but systemat ic 
errors are likely to be higher than that. 

Although the equilibrium constant cannot be eva luated 
accurately because no activity coefficients are included, the 
equilibrium quotient may be used for the fo llowing order of 
magnitude calculation. Using a diffusion constant k • ~ 
JO IOM- 1s- 1, a donor concentration (D)~ !OM, and an oxygen 
concentration (02) ~ w-a M , the change in complex concen
tration in unit time is d(C)/dt = k.( D)(O,) ~ 108 mole s- 1• 
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Figure 2. Effect of oxygen on absorption spectrum of 2-ml. TME in 
10-ml. cyclohexane at 25 oc., pathlength 5 mm. 

Curve 1. Degassed initial solution ( ........_, 10 - 6 torr) 
Curve 2. Oxygen saturated solution 
Curve 3. Nitrogen flushed solution 
C urve 4. Final solution, degassed to ........_, 10 - 6 torr 
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Figure 3. Effect of ethylbromide (2 1'1. in 15 mi. TME) on 
absorption spectrum of degassed TME at 25 ' C. 
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Figure 4. Difference spectrum of TrMEfO,fcyclohexane- TrMF./
cyclohexane, [TrME] = 4.5 M, pathlength 7 mm. 

As the stationary complex concentration is (C) = A/•1 ~ 
w-• M (A = absorbance), one gets a contact time of the 
collision complex on the order of JQ- 10 s in good agreement 
with other estimates (Kearns and Khan, 1968). 

Unfortunately, the results obtained in solution cannot be 
transferred easily and reliably to the gas phase (Mulliken and 
Person, 1969). Nevertheless, an order of magnitude calcula
tion may be carried out by keeping in mind that the figures may 
well be off by a factor of 10. Using a gas diffusion constant 
k, ~ 10 11M - 1s- 1, an equilibrium quotient Q, ~ I, and a 
contact time of J0- 10 sec., a 500-m. layer of I p.p.m. polluted 
atmosphere would absorb I% of the light at a wavelength 
where the complex extinction coefficients are ~.. = 20 M - • 
em.- • Although these results may quantitatively be subject 
to a large error, qualitatively they may prove to be very im
portant. Previously, classes of compounds such 'as olefins 
and aromatics have been dismissed as being unimportant 
in environmental systems because they do not absorb in the 
solar region. Many of these compounds now have to be re
considered because of the " red" shift in the presence of oxygen. 

Oxygen-enhanced effects on the gas- and liquid-phase uv 
absorption spectra of olefins and aromatic hydrocarbons of 

Table I. Equilibrium Quotient and Extinction Coefficient for the 
TrME/0 2 complex on the Molal, Mole Fraction, and Molarity 

Scale (m, x , c) 

X nm. <m .. ., 
250 68 74 73 
260 59 64 66 
270 48 53 55 
280 33 38 37 
290 21 24 24 
300 13 14 14 
310 8 9 8 

Qm = 0 .7 Q. = 8 Q, = 0 .85 

which many have been identified as atmospheric pollutants 
have been observed by Evans (1953, 1957a,b, 1959), Mulliken 
and Tsubomura (1960), and others (forreferences, see Hoijtink, 
1969). Examining mixtures of ethylene, benzene, toluene, 
styrene, m-cresol, naphthalene, phenanthrene, pyrene, benzo
pyrenes, and anthracene, as well as many other compounds 
with oxygen at high pressures, Evans assigned this shift to 
enhancement of the forbidden singlet-triplet transition of the 
compounds by formation of a collision complex with oxygen 
(a paramagnetic perturber) and subsequent light absorption. 
Mulliken and Tsubomura found an increased absorption by 
simply bubbling oxygen into ethanol, dioxane, n-butylamine, 
benzene, mesitylene, pyrrole, triethylamine, aniline, N,N
diethylaniline, etc. As their extinction coefficient is about a 
hundred times stronger than the • of known T +- S absorp
tions, they advocate the formation of a contact charge trans
fer complex between oxygen and the different donors. The 
enhanced absorption observed in this work is comparable to 
the one found by Mulliken and Tsubomura, and therefore 
it is believed that the reversible absorption is due to a charge 
transfer complex. Furthermore, the unstructured absorption 
is in favor of such an explanation. The structure which appears 
near 270 nm. ( = 37,000 em.-•) in Figures I and 2 must be 
due to product formation and not to T +- S absorption be
cause the triplet energy of TME was proposed to lie at 41 6 
nm. ( = 24,000 em.-•) by Cundall and Griffiths (1965) and at 
340 nm. ( = 29,400 em.-•) by Itoh and Mulliken (1969). 

Mulliken and Tsubomura (1 960) have given a plausible 
explanation for the intensity of the charge transfer band. 
As the oxygen-donor pair is a very weak complex or contact 
pair, the overall state is a triplet state consisting of the singlet 
ground state of the donor 1 Do (TME or TrME) and of the 
triplet ground state of the acceptor O,('D ... 0,( '~,-): 

'Do+ o,c ·~,-) ±:::;'[D .. . 0,('~ ,-)J (1) 

This collision complex may absorb light and transfer an elec
tron to the acceptor, resulting in the formation of a charge 
transfer complex. This CT state must be either a triplet or 
singlet as o,- and D+ are both in doublet states. 

(2a) 

(2b) 

In R eaction 2a, both the ground state and the CT state are 
triplet spin states tha t make the transition allowed by spin· 
conservation Jaws. 

The first excited singlet and triplet state of the donor and the 
corresponding I : I pairs with ground-state oxygen 0,('~,-) 

are 'D,, 3D 1 and 'G, 1• 3•5F , respectively (Figure 5). The 
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Figure 5. Energy level diagram for a donor, oxygen and their 1: 1 
contact pair 

first excited singlet state 1 D, forms with ground-state 02('~, -) 

a triplet 3G, whereas the first excited triplet state 3 D 1 with 0 2 

in the ground state can make quintet ('F), triplet ('F), and 
singlet ( 1F) states. If 1 :1 pairs of triplet donor 'D1 with singlet 
oxygen in the 1~ , or 1~, state are included, two additional 
levels designated as 'Hand ' I arise. 

The CT state may interact with 3G, borrowing its intensity 
from the strongly allowed transition between the donor ground 
state and the donor singlet excited state. In turn, 3 F may 
interact with 'CT, therefore, borrowing intensity from the CT 
band and leading to an enhanced T +- S absorption. Mulliken 
concluded that a direct interaction between 'F and 'G has a 
much smaller effect on the intensity of the T <-- S band than 
the interaction between these states through 'CT. So the 
observed absorption may be due to an allowed CT band, 
which borrows its intensity mainly from the strongly allowed 
1 D1 <-- 1 Do transition, and to a much smaller extent to a 
T ...... S band which is enhanced through this 'CT state. 

If this pathway of internal conversion from 3G to 'F via 
3CT is effective, 'F may fall apart to produce triplet state 
donor and ground-state molecular oxygen 

'F = 3[ 3D 1 + 02('~,-)]-+ 3D1 + 02('~,-) (3) 

Another mechanism may involve the radiationless decay of 
'CT into 'land 'H, respectively, which possibly dissociate to 
produce 102('~ ,/ '~, +) plus 3 D 1 

(4a) 

(4b) 

Reaction 3 is known to produce singlet molecular oxygen 
by energy transfer from the triplet donor to ground-state 
oxygen 02( 3~,-) (Kautsky mechanism), whereas Reaction 4 
produces 0,('~,+, 1Li0) directly. It has been shown that 0 2 

('~,) reacts with olefins to produce hydroperoxides which 
could be identified in the case of TME, the most reactive of 
the examined olefins. 

Thus, in the presence of oxygen, every organic pollutant 
molecule which has donor qualities is capable of both shifting 
into and enhancing the absorption within the solar region 
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(:\ > 290 nm.). Consequently, we propose that the oxygen
enhanced absorption of light by organic pollutant molecules 
is a possible significant source of '0, in polluted urban atmo
spheres. The general mechanism, ignoring reactions that will 
not give 10 2, is given by Reactions 1 to 4. 

There are other observations in the literature which demon
strate the general applicability of this mechanism. Reinisch 
and Gloria (1968) noted that in vacuo the long wavelength 
limit for photodegradation of PVC was 332 nm., whereas in 
the presence of oxygen the limit was "red" shifted to 435 nm. 
Light of the latter wavelength has energy of65.7 kcal. mole-', 
but ~73 kcal. mole-' are required to break the weakest bond 
in PVC, the secondary C-CI linkage. PVC is transparent at 
wavelengths longer than 200 nm., and Reinisch and Gloria 
established that photodegradation of the polymer between 
200 and 332 nm., in vacuo, was due to energy transfer to 
PVC from polyenic impurities. They suspected that photo
oxidation caused the enhanced rate of degradation in oxygen 
although the polyenes were transparent above 332 nm. We 
feel that their surmise was correct and that singlet molecular 
oxygen had been formed by the oxygen enhanced absorption 
of the polyenes. Singlet molecular oxygen could then attack 
and degrade the PVC. Polyenic compounds also occur in 
biological systems. It is interesting to speculate whether oxy
gen enhanced absorptions have any bearing on their degrada
tion. 

It is possible that this oxygen-enhanced absorption mecha
nism plays a part in the photoconversion of provitamin D to 
vitamin Din animal skin (Fieser and Fieser, 1959). 7-Dehydro
cholesterol (provitamin D 3) does not absorb radiation of 
wavelengths longer than 300 nm. , while human (Caucasian) 
skin transmits only ~52 % of the incident radiation between 
290 and 340 nm. (Thomson, 1955). Leighton (1961) has shown 
that no solar radiation of wavelengths smaller than 290 nm. 
reaches the lower atmosphere and that the actinic irradiance 
below 310 nm. is also small. Thus, the photoconversion of 
provitamin D a to vitamin D a apparently occurs in a region 
where the small amount of solar irradiance is further de
creased by the filter effect of human skin. We propose that 
the presence of oxygen could enhance the charge· transfer 
absorption of 7-dehydrocholesterol with molecular ground
state oxygen. This absorption will be at longer wavelengths 
where the actinic irradiance of the lower atmosphere is some 
20 times greater than at 300 nm. and the conditions for con
version are more favorable. 

The "red" shift in the absorption spectra of such differing 
compounds as ethylene (Evans, 1960a) and mesitylene when 
oxygen is present has one other very important implication. 
Previously, many compounds have been dismissed as being 
unimportant in environmental systems because they do not 
absorb in the solar region. However, the "red" shift caused by 
the oxygen enhanced absorption means that many of these 
compounds do absorb in that region. TME and TrME are 
examples. Thus, many compounds which were dismissed as 
unimportant will have to be reconsidered. 
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Sludge Dewatering by High-Rate Freezing at Small Temperature Differences 

Chen-yen Cheng, David M. Updegraff, and Laurence W. Ross 

Department of Chemical Engineering, University of Denver, Denver, Colo. 80210 

• When sludge is frozen via the film-freezing principle, the 
dewatering characteristics are comparable to those obtained 
with extended freezing, but freezing time and t:.T are greatly 
reduced. Freezing is complete within 5 min. at t:.T = -5 °C. 
in 1/s-in. sludge canisters with an overall heat transfer coeffi
cient of U = 29 Btu/ft. 2-hr.- °F. The addition of at least 20 
p.p.m. AI [as AI,(SO,),] is necessary for efficient dewatering. 
The film-freezing principle takes advantage of the high thermal 
admittance of thin-i ce films, so that the controlling heat 
removal mechanism is the cooling bath stirring rate. 

Earlier workers have shown that sewage sludge can be 
dewatered by freezing, thawing, and fi ltering with 

addition of certain chemicals (Bruce, Clements, et a/., 1953 ; 
Clements, Stephenson, eta/. , 1950; Katz and Mason, 1970). 
However, freezing as a . means of dewatering does not appear 
economical , because the long times and high t:.T required 
would lead to high equipment and operating costs. The 
present treatment is intended to revive interest in a freeze
dewatering process because a set of operating conditions 
has been found which combines satisfactory dewatering with 
economical operation, and recently developed techniques of 
desalination, some still unpublicized, may permit sludge 
freeze-dewatering to be conducted at low cost. 

A fundamental objection to freeze-dewatering is the appar
ent need for slow, complete freezing. Clements et a/. arrived 

at this conclusion firmly; when sludge was flash frozen at 
dry-ice temperatures, there was no change in the dewatering 
properties upon thawing. Their hypothesis was that a network 
of fine ice crystals had formed and enveloped the colloidal 
solids, preventing them from coagulation. They also observed 
that addition of chemicals (especially trivalent ions) enhanced 
the dewatering effect of freezing very strongly. 

In the present investigation, it is postulated that film freezing 
may permit adequate dewatering within sufficiently short 
times to make the process economically attractive. One of the 
present investigators (C.Y.C.) observed that an ice film of 
small thickness possesses a thermal admittance (k jt:.x) of 
about 200 Btujft .2-°F.-hr. is high enough to permit rapid 
removal of heat even at small temperature differences. There
fore, it should be possible to freeze sludge within a few min
utes at low t:.T levels. The present investigation has been 
undertaken to study the dewatering characteristics of sludge 
frozen in this way. 

Experimental 

Samples of sludge were obtained from the Clear Creek 
Valley (Colo.) sewage treatment plant, with solids composi· 
tion as follows: 

Primary sludge 
Activated sludge 
Return activated sludge 
Digested sludge 

% 
2.2 
0.2 
0 . 3 
1 .6 
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Figure 1. Typical freezing curves for digested sludge in 1/ ,-in. can
isters at the initial rate of cooling bath stirring 
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Figure 2. Effect of raising overall heat transfer coefficient from 12 
Btu/ft.•- •F.-hr. (upper curve) to 29 (lower curve) by increasing the 
cooling bath stirring rate 

Digested sludge, 1/ 11-inch canisters 

Sludge was frozen in rectangular brass canisters with sides 
S X 6 in. 2 and either 1/ 4- or 1/ 8-in. spacing, holding about 
42 or 21 mi. of sludge, respectively. When loaded, the sur
face for heat transfer was about 290 em. 2 Wall thickness of the 
brass was 0.12S in. For freezing, the canisters were suspended 
in a stirred, controlled-temperature bath of ethylene glycol. 
Temperatures were measured by thermistor probes. 

Alum was the only chemical added to the sludge. The alum 
concentrations were chosen the same as those used by pre
vious investigators, so that results could be compared. 
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Figure 3. Effect of AI concentration on freezing of digested sludge 
in 1/ 8-in. canisters, at the higher rate of cooling bath stirring 

Filtration rate was not computed in the present study, since 
an arbitrary criterion of filtration completeness was employed. 

Results and Discussion 

Sludge was frozen as described above, employing two rates 
of stirring of the cooling bath. In the first case, the overall 
heat transfer coefficient was calculated as U = 12 Btu/ft. 2-

0F.-hr., and the !lT from bath to sludge was -3° to -S0C. 
The percent content of dry solids after freezing [with addition 
of 100 p.p.m. AI, as Al,(S04) 3] , thawing, and filtration was as 
follows : 

Am- !lT = !lT = !lT = 
bient -3°C. - 40C. -soc. 

Primary sludge 11.7 23 .8 20 .6 2S .O 
Activated sludge 23 . 3 30.1 30.4 27 .6 
Return activated sludge 14 .9 27 .9 
Digested sludge 8.9 11 .9 21 .2 21 .1 

These results are comparable to those of Clements et a/. 
for slow freezing. But typical profiles of temperature vs. time 
(Figure 1) reveal that freezing is complete within 10 min. 
in the present study. 

Without AI addition, the percent dry solids is about half 
that obtained with AI addition. The !lT was increased to 
-29° C. in the case of digested sludge as a check; the percent 
dry solids then increased to 24.0. 

The second set of experiments employed a higher rate of 
cooling bath stirring, and the heat transfer coefficient rose to 
29 Btu/ft. 2-°F.-hr. The dry solids content of the filter cake 
was very similar to that obtained at the lower rate. However, 
the freezing time is much shorter, as shown in Figure 2. 
The effect of AI addition is shown in Figure 3. The distinct 
peak in three curves of these two figures at 2.S to 3 min. 
apparently reveals the presence of bound water that is released 
after the free water has been frozen. 



Conclusions 

The principal conclusion from these results is that freezing 
by the film-freezing principle permits efficient dewatering of 
sludge in short times at low D.T. The ice film conducts heat 
sufficiently rapidly that the external heat transfer mechanism 
controls the process. 

Chemical addition is necessary to dewatering by freezing. 
The effectiveness of the alum addition points to a coagulation 
phenomenon. There is evidence that the coagulation (or 
whatever) process releases bound water irreversibly when a 
certain threshold condition, presumably AI concentration in 
the supernatant, is achieved. 

CORRESPONDENCE 

Finally, it seems clear that sludge dewatering by freezing 
deserves renewed attention. 
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Hartley Photolysis of Ozone as a Source of Singlet Oxygen in Polluted Atmospheres 

The article by R. H. Kummler, M. H. Bortner and Theo
dore Baurer on the "Hartley Photolysis of Ozone as a 

Source of Singlet Oxygen in Polluted Atmospheres" [EN
VIRON. Sci. TECHNOL. 3, 248-50 (1969)], states; 

On p. 249, that "the ozone density is much greater in pol
luted urban environments than in the upper atmosphere"; 
and 

On p. 250, that the photodissociation of ozone produces 
singlet oxygen, 0 ,( 'D.,), whose "reactivity approaches that 
ofO-atoms." 

In conjunction with certain other data, the authors seem to 
regard this as evidence that photolysis of ozone at ground 
level is sufficient to produce significant quantities of singlet 
oxygen and that this is a more important oxidizing agent in 
photochemical smog formation than atomic oxygen. 

This appears to be unsupportable for two reasons: 

The fact that the ozone density in urban environments ex
ceeds that in the upper atmosphere only on infrequent oc
casions and then in only one urban area-Southern Cali
fornia; and 

The fact that such concentrations occur in urban environ
ments only in the afternoon after the principal photochemi
cal reactions involving hydrocarbons and oxides of nitrogen 
have taken place. That is, the ozone occurs primarily as a 
product of these reactions, not an initiator, and so must the 
singlet oxygen. 

For example, to enlarge on the first reason, the ozone con
centration in the upper atmosphere exceeds 3 to 5 p.p.m. At 
the level of ozone maximum (approx. 25 km.), the barometric 
pressure is about 33 one-thousandths of the ground-level 
pressure, and the temperature is about minus 53 °C. Under 
these conditions, one mole occupies about 550 liters. One liter 
at 3 p.p.m., therefore, contains 6 X 1023 molecules X 3 X 
10-•;sso = 3.3 X 10 15 molecules of ozone. Similarly, at 5 
p.p.m., the ozone density = 5.5 X 10 15 molecules/liter. At 
ground level, if the ozone concentration is 0.1 p.p.m. (a high 
value· for most cities), then the ozone density is 2.45 X 10 15 

molecules/liter. The conclusion should therefore be that the 

air aloft is more dense in the number of ozone molecules than 
at ground level. 

The single exception to this conclusion occurs in Los Angeles, 
only after the photochemical smog-forming reactions have 
proceeded almost to completion and the NO, concentration 
begins to decline, and only on those days when the tempera
ture inversion has remained low all day. This inversion allows 
the ozone to accumulate. When the ground-level concentra
tion reaches 0.15 p.p.m. by volume, it is about the same as that 
of the upper air, and only when it reaches or exceeds 0.25 
p.p.m. does the ozone density of the ground-level concentra
tion exceed that of the upper atmosphere. 

Further, in support of the second reason cited above, ele
vated concentrations of ozone occur only in the afternoon. If 
singlet oxygen- or any less usual form of oxygen molecule, 
such as atomic oxygen or ozone--is to be important in the 
photochemical reactions, it must be there in quantity in the 
early morning. This is the time of initiation of such reactions 
involving oxygen atoms from the dissociation of NO, and hy
drocarbons, especially those termed "reactive" such as olefins 
and such substituted aromatic compounds as xylenes. At this 
time of day, the ozone concentration is so low it is not meas
urable. Since the significant production of 0 ,( 16,) is depend
ent upon the presence of relatively high concentrations of 
ozone, the concentration of 0 ,( 'D.,) at that time of day must 
be so vanishingly low as to be nonexistent. 

The most commonly accepted interpretation of the se
quence of photochemical smog-forming reactions involves, 
first, the conversion of NO to NO, followed by the photodis
sociation of NO, to produce atomic oxygen. In the competition 
for oxygen atoms then taking place among oxygen molecules, 
nitric oxide, and hydrocarbons, the last named appeared to be 
favored. This is illustrated by the fact that introduction of 
such compounds, especially the more reactive types, acceler
ates the conversion of NO to NO, to a rate which is fantastic 
compared with that of the usual three-body reaction of 2NO + 
0 2 ...... 2N02• How this occurs is not clearly understood, but it 
is known that : 

It occurs at very low ozone concentrations. 

It occurs, therefore, at very, very low 0 2( 16 ,) concentra
tions. 
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The rate at which oxygen atoms are produced is maximized 
at maximum NO, concentration in sunlight. This occurs at 
or just prior to the complete disappearance of nitric oxide 
concentrations. 

Ozone does not accumulate (increase in concentration) until 
after NO, reacts or decreases. It accumulates only when NO 
is not available to scavenge it. 

Most of the more reactive hydrocarbons have disappeared 
in reactions prior to the time either 0 3 maximizes or 
0,(1~,) can be formed in quantity from 0 3 ; only the slow 
or relatively slow reactors such as paraffins, and ethylene be
cause of its relatively high concentration, remain. 

Oxygen atom concentration should maximize after the time 
of maximum rate of production of oxygen atoms- i.e., 
sometime after the NO, maximum concentration. This may 
be prior to the ozone maximum or at about the same time 
as the ozone maximum. 

0,( '~,) concentration should maximize after the O, maxi
mum concentration and must be much less in concentration 
if it depends upon the photolysis of ozone. Kummler, 
Bortner, et a/. (p. 249) indicate this to be true 

0 ('~) 
-

2 
- ' = (1 - 12) X I0- 6 

o~ 

By the time 0 3 maximizes, eye irritation has become strong, 
plant damaging agents arc already forming, and visibility 
reduction has occurred. 

The question then is: Where lies the importance of singlet 
oxygen from the dissociation of ozone in the smog or air pollu
tion problem? Pitts' suggestion that a complex organic donor 
molecule in the triplet state is transformed and the energy is 
transferred to oxygen molecules, seems to be more reason
able and has greater possibility of being important than the 
photodissociation of ozone in the photochemical smog prob
lem, but it is so far unsubstantiated by any evidence that this 
occurs in Los Angeles air. 

The relative importance of oxygen atoms, ozone and singlet 
oxygen molecules from photodissociation of ozone is shown 
in the following schematic equations: 

NO + 0 2 +NO-+ N20 4 J::::> 2NO, 

N02 + hv -+ NO + 0 

(1) 

(2) 

A " in our previous article on this subject (Kummler, 
J"\: Bortner, eta/. , 1969), we will confine our remarks to 
the Los Angeles area for which the availability of solar 
flux data (Nader, 1967) enables us to present our calculations 
on a quantitative basis. In an environment like the L.A. area, 
the ozone concentration at noon typically exceeds 20 p.p.hm. 
(e.g., Stern, 1968 ; State of California, 1966) or a number 
density of over 4.9 X 10 15/liter. For comparison, Bortner and 
Kummler (1968) reviewed the composition of the minor 
constituents in the upper atmosphere. They concluded on ·the 
basis of experimental data (Johnson, Purcell, et a/. 1952 ; 
Miller and Stewart, 1956; Horton and Burger, 1966) that a 
typical maximum ozone concentration at about 30 km. is 
3 X 10 15 molecules/liter. This unique situation applies only to 
Los Angeles, and only during late summer or early fall, the 
"smog season," which is the season of concern to us as the 
pertinent solar flux data were taken from Oct. 6-20, 1965. In 
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+ O,+ M-+0 3 

O + (HC)R-+ [HCO "] 

Important and increases 
fast in importance as 
the reactivity of HC is 
increased. 

(3a) 

(3b) 

+ NO_.... NO, + o, {NO keeps 0 3 from (4a) 
accumulatmg. 

o, 

Important and in-
creases slowly in im

+ (HC)R -+ [HCO,] portance as the "reac
tivity" of HC is in
creased. 

Cannot become im
portant until 0 3 in-

(4b) 

+ hv-+ 0 ,( 1~,) creases or maximizes (4c) 
which must occur after 
NO disappears. 

If any importance can be attached to singlet oxygen from 
the photodissociation of ozone, it might be in one or both of 
the following ways: 

That it puts an upper limit on ozone concentration since 
the higher the concentration, the more light can be ab
sorbed, which reduces the ozone concentration by forming 
singlet oxygen molecules. 

That it changes slightly the number of oxygen atoms in the 
organic products of photochemical oxidation of hydro
carbons; say, from 3 to 2. 

We must conclude, therefore, that the importance of singlet 
oxygen from 0 3 photodissociation cannot compete with that 
of atomic oxygen in the photochemical smog process, es
pecially during the morning hours when the photochemical 
reactions are really just getting started, and neither ozone nor 
singlet oxygen are present in measurable quantities. 

Walter J. Hamming 
Chief Air Pollution Analyst 
Air Pollution Control District, LA. County 
Los Angeles, Calif. 90013 

other cities and in clean air, an ozone maximum in vertical 
profile does not occur near ground level. At no location, 
however, may conclusions regarding the importance of par
ticular mechanisms be made on the basis of the absolute ozone 
concentration. Rather, the relative ozone content of the air is 
the important parameter. In this discussion, the ratio of 
ozone to atomic oxygen densities should be the focal point. 
The reactions for the definition of this ratio are 

NO, + hv ~ NO + 0 

0 + 0 2 + M ~ O, + M 

N02 + 0 3 ~NO, + O, 

(I) 

(2) 

(3) 

Reactions of 0 with hydrocarbons are several orders of 
magnitude slower than the ozone formation by Reaction 2 
and play no significant role in determining the 0-atom con
centration (Leighton, 1961). Similarly, the steady-state ozone 



concentration is determined by Reactions 2 and 3. Reactions 
of the hydroxyl radical (Heick len, 1969) cause slow changes in 
the cyclic relationship above, but at any given time the 0 and 
0 3 steady-state concentrations should be excellent approxi
mations to the actual case 

Hence, 

(O),. = k,(NO,) 
k,(O,)(M) 

(0
3
) ., = k,(O)(O,)(M) = k1(N02) 

k3(NO) k3(NO) 

(0 ) /(0) - k,(O,)(M) 3
" " - k3(NO) 

(4) 

(5) 

(6) 

Thus, a mechanism dependent on ozone tends to be more 
important than an 0-atom mechanism in regions of low NO 
concentration-i.e., in "clean" air or in smaller and meteoro
logically favored cities, even though the absolute ozone 
concentration there is relatively lower than that in Los Angeles. 
Thus, the work of Kummler, Bortner, et a/. (1 969) applies 
more strongly out of Los Angeles than in all other parameters 
assumed constant. This was not previously noted. 

Since the rate constants k, and k3 are well established 
(DASA Reaction Rate Handbook, 1968), the time-depen
dent ratio of (0 3) .. /(0),. may be readily calculated from 
knowledge of the diurnal behavior of the NO concentration 
by substitution into Equation 6, 

(03),. = 2.3 X 10' 
(0)., (NO) 

(7) 

where the NO concentration is in p.p.hm. This relationship is 
especially useful near the NO peak concentrations, when the 
ozone concentration, even though undetectable by presently 
employed instruments, is by no means unimportant. The e
folding time constant for the achievement of a steady state in 
atomic oxygen is very nearly constant (14 !'sec.). Thus, for all 
practical purposes, the 0-atom peak coincides with the NO, 
peak. The ozone steady state is achieved more slowly, but even 
at an NO concentration of I p.p.hm. , the steady-state assump
tion should be valid after I min, based on Reaction 3. At the 
NO, peak, the NO concentration (Stern, 1968 ; State of Cal
ifornia, 1966) is typically 1 p.p.hm., and in Los Angeles this 
occurs at about 8 to 9 a. m. At this time, the solar flux in the 
wavelength region of interest is about one-third that at noon. 
Therefore, the rate constant for the production of 0 2( 'A,) 
by Hartley photolysis of ozone should be decreased by one
third (Kummler, Bortner, et a/.,1969). 

The recent, more accurate 0 2( 'A,) quenching data of Clark 
and Wayne (1969), indicate a lower effective lifetime of 
0 ,( 'A,) (0.088 sec.) at ground level than that previously 
employed. Thus the ratio of 0 ,( 1A,) to 0 3, based on the con
ditions of Table I in Kummler, Bortner, et a/. (1 969) will range 
from 8 X to-• to 6 X 10- 7 at the early morning NO, peak. 
This implies a [02( 1A,)],.j[O]., ratio of from 0.2 to 1.4 at the 
peak 0 -atom concentration. At any later time, the 0 2('A,) 
produced by Hartley photolysis alone will exceed, the 0 
concentration. Then even at 8: 30 a.m. PDST, the presence of 
0 ,( 1A,) is as real as that of 0-atoms, although neither is pres
ent in measurable quantities. Hence, little insight into the 
importance of 0,( 1A,) is to be gained from a study of the 
diurnal variations of smog formation alone. 

O( greater significance is the recent work of Herron and 
Huie (1 969), in which the rate of constants for 0 ,( 1A,) re
actions with several hydrocarbons relative to that with tetra-

methylethylene (TM E) (1.0) were obtained as: 2,3 dimethyl-
2-pentene, (0.7) ; 1-methylcyclopentene, (O.ot5) ; 1,2 dimethyl
cyclopentene, (0.4) ; 1,2 dimethylcyclohexene, (0.9). These 
rate constants were compared to the absolute TME value of 
kn 1E = (1.0 ± 0.3) X 10' em. 3 mole- 1 sec.- 1, which places 
the 0 2( 1A,) reactivity at less than 1 j1 000 of the 0-atom re
activity. For this reason the Hartley photolysis will not gen
erate enough singlet oxygen to make 0 ,( 1A,) generally im
portant in the photochemistry of air pollution. 

However, the Hartley photolysis of ozone is not the only 
mechanism for 0 2( 1A,) production in urban atmospheres. 
Kummler and Bortner (1969) have verified the energy transfer 
mechanism originally suggested by Khan, Pitts, et a/. (1967), 
as have Snelling (1 968), Star, Sprung, et a/. (1969), and others. 
This mechanism, if it proceeds with unit quantum yield, 
according to Pitts, Khan, et a/. (1969), would produce nearly 
1000 times as much O,('A,) as would the Hartley photolysis. 
Chemiexcitation, particularly via the 0 3 reaction with organics 
noted by Murray (1970), might also produce 1000 times as 
much as ozone photolysis (Kummler and Bortner, 1970). 
Hence the criterion of Herron and Huie (1969), for 0 2(

1A,) 
importance may still be met. 

Both o,• and 0 will produce the radicals- e.g., RCO or 
OH- necessary to c.onvert NO to NO, (Altsh uller and Bufalini , 
1965), perhaps via the mechanism suggested by Heicklen 
(1969) 

OH + CO _,. CO, + H 

H + 0 2 + M _,. HO, + M 

H02 + NO _,. NO, + OH 

(8) 

(9) 

(1 0) 

Before making a final decision on the importance of 0 ,( 1A,), 
its concentration in urban atmospheres must be measured to 
ascertain whether the ratio of 0 2( 'A,) to 0 will be greater than 
that required by the data of Herron and Huie (1 969). 

Quite recently, Herron and Huie (1970) have reiterated the 
contention that, based on the relative concentrations of 0 
and 0 2 ( 'A,) listed by us (Kummler, Bortner, et a/., 1969), 
the reactions of O,( 'A, ) with hydrocarbons of interest 
(Herron and Huie, 1969) are of relatively minor importance. 
However, we would again point out that the 0 ,( 1A, ) con
centration cited by Kummler, Bortner, eta/. (1969) was des
ignated specifically as a minimum value, based only on the 
Hartley photolysis of ozone as a generating mechanism, and 
subject to significant enhancement by other mechanisms 
(Pitts, Khan, et a/.,1969 ). 
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CORRECTION 

SPECTROPHOTOMETRIC DETERMINATION OF 
ATMOSPHERIC FLUORIDES 

In this article by P. W. West, G . R. Lyles, and J. L. Miller 
[ENVIRON. SCI. TECHNOL. 4, 487 (1970)], paragraph 4, page 
489, should read as follows : 

Lanthanum nitrate buffer (2 X I0- 3M). Dissolve 0.866 g. 
La(N0 3)a- 6H,O and 102 g. NaOAc (anhy) in 250 mi. H,O. 
The pH of this solution, when diluted 1 :10, and containing 
acetone to the extent of 25 % (v.fv.) (see Sampling Technique), 
should be 4.1 to 4.2. 
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industry trends 

Coastal Services (Braintree, Mass.), a 
division of Ocean World Corp., has ac
quired the Chern-Kleen Co. (Rahway, 
N.J.), a company specializing in the 
maintenance of tanks used for petro
leum and chemical product storage. 
Coastal Services is in the oil pollution 
control business and the acquisition 
will enable it to introduce services in 
the New York City area. 

Chemical Separations Corp. (Oak 
Ridge, Tenn.) has been awarded a con
tract by the Office of Saline Water to 
construct a plant for removal of min
erals from seawater prior to desalina
tion. The company's technology is 
capable of removing 65 to 95% of the 
calcium and 30 to 45% of the magne
sium, thus greatly reducing scale prob
lems in desalination equipment. The 
plant will be built at Freeport, Tex., 
and is due on stream in late 1970. 

Resource Management Corp. (Be
thesda, Md.), under a contract with the 
federal Bureau of Solid Wastes Man
agement, will study costs connected 
with littering and ways to combat it. 
The company will specifically look for 
areas of future research that promise 
the best chances for progress. 

Pollution Control, Inc. (Birmingham, 
Ala.) has been established as an inde
pendent consulting and engineering 
service. The company will concentrate 
initially on the performance and analy
sis of field tests on gas and particle 
emission rates, and on providing com
plete gaseous emission studies. Cur
rently, studies are under way in Ten
nessee. 

Wellman-Lord, Inc. (Lakeland, Fla.) 
has announced successful operatian of 
the S02 recovery unit installed at Olin 
Corp.'s sulfuric acid plant (Paulsboro, 
N.J.). W-L claims the unit has been in 
continuous operation since July 1970, 
and has recovered S02 in more than 
design amounts. The process involves 
absorption of S02, S03, and fly ash (if 
present) in a sodium sulfite solution. 
The company guarantees more than 
90% removal. 

Chemical Construction Co. has re
ceived a $4 million contract to design 
and install a pollution control system 
for a new steam-generating unit of 
Pacific Power and Light Co. at Glen
rock, Wyo. Three venturi scrubbers on 
the unit will remove fly ash from stack 
gases at 99.8% efficiency. The system 
is said to have built-in capability for 
so2 removal, if later required. 

Aerojet-General Corp. has further ex
panded its activities in the water de
salting field by forming a new company 
called Envirogenics Co. Envirogenics 
will market evaporation plants, reverse 
osmosis systems, and cryogenic storage 
facilities for natural gas. Aerojet says 
the new company already has a back
log of $45 million. 

J. F. Pritchard & Co. (Kansas City, 
Mo.) is offering a recently developed 
process for removing so2 from the dis
charged gases of Claus-type sulfur 
plants. Pritchard says the process 
should result in 99 % + removal for 
most new or existing plants. The com
pany developed the process jointly with 
Texas Gulf Sulphur Co., The British 
Gas Council, and The North Western 
Gas Board. 

Enviro Control Inc., a partly owned 
subsidiary of Diversified Computer and 
Management Services, Inc., has been 
established in Washington, D.C. Enviro 
will market a line of water pollution 
control instruments, assist companies 
to identify and recover valuable by
products, and undertake planning and 
management studies for regulatory au
thorities. The company's first product, 
to be marketed within seven months, is 
a compact instrument package for use 
on industrial waste streams. 

Research-Cottrell, Inc. (Bound Brook, 
N.J.) has been awarded a contract for 
two incinerator pollution control sys
tems by Combustion Engineering, Inc. 
The systems, which consist of a cool
ing tower and electrostatic precipitator, 
will be installed on two 72-ton-per-day 
incinerators in Reading, Mass. R-C 

guarantees 96.5% collection efficiency 
for these units. 

automated 
colorimetric 
analysis of 
S02 and N02 

Waco's Air Analyzer is truly a continu
ous sampling colorimeter, automating 
the accepted chemical methods of 
analysis for su lfur dioxide and nitro
gen dioxide providing: reliability ... 
highest quality components used 
throughout. 

Designed for continuous operation 
with flexibility ... convert from SO, 
to NO, in 20 minutes. Variable range, 
from 0.5 to 4 ppm full scale. Zero 
drift .. . Jess than ± 3% in 7 day peri
ods. Automatic zero and photometer 
calibration every 24 hours. 

For complete information, contact: 

WILKENS-ANDERSON CO. 
4525 West D ivision Street 
Chicago, Illinois 60651 
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... Convert them to modern, accurate 
digital data output with CLIMET's 
popular Cl-100 Digital Data Acquisi
tion System. With the Cl-100, your 
inventory of older sensors can be 
grouped into remote independent en
vironmental data stations. At each 
station, a Cl-100 sequentially samples 
all sensors and records their output 
signals in digital form on computer
compatible paper or magnetic tape . 
And, when you convert to a com
puter-controlled environmental net
work, the Cl-100 will serve as a 
remote station for automatic interro
gation and reporting through micro
wave links or telephone lines. At less 
than $400 per sensor, the Cl-100 can 
save your agency considerable dol
lars over the cost of new digital data 
output instruments. Contact us for an 
illustrated 6-page brochure. 

Climet Instruments 
A Division of v Wehr Corporation 

1240 Birchwood Drive 
Sunnyvale, Calif. 94086 

Phone: 408-736-6950 
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new products 

Stainless weirs 

Weirs, made of thin-gauge, Type 304 
stainless steel, can be used for years 
in the water treatment plant with 
minimum care or cleaning. The weirs 
can be fabricated with a brake-formed 
edge that adds to the rigidity of the 
thin-gauge sections. Because thin 
gauges are used, stainless steel weirs 
are economically competitive with 
weirs made of other materials. Be
cause stainless steel resists corrosion 
and the accumulation of water-borne 
deposits, weir maintenance is negligi
ble. Basford Inc. 61 

Flammable gas detection 

Model FFA is designed for the detec
tion of flammable vapors that have 
characteristics which make conven
tional instrumentation unreli able or 
inoperative. This unit is recommended 
for the protection of solvent dryers 
when silicones are utilized in the prod
uct or in applications where long-term 
stability and reliability warrant the 
additional initial investment. Control 
Instruments Inc. 62 

Pesticide pollution reduction 

Nu-Film-17, containing Pinolene, a 
film-fonming compound, can be 
sprayed in combination with various 
pesticides and markedly reduces pes
ticide pollution in the environment. 
The film incapsulates the pesticide and 
holds it tenaciously to the crop foliage 
or target area of the spray application. 
Because of the film's waterproof na
ture, it holds the pesticide deposit on 
this target area and keeps it from be
ing washed off by rain. The pesticide 
is held in place on the plant foliage 

until it has been completely degraded, 
thus rendering it inactive and harm
less . The Nu-Film-17 film is broken 
down by natural weathering and dis
appean; after being completely de
graded. Miller Chemical & Fertilizer 
Corp. 63 

Computation service 

To assist designers of waste gas and 
liquid incinerators and other combus
tion equipment, a new computation 
service predicts the equilibrium and 
nonequilibrium products of combus
tion of completely arbitrary mixtures 
of waste gases, fuels, and oxidizen; 
with use of a generalized thermo
chemistry computer program. Quanti
tative evaluations of nearly I 00 spe
cies are obtained including such com
mon pollutants as NO, N02, and S02. 

Aerotherm Corp. 64 

Sulfur gas chromatography 

Model 1490-5, a sophisticated gas 
chromatograph for the most advanced 
air pollution studies, was developed 
specifically for determining sulfur gas 
in low ppb concentrations. The instru
ment can identify all sulfur gases, not 
merely S02 . Varian Aerograph 65 

Pilot waste treatment 

This scaled-down biological waste 
treatment plant consists of primary and 
secondary clarifiers, flow-through aera
tion tanks, and positive displacement 
pumps to handle waste water, sludge 
return, and wasting. The 240 gpd 
plant provides 6-hr aeration and 2-hr 
settling. Oxygen transfer efficiencies 
approach full-scale plant levels. Bio
spherics Inc. 66 



Evaporative coolers 

A complete line of custom-designed 
evaporative coolers are used to reduce 
gas temperatures prior to an air pollu
tion control device such as an electro
static precipitator or a baghouse. 
Among the available options are sonic 
atomizers used to create the fine fog 
of water necessary for optimum opera
tion of evaporative coolers. Standard 
Havens Systems 67 

Solid waste Incinerator 

The Mark VI Radicator is the first 
controlled air solid waste incinerator 
to meet Department of Health, Educa
tion, and Welfare (HEW) standards for 
emission of air pollutants at its rated 
capacity. Tests were conducted with the 
unit charged at rates above its normal 
capacity of 600 lb per hour, with re
sults still lower than the HEW stan
dards. Midland-Ross Corp. 68 

Effluent filter 

Aero jet filter systems treat secondary 
sewage treatment plant effiuent pro
viding phosphate reduction, BOD re
duction, and suspended solids reduc
tion. This filter provides aeration, 
chemical mixing, precipitation, coagu
lation, flocculation, filtration, and up
flow clarification. New plant installa
tions have shown phosphate reduction 
of 97 to 98 %. Jetflo Systems 69 

Smog collector 

Polycomplex R, when sprayed into 
smog-laden air, rapidly absorbs the dirt 
particles, sulfur dioxide, and other acid 
gases, and then precipitates in the form 
of a fine rain, with the particles and 
gases securely blocked in the droplets. 
By absorbing water in the air, the drop
lets become larger until they settle as 
rain. A single treatment can reduce the 
particulate matter more than 60% and 
acid content of the air by more than 
75 % . Guardian Chemical Corp. 70 

Water pollution indicator 

The Quick Microbial Indicator and 
Quantifier can quickly determine 
whether estuarine water is likely to be 
polluted from human sources. This 
o/ so biological water pollution indi
cator uses the fungus Candida albicans 
as the indicating organism. Offshore/ 
Sea Development Corp. 71 

(continued on page 1154) 

Garden City Fans for 
air pollution control systems 

Precipitators, Wet Scrubbers, Thermal Oxidizers, Fume 
Incinerators, Catalytic Systems, Dust Filters and Collectors, 
Waste Incinerators ... Garden City fans and blowers are 
chosen by leading manufacturers of air pollution control 
equipment. 

Garden City has over 90 years of experience in de
sign and manufac ture of fans and blowers for 
industry ... solving a broad range of di fficult air 
moving problems ... high tempera tu res, explosive 
atmospheres, corrosive gases , dusts, abrasives. 
One of the. many standard GC fans may solve your 
problem. If not, we'll work with you to develop 
the equipment it takes to ge t the results you 're 
after . ... at lowest cos t. 

Fans of stainless steel. Monel*, Has telloy* and 
other alloys are "standards" with Garden City. 
Or, we offer fiberglass reinforced plas tic fan s and 
steel fans with a variety of protective coatings for 
handling corrosive atmospheres. 

Compact "package" assemblies and special ar
rangements available for convenient mounting to 

your equipment. Insula ted fans 
for per sonn el prot ection and 
noise abatement. 

Tell us about your air handling 
problem. We'll help you solve it. 
Write Garden City Fan & Blower 
Co., 1703 Terminal Road, Niles, 
Michigan 49120. 

Circle No. 6 on Readers' Service card 

Allo y Fans 

•Monel is a Registered 
Trade Mark of Interna
tiona l Nickel Co. Hastc l
loy is a Regis tered Trade 
Mark of Union Carbide 

~.~ . . C. A Corporntion. 

~1~~-~!.f?' 

Volume 4, Number 12, December 1970 1153 



(continued from page 1153) 

Pollution sterilization 
A new system has been introduced for 
the sterilization of polluted liquids 
through the utilization of ultraviolet 
radiation and ozone. The equipment 
involved in the system is designed to 
generate an unsupported thin film of 
the liquid to be treated which cascades 
past a cluster of high-intensity lamps 
in the form of a corona. The liquid 

Fisher supplies a lithe equiprilent 
you'll need, all the reagents you'll 
use for all your tests .. . in onec 
complete shipment .. . at one time. 
Just tell us what type of water or 
wastewater testing operation you 
have and how big your work load is: 
We make sure you have everything 
you need. No pieces missing. 

There are three Fisher water 
analysis laboratories and five waste
water testing laboratories. One 'bf 
them is exactly suited for you. Each 
lab is designed in accordance·with 
the APHA standard methods for ex
amination of water or wastewater. 
Each incorporates handsome, Junc
tional units of Fisher CONTEMPRA 
furniture. 

Don't go through catalog after 
catalog hunting for equipment to 

does not contact the lamps which 
would impair the process of irradia
tion. The thin film of liquid is pre
cisely controlled by an annuiar nozzle 
diffuser which retains the shape of the 
corona in spite of pressure fluctuations. 
Performance tests indicate the capa
bility of the system to devitalize patho
genic organisms besides reducing BOD, 

COD, and dissolved solids. Pure Water 
Systems, Inc. 72 

perform the proper APHA tests. 
And don't be frustrated by weeks 
of delay while you wait for the 
equipment to be delivered, piece by 
piece, from a variety of sources. 
Order a complete laboratory from 
one source-Fisher Scientific. 

For further information contact 
Fisher Scientific Company, 711 
Forbes A venue, Pittsburgh, 
Pennsylvania, 15219. 

Fisher Scientific Co. 
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Thermometer 

The Reotemp dial thermometer can be 
found in oil refineries, chemical plants, 
steam generators, pulp mills, and water 
and waste works. Used where heat 
measurement is a requirement, the 
Reotemp is available in a range of 
Fahrenheit or Centigrade scales. Reo
temp Instrument Co. 73 

CO detector 

Model 1004-AR has an instrument 
span of 100 ppm, which means mea
surement of carbon dioxide in the air 
of 10 ppm or less. Since the unit is 
strictly selective to CO, hydrocarbons, 
sulfur compounds, and other gases or 
vapors do not affect the reading. Am
bient temperature operating range is 
-20 ' to +140 ' F. Devco Engineering, 
Inc. 74 

Noise abatement 

Perma-HUSH is a muffler for reducing 
the noise of escaping compressed air 
from compressors, cylinders, air motors 
and tools, instrumentation and relief 
valves, etc. Constructed of aluminum 
pellets and glass beads under a sound
deadening process, Perma-HUSH fea
tures no cartridge replacement, its 
compact size, corrosion resistance, and 
high noise reduction. Permafilter 75 

Need more information about any 
items? If so, just circle the appro
priate numbers on one of the reader 
service cards bound into the back of 
this issue and mail in the card. No 
stamp is necessary. 



Mn indicator. The brochure "Mn In
dicator and Test Papers" covers test 
papers for pH determination, cation 
and anion detection, and nondestruc
tive determination of some alloy com
positions, as well as a wide range of 
reagent test papers for the detection 
of numerous other substances. Gallard
Schlesinger Chemical Mfg. Corp. 91 

Fume washers. Bulletin describes a 
new series of Unitized Fume Washers 
for removal of entrained liquid par
ticles from industrial exhaust air 
streams. Provides detailed data on units 
in 2000-, 4000-, and 8000-cfm sizes 
and their application in metal finishing 
and other industrial operations. Com
plete specifications, performance data, 
and dimensions are provided. The Ceil
cote Co. 92 

Sludge treatment process. An eight
page brochure describes rapid chemical 
oxidation of sludge in municipal and 
industrial waste water treatment sys
tems. The process stabilizes and coagu
lates sludge in a single cycle, requir
ing only a few minutes with no pre
treatment beyond the usual removal 
of gross debris and the breaking up of 
larger solids. BIF Purifax, Inc. 93 

Tilted plate separators. Bulletin con
tains a detailed description of the 
Tilted Plate Separators (TPS), which 
eliminate pollutants from the waste 
water of such industrial plants as oil 
refineries, chemical processing plants, 
starch manufacturing plants, paper 
mills, sugar mills, etc. The TPS is inex
pensive, requires no power for opera
tion, has no maintenance because it 
has no moving parts, and requires very 
little space. The Pielkenroad Separator 
Co. 94 

Noise suppression. Publication details 
how air-stream noise from a giant elec
tric power plant was reduced from a 
roar to a whisper. Description covers 
the entire noise attenuating plan in a 
problem-solution-results format. The 

new literature 

IAC Power-FLOW silencing system was 
designed to be compatible with the 
general plant architecture and to re
duce noise with a minimum pressure 
drop in air flow to the forced-draft 
fans that furnish combustion air to two 
450-mW units. Industrial Acoustics Co. 

95 

Clean water. Eight-page brochure de
tails how the Pamispa Process, de
veloped for the pulp and paper indus
tries, can provide the most economical 
means for solving water pollution 
problems. The services include pilot 
studies, water profiles, water analysis, 
reports for regulatory agencies, pro
cess engineering, and start-up services 
required for the installation of the 
Pamispa Process. Clarcom, Inc. 96 

Flow meters. Brochure describes 
Model 61 Total Flow Meters housed 
in high-impact Cycolac plastic cases 
and neoprene-gasketed covers to pro
vide protection against moisture and 
dust. These meters are used for mea
suring flow rates and totalizing vol
ume in open channels as well as con
verting water-level measurements to 
flow data for continuous indication or 
graphic strip-chart record. The instru
ments will operate from flows as low 
as 14,000 gpd up to several hundred 
million gpd. Leupold & Stevens, Inc. 97 

Pollution control engineering. Bro
chure outlines AEsco's capabilities in 
a complete water and air pollution 
control consulting engineering service. 
All phases of consultation are available, 
from feasibility laboratory budget stud
ies to detailed specification writing 
and start-up services. American En
vironmental Systems Co. 98 

Need more information about any 
items? If so, just circle the appro
priate numbers on one of the reader 
service cards bound into the back of 
this issue and mail in the card. No 
stamp is necessary. 

to provide 
comprehensive 
air pollution aerosol 
technology- instruments
consulting -surveil lance
engineering-control equipment. 
ERC instruments 
include three 
types of aerosol 
samplers. 

MUL TIS LIT IMPINGER 
SAMPLER·continuously 
collects airborne partic les 
by Impacting them Into 
llquidlilm.Samplingrate 
of 1000 liters per minute. 
Col lection efficiency of 90%. 
Cut-point of0.7 micron. 
Excellent for high volume 
air sampling in _hospitals, 
factories, ambient. 

LUNDGREN IMPAC· 
TOR collects parl!cles 
by Impaction In four 
stages. Impaction 
drums rotate at preset 
ratestocollectsamples 
resolved by particle 
size and lime. Stages 
range from 0.3to 10 
microns, plus a final 
filter. For stack, In~ 
dustrial, ambient air 
studies. 

We also make aerosol generators, 
and we are exclusive distributor for 
Bausch & Lomb optical particle 
counting systems. 
Call or write for : 
•1970-711nstrument Catalog 
• Bausch & Lomb Particle Counting 

Systems 
• Surveillance Services #2 70 
• Wet Scrubbing Systems #570 
• Fabric Filter Systems #521 

E.C.. ENVIRONMENTAL 
~RESEARCH 

' # CORPORATION 
Dept. #10 3725 North Dunlap Street 
St. Paul, Minnesota 55112 (612) 484-8591 

You Can Depend on ERC 
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A major pharmaceutical manufacturer 
bought a John Zink Thermal 
Oxidizer system. Now, they keep 
coming back for more. 
Doesn't that tell 
you something? 
A major pharmaceutical manufacturer (whose name you'd recognize 
immediately) had a waste disposal problem. Every minute of the work
ing day they had to get rid of about 15 gallons of aqueous, mineral slurry 
and organic wastes. 

John Zink solved the problem with a Thermal Oxidizer pollution control system. This eight-step system worked 
so well that the customer has ordered several more units. 

This is the kind of testimonial we like. 

Below is a simplified schematic of the system that the John Zink Pollution Research Division designed for the 
pharmaceutical manufacturer. We can design a system to correct your problems, too. Send us a sample of your 
waste. We 'll run it through the industry's most complete pollution control research facility. ~- ,_. ,_ 

We'll find an answer for you. 4 • 

John Zink Company -. 
4401 South Peoria • Tulsa. Oklahoma 74105 • 918, 747· 1371 

Other offices in New York, Houston, Philadelphia. Los Angeles. 
london, Paris, Frankfurt , Milan , and Tokyo 
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Proceedings Workshop on Mosquito 
Control hi North Carolina. viii + 144 
pages. Water Resources Research In
stitute of the University of North Caro
lina, 124 Riddick Bldg., N.C. State 
University, Raleigh, N.C. 27607. 1970. 
Gratis, paper. 

The proceedings of the workshop pre
sent an assessment of mosquito con
trol technology and public and private 
control programs with a discussion of 
water resource management and eco
logical implications. Discussions dealt 
with the transition away from persis
tent pesticides and minimization of 
other forms of ecological impact. • 

No Deposit-No Return: Man and His 
Environment: A View toward Survival. 
Huey D. Johnson, Ed. xvi + 351 pages. 
Addison-Wesley Publishing Co., Inc., 
Reading, Mass. 01836. 1970. $2.95, 
paper. · 

This primer for environmental aware
ness is meant for all concerned citizens, 
not just students. It could be used as a 
text in interdisciplinary courses treat
ing the wide spectrum of man and 
his environment, and for supple
mentary use in introductory nonmajor 
biology courses. • 

Preliminary Air Pollution Survey of 
Asbestos. xi + 94 pages . U.S. Depart
ment of Commerce, National Bureau 
of Standards, Clearinghouse for Fed
eral Scientific and Technical Informa
tion, Springfield, Va. 22 151. 1969. 
$3 .00, paper. 

This document, a preliminary review 
on asbestos, is being used as a basis 
for further evaluation both internally 
by the National Air Pollution Control 
Administration and externally by con
tractors. These reports can be signifi
cant to air pollution control officials, 
whether state or local, as a library of 
information on which to base informed 
decisions on the control of pollutants 
in their geographic regions. Also, these 
reports may stimulate scientific re
search and provide information for in
terested citizens. • 

Developments in Water Quality Re
search. Hillel I. Shuval, Ed. xiv + 312 
pages. Ann Arbor-Humphrey Science 
Publishers, Inc. , D rawer No. 1425, 
Ann Arbor, Mich. 48106. 1970. 
$17.50, hard cover. 

This book contains the proceedings of 
the Jerusalem International Confer
ence on Water Quality and Pollution 
research. This conference provided an 
international forum for reviewing some 
acute problems concerning water and 
its use. The papers published are 
grouped into three categories-water 
quality management, waste water treat
ment and utilization, and marine poilu-
tion . • 

Concepts of Pest Management. R. L. 
Rabb and F. E. Guthrie, Eds. xi+ 242 
pages. North Carolina State University 
at Raleigh, Department of Entomol
ogy, Box 5215, Raleigh, N.C. 27607. 
1970. $4.00, paper. 

"This book (proceedings of a confer
ence held in March) is a major step in 
devising ecologically sound and en
vironmentally compatible pest control 
programs," says editor Guthrie. Editor 
Rabb says, "Pest control is directly 
relevant to two of the world's most 
pressing problems: population expan
sion and pollution." • 

Surfactant Biodegradation. R. D. 
Swisher. xxiii + 496 pages. Marcel 
Dekker, Inc., 95 Madison Ave., New 
York, N.Y. 1001 6. 1970. $33.50, hard 
cover. 

This book presents the theory and 
practice of biodegradation studies as 
they were applied to the waste surfac
tant problem. It details the state of 
knowledge, as of mid-1969, concern
ing biodegradable surfactants. Indi
cated by the increasing masses of foam 
wherever sewage entered the environ
ment, the waste surfactant problem is 
one small part of the world's grow
ing pollution problem. The book is 
useful to scientists and research work
ers in the fields of surfactants and de
tergents, as Well as in many areas of 
pollution control. • 

Meteorological Aspects of Air Pollu
tion. v + 69 pages. Unipub, Inc. , P.O. 
Box 433, New York, N.Y. 10016. 
1970. $4.50, paper. 

This publication contains the full texts 
of three papers which were presented 
during the scientific discussions at the 

bookshelf 
1969 annual session of the World 
Meteorological Organization. Devoted 
to the meteorological aspects of atmo
spheric pollution, these papers repre
sent the latest information on the me
teorological aspects of both high- and 
low-concentration atmospheric poilu-
tion. • 
The Human Environment and Busi
ness. Henry Ford II. 63 pages. Wey
bright and Talley, Inc. , 750 Third Ave., 
New York, N.Y. 10017. 1970. $3.50, 
hard cover. 

Three essays written by Mr. Ford con
sist of "verbal bluntness and practical 
boldness," says Kingman Brewster, Jr., 
president of Yale University. The first 
talk is a "hard-headed analysis of the 
options which are open to the young." 
The second reaffirms the "value and 
essentiality of the profit motive if 
private business is to do its job in the 
public interest." The third presents the 
demands of society and the natural en
vironment upon private enterprise 
while also accepting the inevitable role 
of government. • 

Man and His Environment. Sidney 
Dorros, Ed. 56 pages. Publications
Sales Section, National Education As
sociation, 2101 Sixteenth St. , N.W., 
Washington, D.C. 20036. 1970. $1.75, 
paper. 

This booklet presents an interdisciplin
ary approach to environmental educa
tion. Intended to help teachers expand 
their classrooms to include all of man's 
environment, this booklet uses five 
concepts of the environment-variety 
and similarities, patterns, interaction 
and interdependence, continuity and 
change, and adaption and evolution. • 

Proceedings of the Symposium on Res
pirable Coal Mine Dust. 297 pages. 
Superintendent of Documents, Govern
ment Printing Office, Washington, D.C. 
20402. 1970. $2.25, paper. 

This symposium dealt with the various 
engineering methods of controlling 
dust in underground coal mines, in
cluding ventilation, water suppression, 
machine design, dust collection, and 
respirators and life-support systems. 
The merits of these procedures and 
their potential application to under
ground coal mining were examined. • 
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meeting 
guide 

December 28 
American Association for the 
Advancement of Science 
!37th Annual Meeting and Symposium 

Chicago, Ill. 
The symposium " Industrial Approaches 
to Urban Problems" will explore the hu
man and technical problems a city faces 
in the pursuit of improved urban hous
ing, solid waste management, educa
tion, and transportation. Each subject 
will be examined by a panel of experts 
from government and industry. Write: 
American Association for the Advance
ment of Science, 1515 Massachusetts 
Ave. , N.W., Washington, D.C. 20005 

January 25-28 
Louisiana State University 
LSU Symposium on Air Pollution 

Baton Rouge, La. 
The theme " Air Pollution and Its Prob
lems" is to be discussed by NAPCA 
and other government officials, as well 
as representatives from universities and 
research institutions. Fee: $15. Con
tact: Dr. J. W. Robinson, Department 
of Chemistry, Louisiana State Univer
sity, Baton Rouge, La. 70803 

January 28-30 
The University of Wisconsin-Green 
Bay College of Community Sciences, 
and the Bureau of Community En
vironmental Management of USPHS 
Conference on the Ecology of Human 
Living Environments 

Green Bay, Wis. 
Meeting deals with the assumption that 
the human habitat profoundly influences 
human behavior-that an individual's 
behavior often depends on the sur
roundings in which he lives, works, 
studies, and socializes. Contact: Wil· 
liam M. Smith, College of Community 
Sciences, The University of Wisconsin
Green Bay, Green Bay, Wis. 54302 

February 3-5 
American Chemical Society 
Sixth Middle Atlantic Regional Meeting 

Baltimore, Md. 
A Division of Environmental Chemistry 
will be included in the program. More 
than 18 symposia are scheduled, and 
there are over 51 exhibit booths 
planned. Contact: Donald E. Jones, 
General Chairman, Western Maryland 
College, Westminster, Md. 21157 

February 15 and 16 
Illinois Environmental Protection 
Agency, and the Department of Civil 
Engineering, U. of Ill. 
13th Water Quality Conference 

Urbana, Ill. 
This conference is planned for engi
neers and scientists in education, gov
ernment, industry, and private prac
tice, and for water and waste water 
works managers and operators. For 
more information, contact: V. L Snoe
yink, Assistant Professor of Sanitary En
gineering, 3230 Civil Engineering 
Bldg., University of Illinois, Urbana, Ill. 
61801 
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February 21-26 
Engineering Foundation of the United 
Engineering Trustees, Inc. 
1971 Engineering Foundation Confer
ences 

Pacific Grove, Calif. 
"Environmental Engineering in the Food 
Industry" and " Stack Gas Emissions 
and Measurements" are the two con 
ference themes. Attendance, limited to 
about 100 persons, is by invitation or 
application. Fee: $160. Write: Engineer
ing Foundation, 345 E. 47th St., New 
York, N.Y. 10017 

February 22-24 
Technical Association of the Pulp 
& Paper Industry (TAPPI) 
1971 Pulp and Paper Exhibit, and 56th 
Annual Meeting of TAPPI 

New York, N.Y. 
Over 250 exhibit booths are planned 
with such features as equipment for 
air and water treatment. Over 19 tech
nical sessions are scheduled. Contact: 
Technical Association of the Pulp & 
Paper Industry, 360 Lexington Ave., 
New York, N.Y. 10017 

Courses 

Present, through June 1971 
National Air Pollution Control 
Administration-Office of Manpower 
Development 
Institute for Air Pollution Training 

Research Triangle Park, N.C. 
Studies are conducted relating to the 
manpower required to control the 
quality of our air. Short courses are 
run at various intervals throughout the 
coming months. For details, write: Of
fice of Manpower Development, P.O. 
Box 12055, Research Triangle Park, 
N.C. 27705 

December 8-11 
Virginia Polytechnic Institute and 
State University 
Short Course on Gas Chromatographic 
Analysis of Air Pollutants 

Blacksburg, Va . 
This course is designed for industrial, 
academic, and institutional people, 
primarily chemists, who are concerned 
with analysis of air pollutants. No 
previous experience is required . The 
course presents background informa
tion, proper means of sampling and 
determining air pollutants, and dis
cussion of the latest i nstru menta I 
techniques. Registration limited to 30 
persons. Fee: $120. Write : Continuing 
Education Center, Virginia Polytechnic 
Institute and State University, Blacks
burg, Va . 24061 

December 9-11 
Iowa State University 
Short Course on Pesticide Analysis 

Ames, Iowa 
The course is directed toward the needs 
of health and related occupations to al
low them to concentrate on pesticide 
analysis in the environment. Fee: $30. 
Write: Extension Courses and Confer
ences, 111 Curtiss Hall, Iowa State Uni
versity, Ames, Iowa 50010 

December 14 and 15 
Practising Law Institute 
Short Course in Legal Control of the 
Environment 

New York, N.Y. 
Course is designed to prepare the at
torney for the environmental law explo
sion. Litigation techniques from the 
viewpoints of both plaintiff and defen
dant will be discussed in depth, as will 
the role of federal, state, and local ad
ministrative agencies. Detailed attention 
will be given to remedies for damages 
and injunctive relief, actions in nui
sance and trespass, class actions, and 
interviewers' actions as they relate to 
air, water, and land pollution. Contact: 
Practising Law Institute, 1133 Ave. of 
Americas, New York, N.Y. 10036 

February 15-19 
Sadtler Research Laboratories, Inc. 
Short Course on Air Pollution Instru
mentation 

Philadelphia, Pa. 
The course includes lecture and labora
tory sessions. Tuition: $325. Contact: 
Sadtler Research Laboratories, Inc., 
Subsidiary of Block Engineering, Inc., 
3316 Spring Garden St., Philadelphia, 
Pa. 19104 

Call for papers 

December 15 deadline 
Air Pollution Control Association 
64th Annual Meeting 

Atlantic City, N.J. 
An invitation for submission of papers 
is now open to everyone. Any interested 
author should submit three copies of 
the title and summary of his paper to 
Franklin B. Flower, Department of En 
vironmental Sciences, CAES, Rutgers 
University, New Brunswick, N.J. 08903 

Special notice 

Harvard School of Public Health 
Fellowships Available for Graduate 
Training in Environmental Health 
The Harvard School of Public Health 
offers opportunities in air pollution con
trol, radiological health, industrial hy
giene, toxicology, radiobiology, environ
mental and respiratory physiology, aero
space health and safety, and occupa
tional medicine. For further informa
tion , contact: Dr. Dade W. Moeller, 
Kresge Center for Environmental Health, 
Harvard School of Public Health, 665 
Huntington Ave., Boston, Mass. 02115 



professional consulting services directory 

THE BEN HOLT CO. 
Ill E. llr111 llrNI, I'IIHtal, Clll. IIIII 

DILLINGHAM 
ENVIRONMENTAL COMPANY 

ENVIRONMENTAL SURVEYS 
• POLLUTION CONTROL • 

• Pollution and Environmental Monitoring • Tide, Wave, and Current Measure
ments • Industrial and Municipal Waste Disposal Studies • Engineerina Site 
Surveys • Engineering Geology and Geophysics • Oil Spill Technology • Pro
prietary Reports. lOX 1560·E LA JOLLA, CAUF. 92037 (71 4) 453·2390 

Specialists in 
Air & Water Quality Problems 

RESOURCES RESEARCH, INC. 
1916 Newton Square West 

Reston, Virginia 22070 
Phone: 703·471·7234 

3705 New Dade City Highway 
Lakeland, Florida, 33802 

Phone: 813-858-4408 

A Subsidiary of TRW, Inc. 

YORK RESEARCH CORP. 
• Air & Wafer Pollution Control 
• Complete Analytical Laboratory 
• Source T erfing & Stack Sampling 
• lndurfrial Plant lnverfigafionr 
• Noire Level Studies 

Phone or write for our brochure 

Ono Rnoarch Drlvo 

Stamford, Connoctlcut 06904 
(203) 325-1371 

• 

~tewart iiaboratories, lnr. 
820 Tulip Avenue • Knoxville, Tennessee 3 7921 

615-525·5811 
• Complete Water Quality Analytical Services 

• Pre-operational Environmental Studies • Stream Pollution Surveys 
SpecialiJu in Trace M etals Analy sis including Mercury and other Heavy Metals 

RDV F. WESTON 
ENVIRONMENTAL SCIENTISTS ANO ENGINEERS 

Industrial & Municipal Westawater Treatment • Laboratory Services 
Water Supply & Treatment • Solid & Liquid Waste Dispolal 

Air Pollution Control • Noi• Abatement 
WEST CHESTER • PENNSYLVANIA • 193SO a 2115·892•3030 

,t.TLANTA.CIA ~.TeX ROSLYN. NV ~1Ta.tLL 

REYNOLDS, SMITH AND HILLS 

FIELD SUPPORT SERVICES for WATER 
POLLUTION CONTROL----

Water quality evrveya 111111 audita • Dylllllllee 
of water badin • Ecological analylll • Pollut
llllt lnventorlea • Fat.mowemant-behavlor of 
-tee • Water monitoring 1111d IOldclty wamlng 
• Etoalon and aedlmentadon 1tudlea • Surlltce 
and aubturlace geological, geophyalcal and 
80111 IUNeyalllld anai)'HL 

0 
ALPINE GEOPHYSICAL ASSOCIATES, INC. 
Norwood, N.J. 07848 • (201) 788-8000 Coblo: ALPGEO 
"WOIId loldor In llll!lllod ocoanogrophy'' ----

CROBAUGH LABORATORIES 
SINCE 1894 

AIR AND WATER POLLUTION 
Sampling - Measurements 

Analysis - Consulting 

COMPLETE LABORATORY SERVICE 
Chemistry-Metallurv:~-Spectroscopy 

Particle Size Analysis-Atomic Absorption 
Infrared-Chromatography-X-Ray Diffraction 

216-881-7320 
3800 Perkins Ave. 

Cleveland, Ohio 44114 

ENGA~.:.: .. :. ~ION 
erat>irorameRiGI eraJiraeeriraf, irae. 
Offer diversified services In Pollution COn· 
trol. Resource Manaaement and Procen 
Development 

DAMES & MOORE 
CINIULnll EIIINEEilll APPLIED EARTH IOIEIOEI 

Air Pollution Water Pollution 

Problem Evaluation • Research and 
Development • Planning • Reports • 
Design • Supervision • Program 
Management 

HOME Of'f'ICE 

Box 4850, Jacksonville, Florida 32201 

Solid and liquid Waste Disposal 
Environmental Studies For Nuclear Power Plants 

1H CHURCH STREET, lEW YORK, lEW YORK 1MI7 
ANCHORAGE ATLANTA CHICAGO CINCINNATI 
HONOLULU HOUSTON LOS ANGELES 
SALT LAKE SAN FRANCISCO 
LONDON MADRID SINGAPORE SYDNEY TEHRAN 

DENVER 
PORTLAND 

SEA TILE 
TORONTO 
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[]]~ll~ 
Tlll.vcaa.~VANIA...,.,. 

CONBIA.TING IERVICES DM8ION 
Aft Pollution • p,_ W1tlr •lndultrlll W ... 

Ana'YS4!a Deqn 
EVIIIIIIItlona Speclflcaotlona 
Treatllblllty end Reun Studlea 

GEORGE T. PECKHAM 
CONSULTING CHEMIST 

Industrial Waste Control 
(Daily Fee Basis) 

415 Oakhurst Drive, Clinton, Iowa 52732 
Phone (A.C. 319)-242·5098 

Water Quality Investigations 

A nalytical and Economic Studies 

Total Systems Engineering Programs 

E nvironmental Data Collection Systems 

R esource Planning and Development 
LIMNETICS, INC. (414) 461·9500 
1132 W. fond du Lac Ave., Mllwlluk .. , Wis. 53211 

A Subsidiary of U.I.P. CORPORATION 

Charles R. Velzy Associates, Inc. 
CotJJulfing Engineers 

Water Pollution Control-Water Supply
Drainage-Solid Waste Disposal

Industries Wastes 
300 Martine Ave., White Plains, N.Y. 10601 

Mineola, N.Y. New City, N.Y. 

rue Advanced Tralnlnt Programa 
for lnduatry and Govwnment 
Executlvll and Speclallttl 

Environmental Management 
Nov. 1970-Feb. & Apr. 1971 

Technological Forecasting 
Nov. 197G-Jan. & Jun. 1971 

Write for course deKtlptlona and JP~~Iic:atJont 

THE INDUSTRIAL MANAGEMENT CENTER 
8572 Hlghodge Drive, Dolloo Touo 75238 

Phont: (214) 348-8147 

~ LABORATORIES FouNoco IN 
~ 1 .... 

• Automatld Atomic Ab.,.ptkln & lnltrumentatlon 
• Domestic and Wutt Water Analy1l1 
All £laments of Ecological Slgnltleance 

3016 Union Ave., Bakersfield, Cal. 93305 
325·7475 

1160 En.irorunental Science & Technology 

ENVIRONMENTAL 
SERVICES I SYSTEMS 
• AMBIENT AIR MONITORING • SITE 
SURVEYS • METEOROLOGICAL ANALYSES 
• COOLING TOWER EFFECTS 
• AGENCY LIAISON AND EXPERT WITNESSES 
• MON ITORING AND DATA SYSTEMS 

ENVIRONMENTAL SYSTEMS GROUP. P.O. BOX 3007 
BOULDER, COLORADO 80303 • (303) 443·0384 

ENVIRONMENTAL POLLUTION 
CONTROL SERVICES 

Galson 
Tectwlk:al Services, Inc. 
f~rl...,.mo~IOI Sc-oDI•IO""' 

214 S. \\\men St, Syracuse. N.Y. 13202 
T~: (315) 474·4231 

MICROANALYSIS 
TRACE ANALYSES 

Halogens, Fluorine, Sulfur, Nitrogen 
Phosphorus, Selenium, Tellurium, 

Arsenic, Antimony 

ELEMENTARY ANALYSES 
by combustion 

METALS 
Atomic Absorption , Colorimetry, 

Complexometry 
Low Temperature Ashlng 

1 PROBLEMS 1 

SCHWARZKOPF Mitroanalytittl Lib, lao. 
5&-lt 37th Ave. 

Woodside, New York 11377 
Tel: Zl2 HA 1·6241- 6ZZ3 

TROPICAL CONSULTING 

Flora-Fauna-Ecology 
Marine-Freshwater-Terrestial 

in Tropical America 
Dr. Horace Loftin & Dr. Edwin Tyson 

Box 930, AI brook, Canal Zone 

SCANNING ELECTRON MICROSCOPY 
Observe end Photogreph: 

Air and Water Pollution Samples 
Materials Sciences Specimen 

Waste Disposal Material 
Geophysical Surveys 

Norman M. Hodgkin. Ph.D., 714-546-8484 
MICROGRAPHICS 

3855 Birch St., Newport Booth, CoiW. 92880 

H. G. Swope and associates 
WASTE MGT. AND POLLUTION CONTROL 
Con•alf•tion, In-plant Sarueys, Troaltle-•lootint, 
Fulibility StaJie•, lndallri..J cU RcJio•diH 
Walle Treaffllenl, 0Pf:rafor Tr•iaUtt arad Analyu• 

P.O. Box1254, Madl10n, Wis. 53701 Tei :(608)238-8888 

Classified Section 

Your ideas are important ... 
We're searching for innovative engineers 
with a need to lead. Does your current 
job offer less than a career opportunity? 
Then you' ll be interested in one of several 
positions now available with our national 
clients. If you have experience in air or 
water pollution control, solid or liquid 
waste disposal, sewage plant design and 
planning or any facet of environmental en
gineering, rush your resume to: 

D. Smithson, Dept. 118, Cross Country 
Consultants, 16 W. 25th, Balto., Md. 
21218 • 

All positions "'e fee pc!id by employer & .,11 
responses h.,ndled in conFidence. 
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student seminars on water 

pollution, 9 
tertiary treatment studies, 550 
total recycling studies, 884 
undertakes effluent contra 

studies, 793 
waste treatment demonstration 

grant, 637 
waste water reclamation, 297 
wa1~~r quality standards status, 

Feedlot wastes 
nitrogen from cattle urine, 579 

Fiber Industries, Inc. 
re~3jves water recycling grant, 

film freezing technique 
dewaterin g sludge, 1145 

filtration 
w~\~r removal by mixed metals, 

Filtration theory 
capture of small particles by 

London Forces, 135 
efficiency parameters, 128 

Firestone Co. 
spendi ng for water pollution 

control, 93 
Firestone Steel Products Co. 

sp
2
73ding for pollution control, 

Firestone Tire & Rubber Co. 
used tire distillation plant, 543 

Florida 
bond issue, 1094 
construction and operating per

mits, 373 
treatment plant bond issue, 628 

Florida Power & Light Co. 
sued for thermal pollution, 373 

Flow control 
device for controllin g input to t

8
aste treatment pilot plants, 

Flue gases 
kinetics of so~ removal with 

limestone, 59 
re~~vu'liao~eS0~2sfy~d6f3articulates 
so ~ formation, 653 

Fluidized bed 
acJ1'2ated carbon regeneration, 

fluorides 
a1i'?Jical method for detection, 

criteria document contract, 463 
effects on vegetation, 635 
g-c technique, 492 

Fluorides in the atmosphere 
determination by spectrophoto

metric technique, 487 . 
fly ash 

removal from flue gases, 653 
utilization, 187 

Foods 
lead content, 217 

Food systems, Inc. 
fish culture in heated water, 466 

Ford Motor Co. 
electric automobile battery, 13 · 

Formigli Corp. 
incinerator manufacturing 

agreement. 375 
Foxboro Co. 

en
4
'6i7onmental quality market, 

Frost & Sullivan, Inc. 
air pollution control equipment 

market, 884 
waste treatment costs report, 12 

Fuel Desulphurization, Inc. 
plans for new plant, 184 

Fuel oils 
selenium content, 157 

G 
GAFCorp. 

air pollution control at plant, 107 
Gardner, Jones & Cowell, Inc. 

pollution control public rela
tions, 544 

Geigy Chemical Co. 
spceonn~~~f. 1~~ water pollution 

General American Transporta
tion Corp. 
sued for odor emissions, 716 

General Aniline and Film Corp. 
cited for water pollution, 541 
sued for odor emissions, 716 

General Dynamics Co. 
electric automobile battery, 13 



General Electric Co. 
spending fo r a ir pollution con

trol, l2 
General Motors Corp. 

eva luat ion of e lect ric aut omo
biles , 13 

General Services Admin istration 
purchase of low em ission 

ve hicles, 14 
t est s low emission vehicles, 95 

Geological Survey, U.S. 
t race metal su rvey, 881 
underground waste disposal 

report , 95 
Georgia 

air pollution alert system, 542 
wa ste t rea t ment operat or pro· 

gra ms, 795 
water poll ution law proposed 

am end m en t s, 882 
Georgia-Kraft Co. 

receives wa t er recyclin g grant , 
884 

Georgia-Pacific Corp. 
charged with mercury pollution, 

717 
effluent color removal, 883 

Gillette Research Institute 
phosphate-free detergent de

velopment, 630 
Goodfellow Enterprises 

central wast e disposa l plant, 196 
Grace, W. R., & c-0. 

phosphate removal process, 
543 

Gray iron foundries 
cost of ai r clea nu p, 286 

Great Brita in 
approach to water pollution 

control, 204 
Great Lakes 

Canadian concern , 547 
equilibrium systems, 826 

Great Lakes Basin Commission 
pollution f rom pulp and paper 

mills , 93 
Goodrich, B . F., Chemical Co. 

spceonn~~~f. 1 ~~r water poll ut ion 

Gulf Oil Corp. 
mobile air monitor, 466 
opportunities in environmental 

control, 273 

G~lt~0c~r~~da~~~~~bi11~cba tte ry, 14 

H 
Hawaii 

coasta l zone management, 482 
Health effects 

air pollution on mort al ity in New 
York City, 589 

Heavy metals 
See also specific metals and 

Metals in t he at mosphere 
con t am ination of soil and vege

tation from motor vehic les, 
583 

Her bicides 
CJPC-decomposition by soi l 

organisms, 429 
1 PC -decomposition by micro

bial organisms, 429 
Paraq uat salts, absorpt ion in 

soi ls, 410 
Pa raquat-sod ium chloride 

aqueous mixtures, thermody
namic propert ies, 410 

removal of am iben from waste 
waters, 64 

remova l of dicamba from waste 
wa t ers, 64 

removal of 2,4-0 from waste 
waters, 64 · 

Hercules, Inc . 
solid wast e reclamation plant, 

729 
Hitachi Central Resea rch Labora

tory 
S02 remova l process, 273 

Holland 
ai lo~?lluti on wa rn in g system, 

Houston Ship Channel 
pollution control project , 20 

Hudson River 
water qua lity in tida l zone, 26 

Humble Oil and Refining Co. 
poll ut ion con trol progress, 885 
sued for odor em issions, 716 

Humus 
wat er color in surface waters, 

437 
Hydrocarbons analys is 

combustion method , 143 
monitoring techniq ue, 1136 

Hydrocarbons emissions 
trees, 667 
inhibit ion of photooxidat ion by 

nitr ic oxide, 37 , 44 
Hydrocarbon reactions 

a t~~~ie~~~,~n in ai r pollut ion 

st udy of phot ochemica l smog 
formation , 907 

Hydrogen sulfide 
ana lysis by mercu ric ch loride 

tape, 672 
atmospheric sampling techni

q ue, 672 
Hytek, lnc. 

cen t ra l waste disposa l, 196 

Illinois 
bond issue, 1094 
con trols aircraft ai r pollu t ion , 92 

lmpingers 
traps in pest icides analys is, 420 

Incineration 
contribution to air pollu t ion, 718 
m un icipa l solid wast e, 184 
new incinerat or for Buffalo , 629 
plast ics, 272 
solid wast es, 387 

Incinerators 
use in aut o hulk disposal , 18 

Industrial waste control 
alum in um reduct ion p lant, 1107 
Eli Li lly plan t , 898 
FWQA invento ry, 1093 
Kodak pla nt, 885 

Institute of Ga s Technology 
coa l-gas conversion plant, 1095 

Insurance 
aga inst pollution damages, 1103 

Interlake Steel Cor p. 
receives wat er recyc ling grant, 

884 
Interstate Commission on the 

Pot omac River Basin 
appropri ations bi ll, 9 

Interstate compacts 
between Oh io and W.Va., 182 

Interstate Sanitation Commis· 
sion 
air qu ality con trol function , 465 

lon electrodes 
n itrate determination in aque

ous samples, 834 
lonics, Inc. 

S02 remova l process. 11 
Instruments 

for ana lysis of automobile 
exhaust ga ses, 143 

International Mining and Chem i
cal Co. 

charged with mercury pollution , 
717 

Iowa 
pesticide survey, 1094 
to .f.{

1
ov ide secondary t reatmen t , 

Iran 
views on environment, 731 

Iron and steel industry 
potentia l for desa li nation, 634 

Isoprene emissions 
t rees, 667 

Israel 
v iews on environment , 731 

J 
Japan 
m=~~~~mf~~t. ~§~lut !on con trol 

Johns-Manville Corp. 

~s~v~~~t;~r~rti~r~·i8~ 
oil conta inment syste m, 1095 

Jolevil Association 
coa l desul fu rization process, 

718, 1106 
Justice Department 

guidelines for use of 1899 act, 
715 

mercury pollution, 717 
wa ter pollut ion law enforce

m ent, 887 

K 
Kinetics 

alga l degradation under aerobic 
and anaerobic conditions, 842 

reaction of so~ wit h limestone, 
59 

Kraft pulping industry 
cost of ai r cleanup, 286 

Kubota, ltd. 
poll ut ion control in Japan , 799 

L 
Labor Department 

t reatm ent plant operator tra in · 
in g, 1093 

Lake Champlain 
enforcement conference, 541 

Lake Erie 
enforcement conference ,· 541 

Lake Michigan 
Wisconsin wa ter enforcement, 

373 
Lake Superior 

dumping of taconite ta ilings, 
270 

Landfill, 386 
Landtect Corp. 

N.J. in dust ria l complex, 799 
Lane Co. Regional Air Pollution 

Authority 
em ission regulat ions, 1094 

Lead 
accumulation in soils, 140 
autom obile exha ust samples, 

305 
com bu sted coa l , 305 
criteria document con t ract , 463 
edib le crops, 226 
environmental samples. 305 
experimenta l anima ls, 333 
fly a sh , 305 
gasoline, 272 
grasses, 305 
leaves, 305 
rad ishes, 217 
ryegrass, 217 
t opsoil , 305 
vege tat ion, topica l cover ing for , 

324 
veh icle exha ust gases, 239 

Lead, atmospheric 
relation t o t ra ff ic volume and 

r e~ra>:~~~t~i~e~i~~;ays, 318 
Leaded gasoline 

Commerce Department pa nel, 
371,627 

exc ise tax proposed, 541 
tax mea sure, 793 

Leeds & Northrup Co. 
air m onit oring system, 10 

Legislation: federal 
amendment to Water Pollution 

Control Act , 9 
appropriat ions bills, 9, 104 
battle over air act amendments, 

377 
bi lls introduced , 270 
bill to ban ocean dumping of 

wastes, 806 
comments on air law, 463 
disaffection with Air Quality 

Act, 802 
environmental educa t ion, 9 
Environmenta l Policy Act , 103 
implementation of air pollution 

control law, 896 
Nixon legislative program, 181 
progress after Air Qua lity Act of 

1967. 24 
Resource Recovery Act of 1970, 

715,881 
solid waste laws, 390 
use of 1899 refuse act, 715, 887 
Water Pollution Control Act ., 

use of, 887 
wa ter pollution hearings, 541 
Water Quality Improvement Act 

of 1970, 379 
Legislation: state 

Cal iforn ia air pollution laws. 10 
Colorado air poll ution law, 373 
enforcement of Ca li fornia law, 

716 
Florida wa ter pollu t ion b ills, 628 
Pennsylvania amends water 

laws, 716 
proposed amendments to 

Georgia water law, 882 
Vermont water poll ution law, 

182 
water pollut ion control bond 

issue, 1094 
Letters to the editor, 177, 363, 453, 

535, 618, 708, 786, 875, 1086 
Lever Bros. Co. 

phosphat e in detergents, 544 
Little, Arthur D., Inc. 

incin eration study, 718 
London forces 

ro le in filtra tion, 135 
Los Angeles County Ai r Pollution 

Control District, 210 

M 
Machiasport 

dilemma over oi l industry siting, 
1094 

Magnetohydrodynamics (MHO) 
sulfur remova l f rom power 

plant, 496 
Maine 

bond issue, 1094 
Machiasport oil dil emma , 1094 

Manpower 
estimates for inorganic chemi· 

ca l indu stry, 470 

Marathon Oil Co. 
a ir

1
Kf llution forecast ing system, 

Maryland 
comments of air pollution con· 

t rol off ic ial, 22 
en

2
'Jii onmental management, 

issues nuclear power plant 
perm it, 542 

Massachusetts 
wa t er pollution law enforce· 

men!, 889 

MS:~n~~ll u tion Control Directory 
( Nove mber issue), Section 4 

Membrane processes 
letter, 453 
water reuse , 296 

Membranes 
Diafl o UM-20E for color remova l 

in waters, 437 
remova l of inorganic sa lts, 1129 
rem ova l of organ ic contami

nants, 1129 
use of t urbulence promoter to 

aid filtration, 1129 
synthet ic polymers for color re

mova l in wa ters, 437 
Mercury in the environment 

brochu re on analys is and con
t rol, 630 

eight f irms charged with pollu 
tion , 717 

FWQA annou nces reduced dis
charges, 881 

lake waters, 839 
marine wa ters, sed iments, orga

nisms, 765 
reg~~w of present knowledge, 

Mercury analysis 
dithizone-atom ic absorption 

techniqu e, 839 
Metals in the atmosphere 

analys is by atom1c absorpt ion 
spectrophotometry, 749 

ana lys is by t herma l neutron ac
tivation analfisis, 50 

co1~~~ad~~"s~~e~TnoU~~~,' ~~so-
Michigan 

class act ion law, 882 

M~~;:~s~~J~~~:rd~"o'1~i~n. 541 
Minnesota 

purchases air m onitoring sys
tem , 10 

radioact ive discharge stan
da rds, 182 

Missouri 
wa ter qua lity standards, 363 
water qua l1ty standards ap 

proved, 717 
unhappy wit h federally desig

nat ed reg ions, 628 
Mobil Oil Co. 

sued for odor em iss ions , 716 
Monitoring 

early warning system in New 
Engla nd , 92 

hydrocarbons, by combust ion 

h ~~~~~es~1 f~~;~~~~ue, 143 
phenols in industrial and 

m unicipal wa ters, 576 
purchase of ai r mon itor ing sys· 

tems,10 
techn iques, for at mospheric hy

drocarbons, 1136 
Monongahela River 

raw sewage discharge , 10 
Monsanto Biodize Systems, Inc. 

waste treatment plant construe· 
tion, 93 

Monsanto Envi rochem, Inc. 
S02 remova l process, 474 

N 
National Academy of Sciences· 

National Academy of Engineer· 
ing 
environment al management 

proposa ls, 181 
National Aeronautics and Space 

Administration (NASA) 
CO monitoring f rom space, 797 

National Air Pollution Control 
Administration (NAPCA) 
air mon itor market study, 639 
air quality: standards, 21 
automob1le em ission registra-

tion, 9 
aut o emission t est procedure, 

627 
aut omotive emissions sta n-

dards, 270 
clean car in cen t ive progra m , 715 
clean car race, 627 
continuous air monitor ing pro

gram, 723 
contracts with Nat iona l Acad

emy of Sciences, 463 
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emissions staOdards for sta-
tionary sources, 463 

implementation plans, 896 
manpower needs, 627 
national aerometric data bank, 

902 
new auto test facility, 371 
rey~~~tion for 1972-74 vehicles, 

rental cars fail emission tests, 
279 

S02 removal processes, 11, 95, 
474,630 

sulfur oxide emission control 
programs, 89 

National Ash Association, 188 
National Association of Secon~ 

dary Material Industries 
solid waste study, 544 

National Commission on Mate
rials Policy 
established by law, 881 

National Bureau of Standards 
awarded noise study contract, 

463 
National environmental labora

tory 
legislative proposal, 181 

National Environmental Policy 
Act of 1969, 103 

National Industrial Pollution 
Control Council 
establishment and organiza

tion, 371, 545 
National Institute of Environ

mental Health Sciences 
function and programs, 275 

National Lead Co. 
spending for air pollution con

trol, 93 
National Oceanic and Atmo

spheric Administration 
announcement of formation, 

627 
National Pollution Control Con

ference and Exposition 
conference report, 383 
meeting program, 214 

National Research Council 
carbon monoxide standards, 11 

National Water Commission 
appropriations bill, 9 
function and organization, 202 

New Jersey 
air pollution progress, 271 
enforcement progress, 1091 
controls aircraft air pollution, 92 
odor control action, 716, 882 

New Mexico 
Four Corners power plant, 182 

New Zealand 
views on environment, 731 

New York City 
asl6~stos spraying regulations, 

career as air pollution inspec
tor,467 

cam lytic mufflers on auto fleet, 

revises air pollution code, 882 
New York State 

antinoise statute, 720 
pollution control construction, 

92 
progress in water pollution 

abatement, 628 
unhappy with federal desig

nated regions, 628 

Ni~~~~~frcui~~·~~~~t~6~:.is34 
Nitrilotriacetic acid 

detergent formulations, 101, 183 
Nitrite ion 

stoichiometric factor in NOz 
analysis, 924 

Nitric oxide 
catalyst for removal from auto 

exhaust, 1095 
oxi~ztion in presence of dienes, 

analysis by uv technique, 676 
Nitrogen 
fixi~~os~·n~l soil microorgan

fixation rate, analytical methods 
for, 1122 

fractionation in soils, 929 
nutrient enrichment from cattle 

urine, 579 
Nitrogen biogeochemical cycle 

isotopic study, 929 
Nitrogen dioxide analysis 

colorimetric method, 924 
st~l~hiometric factor for nitrite, 

Noise 
fourth form of pollution, 720 

~f~~altfo~ns~;:i~:·e~lablished, 
541 

North Carolina 
university consortium on air 

pollution, 92 

Nuclear power 
air pollution, 392 
letters, 786 
M~4~1and issues plant permit, 

potential for desalination in in-
dustry, 634 

underwater plant feasibility, 627 
Nutrient removal 

activated sludge, 1115 
Dravo Corp. system, 797 

Nutrients 
contribution to Hudson River 

pollution, 28 
NUS Corporation 

cost profile study for FWQA, 469 

0 
Ocean disposal 

growing threat, 805 
solid wastes, 388 

Odors 
New Jersey firms agree to cur

tail, 882 
nine N. J. firms sued for emis· 

sions, 716 
plant cited for emissions, 542 

Office of Saline Water 
acid mine water treatment, 1094 
contract awards, 717 
waste water reclamation, 297 

Office of Science and Technology 
electric power report, 881 

Ohio 
interstate compact with w_ 

Virginia, 182 
Oil 

concentrator for chlorinated hy
drocarbons, 407 

DDT concentrator, 407 
Oil pollution 

no discharge agreement, 371 
Oil spills, 97 

chemical agents, 123 
discussed by advisory board, 

471 
evaluation of seven chemicals, 

123 
FWQA regulations, 881 
new federal law, 379 
oil containment system, 1095 

Oklahoma 
air pollution regulations, 795 

Olin Mathieson Chemical Co. 
charged with mercury pollution, 

717 
Ontario 
ap~7oach to pollution control, 

Oregon 
receives FWQA grant, 465 
wigwam burners outlawed, 1094 

Owens-Illinois, Inc. 
spending for water pollution 

control, 184 
Oxford Paper Co. 

charged with mercury pollution, 
717 

Oxidants 
automobile exhaust gases, 150 
g-c analytical technique, 150 

Oxygen 
See also Singlet molecular oxy

gen 
use in sewage treatment, 374, 

543,883 
Oxygen species 

sin~let oxygen production under 
s1mulated atmospheric condi
tions, 506 

Ozone 
effects on vegetation, 635 
use in water and waste treat

ment, 893 

p 

Panhandle Eastern Pipe Line Co. 
coal gasification process, 1095 

Paper 
selenium content, 686 

Paper mill effluents 
use of reverse osmosis, 297 

Parsons, Ralph M., Co. 
sulfur removal process, 883 

Particulate matter 
Chicag.o metropolitan area, 50 
ditfus1on and transport charac· 

teristics, 678 
emission regulations, 210 
ionized species behavior, 678 

Patent Office 
expedites environment-related 

applications, 895 
Peabody Coal Co. 

coal gasification process, 1095 
Peace Corps 

environmental advisor program, 
1093 
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Penn Central Railroad 
cited for water pollution, 541 

Pennsylvania 
acid mine water treatment, 1094 
amends clean water law, 716 
conservation bond issue, 92 
public officials fined for water 

pollution, 10 
requires phosphorus removal , 

271 
so~~d3 waste management act, 

Pennwalt Chemical Co. 
ch

7
a{

7
ged with mercury pollution, 

Pesticides 
See also names ' of specific 

pesticides 
atmospheric sampling tech-

niques, 420 
Hudson River, 33 
Iowa survey, 1094 
letters, 619, 708 

p~lfi~h~~~ir6~e~en~:p~1~nyls in 
self-de~rading DDT, 627 
trends m use, 478 

Petroleum refining 
cost of air cleanup, 286 

Phenols analysis 
in~76strial and municipal waters, 

Philadelphia 
air88~ollution control progress, 

air pollution violations, 465 
enforcement action, 542 
purchases air monitoring sys-

tem, 10 
Phosphate removal 

by activated sludge, 1115 
Phosphorus 

lake and stream waters, 602 
lake sediments, 517 
Pa. requires removal from 

waste waters, 271 
phosphate determination 

method, 883 
phosphate removal process, 543 
role in eutrophication, 725 
uptake by algae, 737 

Phosphorus analysis 
silica elimination , 602 

Photochemical reactions 
atmospheric sampling tech

nique, 503 
facility for smog chamber test, 

907 
hydrocarbon reactivities, 907 

Photochemical smog 
role of singlet oxygen, 248, 1147, 

1148 
Photochemical studies 

Los Angeles area, 37 
Pilot plant 

acid mine drainage, 401 
automatic device for controlling 

input, 68 
Plant damage 

fluorides, 492 
Plastics wastes 

incineration studies, 272 
letter, 536 
pyrolysis treatment, 473 

Plating and metal finishing 
potential for desalination, 634 

Platte River 
upgraded usage, 465 

Plutonium 
atmospheric concentrations 

after atomic testing, 598 
Pollution control expenditures, 

12, 92, 93, 273 
Pollution control business 

future prospects, 93 
market survey, 1097 
marketing problems, 799 

Potomac River 
FWQA cleanup recommenda

tion, 541 
Power generation 

magnetohydrodynamics, 183 
New Mexico plant, 182 
use of fly ash, 187 

Princeton Chemical Research 
Co. 
so, removal process, 474 

P~i~~~~~dd ~~~··s'o2C~~moval pro-
cess, 375 

Procon Inc. 
forms new group, 467 

Procter and Gamble Co. 
phosphate in detergents, 544 

Professional Engineers in Educa
tion 

urge environmental responsi
bility , 375 

Public Service Electric & Gas Co. 
fuel conversion program, 271 

Pullman, Inc. 
ac41;7ires waste disposal firm, 

Pulp and paper industry 
impact of Wisconsin abatement 

codes, 93 
potential for desalination, 634 

Pulp Manufacturers Research 
League 
recovery of sweetener from 

spent liquor, 272 
reverse osmosis work, 297 

Pulp mill effluent 
chemical recovery, 374 

Purdue Industrial Wastes Con
fa renee, 552 

Purification Sciences, Inc. 
ozone treatment of wastes, 893 

Pyrolysis 
Union Carbide process tor 

plastics waste, 473 
use in solid waste reclamation 

plant, 730 

R 
Radioactive discharges 

Minnesota sets standards, 182 
Radioactive fallout 

atomic testing, 598 
io~1'5e-131, in Nevada cattle, 

Radionuclides 
Hudson River, 32 

Republic Steel Corp. 
sp£73~~4f for pollution control, 

Research-Cottrell Co. 
cooling tower market, 884 
construction contracts, 375 
fabric filter units, 12 
S02 removal study, 95 

Reserve Mining Co. 
taconite tailings, 270 

Resource Control, Inc. 
electrolysis process, 201 

Reverse osmosis 
water reuse, 296 

Rollins-Purle, Inc. 
cer9~al waste disposal plants, 

waste disposal plant, 467 
Rust Engineering Co. 

awarded plant contract, 375 

s 
Sail, George, Metals Co. 

air pollution violations, 465 
Sampling 

sulfuric acid aerosols, 769 
Sampling techniques 

lead in vehicle exhausts, 239 
syringe for reactive gases in the 

atmosphere , 853 
Sanitary landfills 

threat to groundwater, 629 
Schutte & Koerting Co. 

supplies scrubber system, 273 
Scientific Pollution Control Corp. 

shredder for Brooklyn incinera
tor, 273 

Scrubbers, 15 
guide to selection, 110 
use of seawater for SOz rem ova I, 

797 
Sears, Roebuck & Co. 

phosphate-free detergent, 544 
Secondary sewage effluents 

molecular weight fractions, 520 
Sediments 

characterization by parameters 
of cec and ecs, 935 

Selenium 
co6n8~ent in papers and tobaccos, 

from solid waste incineration, 
850 

in the atmosphere from fuel oil, 
157 

recommended levels in atmo
sphere, 850 

recommended levels in drink
ing water, 850 

Sewage effluents 
metal complexing agents, 520 

Sewage sludge 
conditioning by S02, 718 
return to the soil, 732 

Sewage treatment 
carbon adsorption, Use of, 466 
FWQA advanced processes, 809 
gamma radiation, use of, 797 
moving bed filter, use of, 885 
nutrient removal, 797, 799 
n~~6ent removal techniques, 

oxygenation tests, 629 
oxygen, use of, 374, 543, 883 
ozone, use of, 893 



Sl~~~~r~:~i~~~~~~niqu e, 1145 
Silicates 
mk~~ra l stab ility in Great Lakes, 

Singlet molecular oxygen 
formation from ozone photo

dissociation, 1147, 1148 
mechanism for p roduction of, 

1147, 1148 
role in photochem ica l smog 

formation, 11 47, 1148 
rotfo~n. Ka~otochem ica l a ir poilu -

Smelting industry 
S02 em issions, 554 , 562 

Smithsonian Institution 
e n](}g~nmenta l advisor program, 

Smog chamber 
design, 907 

Soap and Detergent Association, 
101 

Society of the Plastics Industry, 
Inc. 
fu~t~~y, f~~stics incineration 

Soil 
contaminat ion from motor 

vehicles, 583 
lead source for crops, 217 

Solid waste 
agr icu ltural sources, 1098 
burnable plast ic, 1095 
Combustion Power disposa l 

concept, 63 1 
destructive d istillation of used 

tires, 543 
dump in~ at sea , 805 

~~&19r;~~~i~f :ee~b::i!~i4 801 

f ederal act passes, 715 

~:~~~~~~:nr:!a!~~:aj~3 1097 
pyro lysis, u se of, 473 
reclamation plant, 729 
recycling letter, 618 
recycling study, 544 
resource allocation, 1108 
scrap car reuse, 543 
so il as resource renovator, 732 
sou rce of se lenium , 850 
u sing waste p lastics, 801 
waste paper recycling , 807 

Sonic Development Corp. of 
America 
nozzle for wet scrubber , 15 

South Carolina 
receives FWQA grant, 465 

Spectrophotometric analysis 
fob~~mosp h eric fluorides, 487, 

uv techn iqu e for nitric ox ide, 676 
Spent pulping liquors 

re~f2ery of xylose sweetener, 

St. Re~is Paper Co. 
re~g4ves water recycl ing grant, 

Stack gases 
S02 remova l process, 757 

Standard Havens Systems 
wet scrubber, 15 

Standards 
See Air quality standa rds, Water 

quality standards 
States 

See name of state or Legisla
tion: st ate 

Steel industry 
cost of air c leanup, 285 

scrap ca r reu se, 543 
spent pick le liquor d isposa l, 380 
v1ews on air pollution legis la -

tion, 378 
Stone & Webster Co. 

S02 removal process, 11 
Strontium 

atm ospheric concentrat ions 
after at omic testing, 598 

Student involvement 
FWPCA seminar, 9 

Sulfur 
remova l from cru de oi l and 

natura l gas, 883 
Sulfur dioxide 

format ion in combustion pro
cesses, 653 

reaction w ith limestone, 59 
rem ova l from flue gases by 

alumina , 653 

~~~~v:~~n r~~~v~r~;Oc~~s. 757 
control technology review, 463 
effects on vegetation, 635 
eli m ination throu gh coa t com-

re~~;!~~n fr~o~esssm~ifer gases, 
554 

remova l from stack gases, 11, 
95, 273, 473, 630 , 757, 797, 801 

role in slu dge conditionin g, 718 
Sulfuric acid analysis 

glass fiber filters, 769 
Sulfuric acid industry 

cost of air cleanup, 286 

T 
Tenneco Chemicals, Inc. 
sp5~4ding for pollution contro l, 

Tennessee Valley Authority 
fly ash use, 187 
so~ rem ova l process, 474 
spt~~~~T8~ for ai r pollution con-

Thermal neutron activation anal· 
ysis 
meta ls in particulate matter, 50 

Thermal pollution 
fish culture, 466 
Hudson River , 30 
market for coolin g t owers, 884 
power company sued , 373 
use of cana ls, 287 

Thermodynamic properties 
herbicide-Paraquat and sa lt 
solutions, 410 

Tobaccos 
selenium content, 686 

Torrax Systems Inc. 
incinerator design, 629 

Trace elements 
Hu dson River, 34 

Tracers 
isotopic lead for ana lys is of en

vi ronmenta l samples, 318 
Traffic density 

r e~4~~r1~hip to a irborne lead, 

Transportation Department 
a4~3ds highway noise contract , 

low em ission ve hicles, 95 
sets up noise information ser· 
vice , 541 

TRW Corp. 
waste plastics study, 801 

u 
Union Carbide Corp. 

Unox process, 374, 543 , 629, 883 
waste pyrolysis, 473 

Units and style 
letter, 368 

Universal Oil Products 
catalytic converter, 374 

Uniroyal Co. 
S02 remova l process, 801 
spend ing for pollution con trol, 

542 
Unsaturated hydrocarbons 

dienes and their reaction with 
nitric oxide, 752 

v 
Vegetables 

lead concentrations, 217, 226 
Vegetation 

contamination tram motor 
vehicles, 583 

Vermont 
wa ter pollution control , 182 

Viewpoint 
benefits vs. risk s, 625 
California cleanup, 539 
corporate responsibili ties , 713 
E-day and after, 461 
new environmenta l attitude, 7 
New Jersey enforcement ef-

forts, 1091 
nuclear power and environ-

ment, 269 
pesticides as antipollutants, 369 
profit motive as socia l tool, 179 
public rea dy t o pay, 879 

~~a~t;v~~fJ~s~:~~~Si~~1 con trol, 
89 

Vi rginia 
comment s of air pollution con

trol offi c ia l, 22 
Virus removal 

filtration through ca rbon beds, 
128 

Vistron, Inc. 
burnable plastic, 1095 

Volco Brass and Copper Co. 
re~~jves water recycling grant, 

w 
Walsh-Healey Act 

no ise pollution, 720 
Waste Combustion Corp. 

incin erator manufacturing 
agreement, 375 

Waste treatment 
See also Industria l waste con-

trol ; Sewage treatment; 
Water pollution con trol 

contract disposal, 195 
costs, 12 

~;~i~r :?~c~~~~~~:2~~nput, 68 
Water 

decarbonation and deaeration 
with hollow fibers, 514 

rem,8val from in dustria l liquids, 

Water pollution 
See more specific entries 

Water pollution control 
British approach , 204 
1899 federal act , use of, 715 
en forcement methods, 887 
federal f inancing gu idelin es, 371 
f inanc ing needs, 278, 628 mi

9
6brane processes, use of, 

spent pickle liqu or disposa l, 380 
t ota l recycling grants, 884 
water supp lies, 811 
w6~~e trea tm ent at pvc p lant, 

Water Pollution Control Advisory 
Board 
function and organ ization , 471 

Water Pollution Control Federa
tion 
meetin g coverage, 885 

Water Quality 
Hudson River, 26 

Water quality monitoring 
condu ctivity measu rements, 116 
Pam lico estuary (N.C.), 743 

Water quality standards 
Colorado revisions, 465 
drinkin g water, 811 
federal assessment, 199 
letter, 1086 
Missouri's are approved, 717 

Water Resource Council 
appropriations bill , 9 

Wean Industries Inc. 
acid recovery processes, 380 

Weather modification 
behav ior of at mospheric hydro

scopic particles, 417 
cloud seed in g, 374 
effects of ga seous impurities on 

dew formation, 417 
hurricane seeding, 106 

Wellman-Lord Co. 
S02 remova l process, 474 

Wells 
See Deep well disposal 

Welsbach Corp. 
ozone t reatment of wastes, 893 

Westinghouse Co. 
forms new department , 467 

Westinghouse Electric Corp. 
elect ric au tomobile, 13 

West Virginia 
ini~zstate compact with Ohio, 

Weston, Roy F., Co. 
oil refinery pollution con trol , 885 

Weyerhauser Co. 
ch

7
a{

7
ged with mercury pollution, 

Wheelabrator Corp. 
sa les of electrostatic p recipita· 

tor, 273 
Wisconsin 

effect of state action on pu lp 
mill s, 93 

issues pol lution abatement 
orders, 373 

receives FWQA grant, 465 
Witco Chemical Co. 

spceo"nt~f, 9~or water pollution 

z 
Zonal centrifugation 

analysis of sediments, soils and 
the like, 821 

Zurn Engineers 
awarded plant contract , 375 

Z1:1rn Industries, Inc. 
mternal reorga nization, 273 
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neecl 

on 
11ollution 
control? 

LET ENVIRONMENTAL SCIENCE & TECHNOLOGY KEEP YOU INFORMED 
There isn't a more widely discussed field than pollution contro l . But only 
ENVIRONMENTAL SCIENCE & TECHNOLOGY magazine can round 
up the hard news . to bring you the facts on environmental control. 

Each month, utiliz ing the American Chemical Society's world -wide news 
contacts in Government Education .. and Industry, ES&T will 
bring you the very latest news of: 

current Government pollution legislation and guidelines 
more efficient engineering techniques 
important fundamental research 
more productive equipment coming on the market 
case histories of how others are overcoming 
environmental problems you may now be facing 

Moreover, as an ES&T subscriber, you'll receive 
its annual October "Pollution Control Directory" issue, 
at no extra cost! 

( ( 

You 'll find this "Directory" to be a constant desk-side )) 
reference source! It contains hundreds of pages of 
information on who makes what in the pollution control 
market ... names and addresses of consulting serv-
ices .. . lists the products, services and supplies used 
in environmental control .. . contains trade names of 
thousands of items. 

Get the facts on pollution control each month. Use the form below to 
start your ES&T subscription-includ ing the valuable "Pollution Control 
Directory" issue-on its way to you . 

ENVIRONMENTAL SCIENCE & TECHNOLOGY 1155 Sixteenth Street, N. W., Wash ington, D. C. 20036 

Please enter my one year subscription to ES& T at the rate checked below: 

U.S. Canada, PUAS •• All Other Nations • • 
*ACS members 0 $ 5.00 0 $ 8.00 0 $ 8.50 
Nonmembers 0 7.00 0 10.00 0 10.50 

•• Payment must be made in U.S. currency, by international money order, 
UNESCO coupons, or U.S. bank draft; or order th rough your book dealer. 

0 Payment enclosed (payable to American Chemical Society).O Bill me. 0 I am an ACS member. 
Name ___ _ _ ___________ _ Position ________________ _ 

Your Company _ _ _ ________ ______ _ ______________ _ 

Address _ _ ___ _______ ______________________ ~ 

City _ ___________ _____ State ___ ____ ___ ZiP•------

Nature Of Your Manufacturing or 
Company's Business: 0 Processing 0 Government 0 Academic 0 Other---------

If Manufacturer, Type at Products Produced ----------------------
• Note: Subscriptions at ACS member ra tes are for personal use only. N2-2-3 



ENVIRONMENTAL 
SCIENCE & TECHNOLOGY 

READER SERVICE 
If you would like to receive any of 
the material made available by ad
vertisers in this issue, circle the 
numbers on one. of the attached 
cards corresponding to the number 
shown beneath each advertisement. 
The New Product and New Litera
ture Digests also have correspond
ing numbers for each item. This is 
a free service provided by ES&T. 
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Calgon system cleans up 
a chemical plants wastewater, 
protects city sewage plant. 

··-·":·--.,..,....,....,...,, 

This Filtrasorb System is designed to remove dissolved organic chemicals from 
150,000 gallons of wastewater per day. Total land area is only 45 feet by 30 feet. 

The Chipman Division of Rhodia Inc. faced the problem 
of what to do with 150,000 gallons a day of very acidic 
wastewater polluted with toxic chemicals. The water 
couldn't be discharged to the local sewage plant without 
damaging the biologica l treatment process. 

Calgon specialists were called in and came up with a 
practical solution at a practical cost. They designed a 
Filtrasorb® granular activated carbon system that 
removes the toxic, organic wastes from the chemical 
plant's wastewater. Now the pretreated wastewa ter can 
be discha rged to the municipa l sewage plant with no 
problem. And the carbon itself is regenerated and used 
over and over aga in. 

Filtrasorb carbon removes all kinds of dissolved organic 
ma terials and many toxic chemicals from wastewa ter, 
including such tough ones as: phenols, dyes, petroleum 
wastes, herbicides and pesticides. 

Calgon water specialists have been solving water 

pollution problems for 25 years and water management 
problems for more than 40 yea rs. They understand every 
complex phase of eva lua ting and designing an efficient 
water pollution control system. Working with your engi
neering group, they will assume responsibility for any 
phase of the project up to and including a turnkey 
contract. 

For the answer to wa ter pollution problems, write to 
W. H. Weitzel, Vice President, Water Management 
Division, Calgon Corporation, Ca lgon Center, Pittsburgh, 
Pennsylvania 15230. (412) 923-2345. 

SUBSIDIARY OF MERCK & CO., INC. 

Circle No. 2 on Readers' service Card 



Economical waste disposal 
with effkient iniection wells. 
Often teamed with consultants 
and experienced drilling contrac
tors, Halliburton's expertise can 
provide you with an economical , 
totally efficient underground 
waste disposal program. Halli
burton-designed disposal sys
tems are currently handling 
highly corrosive or toxic wastes
such as radioactive caustic , 
methyl et h y I ketone-chlorinated 
hydrocarbon mixtures , ferric 
chloride, numerous corrosive 
mineral acids, and combinations 
of waste fluids, both organic and 
inorganic in nature. 

Halliburton, with years of expe
rience, approaches your problem 
with a scientific feasibility study 
using in-house --laboratories for 
effluent analyses, core analyses, 
formation compatibility and cor
•osion studies to determine the 
requirements for a subsurface 
disposal system. 

Many corrosive effluents re
qufre special formulated resin
ous cements for grouting the 

wells ' casing in place for optimum 
protection .. . a service Halliburton 
has rendered for several decades. 

Halliburton 's notable waste 
disposal successes cover a wide 

FRESH WATER 
ZONE 

-- IMPERMEABLE 
. SHALE 

SANDSTONE 

_IMPERMEABLE 
SHALE 

CASING 
~~~---GROUTED 

TO SURFACE 

lll;i -M:----- INJEC'TION 
TUBING: 

Standard tubing, 
special alloys. 
Fiberg lass, etc. , 
as requi red. 

1""'-i_.,=---- INJECTION 
HORIZON 

Th is compos ite com pletio n illu strates 
current trends in effi cien t waste disposa l 
we ll design. 

DUNCA N. OKLA . 73533 

A KiJIIJ"bHPIHn Company 
Circle No. 15 on Readers' Service Card 

variety of materials-here's proof: 

Chemical Waste: Multiple unit 
discharge from a large Gulf 
Coast chemicaf plant could not 
be treated economically. Follow
ing recommendations after 
Halliburton 's feasibility study, 
the company filtered to a lower 
suspended solids level. The 
waste could then be injected 
into an abandoned well on the 
property at a reasonable cost. 

Municipal Waste: Halliburton s 
feasibility study indicated that 
lime softening sludge from a 
water treatment plant in South 
Central Kansas could be injected 
into a fractured shale formation . 
Pilot tests proved the tests cor
rect-the sludge is now injected 
into a shallow well at required 
economical rates and pressure. 

Give your Halliburton environ
mental control specialist a call. 
He will outline to you Halliburton 
Services' waste disposal turnkey 
capabilities. 

- ' n:ul. rl"' 
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